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Foreword

The scale of effects of human activities on our ecosystem services in the past half
century has increased to the level where we are now compelled to consider interac-
tions among complex systems for responsible management of our resources. Human
activities have been causing global effects on climate, the abundance and distribu-
tion of nutrients, and the sea level and chemistry of the oceans. There have been a
number of books in the past half century on the ecology and management of coral
reefs, of mangroves, and of seagrass meadows as separate systems. This book on
‘Ecological connectivity among tropical coastal ecosystems’ is timely because it
is focused on providing understanding of the higher level of interactions between
these systems. Ivan Nagelkerken has spent his career determining the extent and
complexities of population connectivities of fishes among tropical coastal habitats.
He now takes on the role of editor to pull together biogeochemical, ecological, and
population linkages among coastal habitats and guiding us to conclusions for man-
agement policies and socioeconomic implications.

The capacity of systems for self-sustainability can increase with diversity at all
levels. A more diverse genotype provides a greater potential capacity for a species to
adapt to climate change and other large-scale effects of human activities. A greater
species diversity of primary producers, framework constructing species, herbivores,
and predators provide potential capacity for a habitat or ecosystem to accommodate
eutrophication and other effects of human activities. We must now include consid-
eration of the diversity of interactions among habitats. Coral reefs protect inshore
habitats from wave action while mangroves can buffer coral reefs from terrestrial
input of sediment and other pollutants, and so while the coastal habitats can exist
in isolation, they are probably more resilient to large-scale changes from human
activities when they constitute a diverse interacting seascape. This book addresses
not only these interactions of coastal habitats among themselves, but also considers
interconnectivity and relationships with surrounding terrestrial uplands, rivers, and
offshore marine systems.

Corals and mangroves are ‘foundation species’ in that they actually construct
and expand the coastline and provide the physical structure of much of the tropical
coastal ecosystem. The popular term ‘reclamation’ demonstrates the lack of under-
standing of the general public of the fundamental importance of these systems. It is
inappropriate to assume the right to ‘take back’ land originally created by mangroves
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vi Foreword

and corals. The habitats are not just ‘foundations’ by themselves, but they also serve
as parts of an interacting system. Many fish and crustacean species of commer-
cial importance spend different stages in their life cycles in different habitats and
for some, the neighboring habitat is required. Some fishes and crustaceans move
between habitats on a daily basis, providing a daily interconnection of biomass,
nutrients, and effects of predation. This book is needed to summarize and clarify the
complex interactions that lead to the ecosystem services provided by these coastal
habitats. By providing the latest information on the ecological interactions among
the coastal habitats in terms of physical processes, nutrients, organic matter, living
organisms, and effects of predation, shelter, and substrata, and by providing the
latest techniques in studying these processes, this book addresses the fundamental
importance of dealing with the needs and perspectives of local human populations.

Although coral reefs, mangroves, and seagrass meadows have among the highest
gross primary productivity of terrestrial or marine ecosystems, they are also in espe-
cially vulnerable situations. Unfortunately, the best habitats for productivity, diver-
sity, and coastal formation are also the most beneficial and logistically efficient for
human settlement and activity. Sixty percent of the human population lives within
50 miles of the ocean coasts. Anthropogenic and natural disturbances such as sea
level rise, sedimentation, and cyclones are especially focused at the boundaries of
the three coastal ecosystems. With human population growth and with the increased
technological abilities of humans to harvest and remove resources at a greater per
capita rate, degradation of coastal habitats and resources are increasing with posi-
tive feedback from the increasing demands of the growing human population. The
need for increased understanding of the interactions among these essential coastal
habitats is becoming more critical as the demands of growing human populations
for organic resources and ecological services are increasing. I hope this book is dis-
tributed broadly and rapidly so that the decision-makers and managers of tropical
coastal resources and development are brought into awareness of the need to not
just protect habitat and species, but to sustain ecosystem services and resources by
maintaining the higher level interactions among coastal systems.

Professor in coral reef ecology and management, Dr. Charles Birkeland
Editor ‘Life and Death of Coral Reefs’



Preface

The idea to edit this book started with an e-mail from Suzanne Mekking of Springer
Science and Business Media who wanted to make an appointment to talk about cur-
rent needs for new books in the field of aquatic sciences. During that meeting, she
attempted to persuade me into writing a book about my field of research – ecological
interactions among coral reefs, mangroves, and seagrass beds by reef fishes. At first,
I was not interested due to the large amount of work this would encompass, and my
already overloaded work schedule. After giving it some thought over the following
month or so, I quickly realized that many advances on this topic had been made in
the last decade, and that this would be the perfect time to put together the scattered
knowledge on this topic, for the first time, in the form of an edited book. The fast
demise and degradation of coral reefs, mangroves, and seagrass beds worldwide
also was an important consideration to edit this book, hoping that it would increase
the appreciation for these tropical coastal habitats, and provide insights that could
contribute to their conservation. Within a month, I had made a list of urgent top-
ics needing review, and had contacted various specialists from around the world
requesting their contribution to the book. I was delighted by the fast and enthusi-
astic response from the majority of the people that I approached. Aside from a few
individuals not keeping their promise to contribute a chapter, I have been exempt of
various frustrations that are known to occur when editing a book. In the following
two years, 28 authors from Australia, USA, and various European countries, worked
hard to bring together this book. I thank them for this great effort, and for responding
to my requests for improvements, changes, and help in a timely manner. The quality
of the book could not have been improved without the help of many peer reviewers.
I am extremely grateful to the following people who have provided fast and criti-
cal reviews of the various book chapters: Aaron Adams, Charles Birkeland, Steve
Blaber, Dave Booth, Steven Bouillon, Paul Chittaro, Patrick Collin, Stephen Davis,
Thorsten Dittmar, Ashton Drew, Dave Eggleston, Craig Faunce, Bronwyn Gillan-
ders, William Gladstone, Mick Haywood, Alan Jones, Rob Kenyon, Craig Layman,
Jeff Leis, Christian Lévêque, Ivan Mateo, Bob McDowall, Jan-Olaf Meynecke,
Rick Nemeth, Heather Patterson, Simon Pittman, Yvonne Sadovy, Joe Serafy, Steve
Simpson, and Marieke Verweij. I am also indebted to Charles Birkeland for taking
the time to write a foreword for the book, and to Martijn Dorenbosch for providing
the front cover picture for the book. Lastly, I thank my wife Shauna Slingsby and
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my son Diego Nagelkerken for their support and understanding, during the many
days, nights, weekends, and holidays that I was working on this book instead of
being with them. Now that the book is finished, I hope it will prove valuable for
ecosystem managers, fisheries ecologists, graduate students, and other researchers
in the field.

Ivan Nagelkerken
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13 Tools for Studying Biological Marine Ecosystem
Interactions—Natural and Artificial Tags . . . . . . . . . . . . . . 457
Bronwyn M. Gillanders

14 A Landscape Ecology Approach for the Study of Ecological
Connectivity Across Tropical Marine Seascapes . . . . . . . . . . . 493
Rikki Grober-Dunsmore, Simon J. Pittman, Chris Caldow,
Matthew S. Kendall and Thomas K. Frazer

Part IV Management and Socio-economic Implications

15 Relationships Between Tropical Coastal Habitats and
(offshore) Fisheries . . . . . . . . . . . . . . . . . . . . . . . . . . . 533
Stephen J.M. Blaber

16 Conservation and Management of Tropical Coastal Ecosystems . . 565
William Gladstone

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 607



Contributors

Aaron J. Adams Center for Fisheries Enhancement, Habitat Ecology Program,
Mote Marine Laboratory, Charlotte Harbor Field Station, P.O. Box 2197, Pineland,
FL 33945, USA, aadams@mote.org

Michael Arvedlund Reef Consultants, Rådmand Steins Allé 16A, 2-208, 2000
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Rudolf Jaffé Southeast Environmental Research Center and Department
of Chemistry, Florida International University, Miami, Florida 33199, USA,
jaffer@fiu.edu

Kathryn Kavanagh School of Marine and Atmospheric Sciences, Stony Brook
University, Stony Brook, NY 11794, USA, kathryn kavanagh@yahoo.com

Matthew S. Kendall NOAA/NOS/NCCOS/CCMA Biogeography Branch
N/SCI-1, 1305 East-West Highway, Silver Spring, MD 20910, USA,
Matt.Kendall@noaa.gov

Robert A. Kenyon CSIRO Division of Marine and Atmospheric Research, P.O.
Box 120, Cleveland, 4163, Queensland, Australia, Rob.Kenyon@csiro.au

Boris Koch Alfred Wegener Institute for Polar and Marine Research, Department
of Ecological Chemistry, Am Handelshafen 12, D-27570 Bremerhaven, Germany,
boris.koch@awi.de

Uwe Krumme Leibniz-Center for Tropical Marine Ecology (ZMT), Fahrenheit-
strasse 6, 28359 Bremen, Germany, uwe.krumme@zmt-bremen.de

Craig A. Layman Marine Sciences Program, Department of Biological Sciences,
Florida International University, 3000 NE 151st Street, North Miami, Florida
33181, USA, cal1634@yahoo.com

Diego Lirman Rosenstiel School of Marine and Atmospheric Science, University
of Miami, 4600 Rickenbacker Causeway, Miami, FL, USA 33149-4000,
dlirman@rsmas.miami.edu

David A. Milton Wealth from Oceans Flagship, CSIRO Marine and Atmo-
spheric Research, P.O. Box 120, Cleveland, Queensland 4163, Australia,
david.milton@csiro.au



Contributors xiii

Ivan Nagelkerken Department of Animal Ecology and Ecophysiology, Institute
for Water and Wetland Research, Faculty of Science, Radboud University
Nijmegen, Heyendaalseweg 135, P.O. Box 9010, 6500 GL Nijmegen, the
Netherlands, i.nagelkerken@science.ru.nl

Richard S. Nemeth Center for Marine and Environmental Studies, University
of the Virgin Islands, MacLean Marine Science Center, 2 John Brewer’s Bay,
St. Thomas, US Virgin Islands, 00802, rnemeth@uvi.edu

Simon J. Pittman NOAA/NOS/NCCOS/CCMA Biogeography Branch N/SCI-1,
1305 East-West Highway, Silver Spring, MD 20910, USA; and Marine Science
Center, University of the Virgin Islands, St. Thomas, United States Virgin Islands,
00802, USA, Simon.Pittman@noaa.gov

Jeffrey R. Wozniak Department of Wildlife and Fisheries Sciences, Texas A&M
University, College Station, TX, USA 77843-2258, wozniak@tamu.edu



Chapter 1
Introduction

Ivan Nagelkerken

Coral reefs, mangrove forests, and seagrass beds are dominant features of tropical
coastlines. These tropical coastal ecosystems have long been known for their high
productivity, rich biodiversity, and various ecosystem services (Harborne et al.
2006). For example, coral reefs have important economic, biological, and aesthetic
values; they generate about $30 billion per year in fishing, tourism, and coastal pro-
tection from storms (Stone 2007). The extent of mangroves has frequently been
linked to a high productivity in adjacent coastal fisheries (Manson et al. 2005,
Meynecke et al. 2008, Aburto-Oropeza et al. 2008) which can approach economic
values of up to US$ 16,500 per hectare of mangrove (UNEP 2006). Nutrient cycling
of raw materials by seagrass beds has been estimated to value US$ 19,000 ha-1. yr-1

(Constanza et al. 1997).
In the last few decades, these ecosystems have suffered from serious degradation

due to human and natural impacts, such as pollution, eutrophication, sedimentation,
overexploitation, habitat destruction, diseases, and hurricanes (Short and Wyllie-
Echeverria 1996, Alongi 2002, Hughes et al. 2003). It has been estimated that 20%
of the world’s coral reefs have been destroyed, while 50% are under direct or long-
term risk of collapse (Wilkinson 2004). Mangroves and seagrass beds have declined
up to 35% worldwide in their surface area (Shepherd et al. 1989, Valiela et al. 2001,
Hogarth 2007). Of the island coral reef fisheries, 55% is currently unsustainable
(Newton et al. 2007). Overfishing is one of the principal threats to coral reef health
and functioning, and has led to detrimental trophic cascades and phase shifts from
coral reefs to macroalgal reefs (Jackson et al. 2001, Hughes et al. 2007).

The need for the protection of these ecosystems is clear, but from a man-
agement perspective their connectivity has hardly been taken into consideration
(Pittman and McAlpine 2003). Earlier research and management efforts have typ-
ically focused on single ecosystems. Although these coastal ecosystems can thrive
in isolation (Birkeland and Amesbury 1988, Parrish 1989), it is clear that where

I. Nagelkerken (B)
Department of Animal Ecology and Ecophysiology, Institute for Water and Wetland Research,
Faculty of Science, Radboud University Nijmegen, Heyendaalseweg 135, P.O. Box 9010, 6500
GL Nijmegen, the Netherlands
e-mail: i.nagelkerken@science.ru.nl

1I. Nagelkerken (ed.), Ecological Connectivity among Tropical Coastal Ecosystems,
DOI 10.1007/978-90-481-2406-0 1, C© Springer Science+Business Media B.V. 2009



2 I. Nagelkerken

they occur together considerable interactions may occur (Ogden and Zieman 1977,
Sheaves 2005, Valentine et al. 2008, Mumby and Hastings 2008). We are just
beginning to understand their ecological linkages, but for optimal management an
ecosystem-approach is needed where cross-ecosystem linkages are also considered
(Friedlander et al. 2003, Adams et al. 2006, Aguilar-Perera and Appeldoorn 2007,
Mumby and Hastings 2008).

Cross-ecosystem interactions can largely be subdivided into biological, chemi-
cal, and physical interactions (Ogden 1997). Examples of interactions are exchange
of fish, shrimp, nutrients, detritus, water bodies, sediment, and plankton among sys-
tems. The type of ecosystem connectivity that is covered in this book refers to eco-
logical interactions among ecosystems. The term ‘ecological connectivity’ is used
here as the book is focused on interactions among ecosystems by movement of ani-
mals, and by exchange of nutrients and organic matter which form part of the eco-
logical processes in these systems. In the last decade or so, an increase in knowledge
has been gained on cross-ecosystem interactions in the tropical seascape warranting
a comprehensive review of this topic, as presented in this book for the first time. The
major focus is on the coral reef, mangrove, and seagrass ecosystems, and on inter-
actions that result from the mutual exchange of nutrients, organic matter, fish, and
crustaceans. Bringing together the existing knowledge on this topic will hopefully
contribute to a better appreciation for these systems, provide insights into the mech-
anisms that underlie their ecological linkages, and provide tools and information for
more effective management.

Early studies investigating cross-ecosystem ecological linkages in the tropical
seascape focused, amongst other things, on the concept of mangrove outwelling
which postulated that detritus from mangrove ecosystems fuels adjacent food webs
(Odum 1968). Other early connectivity research focused more on feeding migrations
and degree of overlap in fish faunas among ecosystems (Randall 1963, Ogden and
Buckman 1973, Ogden and Ehrlich 1977, Ogden and Zieman 1977, McFarland et al.
1979, Weinstein and Heck 1979), or migration by decapods from nearshore to off-
shore areas (Iversen and Idyll 1960, Costello and Allen 1966, Lucas 1974, Kanciruk
and Herrnkind 1978). These studies were predominantly done in the Caribbean
region, particularly on grunt species (Haemulidae) and penaeid shrimp, and as
a result our understanding of the patterns and mechanisms playing a role in the
much larger Indo-Pacific region remains hampered and is still debated (Nagelkerken
2007).

This book is not exhaustive for all existing interactions among tropical ecosys-
tems, as this is too much to review within a single book. Hydrological connectivity,
i.e., resulting from exchange of water bodies and sediment, is an important type
of physical interaction. A very recent and comprehensive book entitled ‘Estuarine
ecohydrology’ by Wolanski (2007) is recommended for further reading. Another
important omission in the current book is that of ecosystem linkages by pelagic
larvae of marine fauna. The buzzword ‘connectivity’ has mainly been used for this
type of oceanographic connectivity, i.e., how reefs and different geographic areas are
connected by flow of larvae due to oceanic currents and swimming capabilities of
fish larvae. Recent reviews include those by Cowen (2006), Cowen et al. (2006), and
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Leis (2006). Another topic that is not covered in detail in this book is how climate
change and the resulting increase in seawater levels and/or outflow from rivers will
affect the interactions among and functioning of tropical ecosystems (e.g., Roessig
et al. 2004, Day et al. 2008, Gilman et al. 2008, but see Chapters 3, 9, and 16).

The present book consists of four parts, each covering a different topic: bio-
geochemical linkages, ecological linkages, tools to study these linkages, and man-
agement and socio-economic implications. Part 1 starts with the biogeochemical
linkages among tropical ecosystems. Chapter 2 reviews the exchange of nitrogen
and phosphorus among coastal systems, while Chapter 3 focuses on the exchange of
organic and inorganic carbon. Various pathways of exchange are discussed in these
two chapters, such as water-mediated fluxes, biogeochemical cycles, and movement
by marine fauna. Anthropogenic and terrestrial inputs into tropical coastal systems
are examined, including the effects of human perturbations and climate change. The
importance of carbon exchange among systems for faunal and microbial communi-
ties is evaluated.

In Part 2, eight chapters review the ecological linkages among tropical coastal
ecosystems. Chapter 4 starts with examining how reefs are connected through
spawning migrations of fish and decapods, and the effects of these migrations on
local food webs. Reference is also made to species that link shallow estuarine habi-
tats with offshore marine areas through spawning migrations. Many demersal ani-
mals living in tropical coastal habitats have a pelagic larval stage before starting
their benthic life phase. Chapter 5 reviews the senses and cues used by these pelagic
larvae to find their respective settlement habitats in the tropical seascape. The life
stage around settlement is characterized by heavy mortality and thus has important
demographic implications. Chapter 6 reviews various mechanisms during the early
life phase of fish and decapods that affect their distribution and abundance. After
settlement, animals may use multiple tropical coastal habitats at one time, or shift
between them through ontogeny. Chapter 7 evaluates the various types of ontoge-
netic habitat shifts for decapods and discusses several underlying mechanisms. Dur-
ing their residency in coastal habitats, animals also connect habitats on a short time
scale, through diel and tidal migrations. This is often based on connecting resting
and feeding sites, and is reviewed in Chapter 8. Rivers form corridors for migrat-
ing animals between inland freshwater areas, coastal estuaries, and offshore marine
habitats. The ways in which these ecosystems are connected by diadromous fishes
is discussed in Chapter 9. As freshwater flow is the main physical driver for this
connectivity, changes in flow due to global warming and construction of dams is
also assessed. Shallow coastal areas are assumed to function as important nurseries
for juveniles of a variety of fish and decapod species that live on coral reefs or off-
shore areas as adults. The existing evidence for this concept is reviewed in Chapter
10, with reference to the underlying mechanisms. The nursery role of tropical habi-
tats is affected by many sources of variability. Chapter 11 evaluates these sources
and how they have caused different conclusions on the nursery function of these
habitats.

Our understanding of the ecological connectivity among tropical coastal ecosys-
tems has been partly impeded by the lack of (advanced) techniques to measure
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connectivity. Only quite recently have modern techniques become available due
to technological advancements. Part 3 reviews various advanced and modern
techniques that can be used to measure biogeochemical (Chapter 12) and biological
(Chapter 13) linkages among tropical ecosystems. In addition, these two chapters
discuss traditionally used techniques. Ecosystem linkages operate at different spa-
tial scales and connect a mosaic of habitats. The way in which terrestrial landscape
ecology concepts and approaches can be used to address questions regarding the
influence of spatial patterning on ecological processes in the tropical seascape is
evaluated in Chapter 14.

Shallow-water tropical ecosystems provide many ecosystem services for humans,
but they are heavily impacted through anthropogenic effects. In Part 4, Chapter
15 evaluates the importance of coastal habitats for offshore fishery stocks, while
Chapter 16 discusses in detail how these systems can be conserved and managed.
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Chapter 2
Nitrogen and Phosphorus Exchange Among
Tropical Coastal Ecosystems

Stephen E. Davis III, Diego Lirman and Jeffrey R. Wozniak

Abstract The concentration and flux of nitrogen (N) and phosphorus (P) through
mangrove wetlands, seagrass meadows, and coral reef habitats are mediated by a
wide range of hydrodynamic and chemical pathways determined by both natural and
anthropogenic drivers. The direct proximity of these coastal habitats to burgeoning
urban centers makes them quite susceptible to excessive nutrient loading, subse-
quent land-use impacts, the related effects of eutrophication and of course the asso-
ciated loss of ecosystem services. For this reason mangrove, seagrass, and coral reef
ecosystems are among the most threatened ecosystems in the tropics. While quanti-
fying the exchange of materials between coastal wetlands and nearshore waters has
been the focus of estuarine research for nearly half a century, a concerted effort to
understand the net exchange of N and P across these habitats has only begun in the
last 20 years. Furthermore, attempts to better understand the interplay of N and P
cycles specifically between each of these three habitats has been all but nonexistent.
The role mangrove and seagrass ecosystems play in buffering nearshore coral habi-
tats from land-based influences remains a topic of great debate. Critical to under-
standing the nutrient dynamics between these ecosystems is defining the frequency
and magnitude of connectivity events that link these systems together both physi-
cally and biogeochemically. In this chapter we attempt to address both N and P water
column concentrations and system-level exchanges (i.e., water-mediated fluxes and
nutrient loading). We consider how the interactions of N and P between these sys-
tems vary with geomorphology, hydrography, seasonal programming, and human
influences.
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2.1 Introduction

Mangrove, seagrass, and coral reef ecosystems are among the most threatened
ecosystems in the tropics due primarily to human impacts such as overfishing, land
conversions and subsequent land-use impacts, and climate change (Jackson et al.
2001, Valiela et al. 2001, Hughes et al. 2003, Pandolfi et al. 2003, Short et al. 2006).
These ecosystems—especially seagrass and coral reefs—are often oligotrophic with
clear water conditions and can be susceptible to excessive nutrient loading and the
effects of eutrophication (Szmant 2002, Short et al. 2006, Twilley 1995). Based
on evidence from the literature, the impact of nutrient loading on coral reefs and
seagrass beds is more localized and diminished with distance offshore, as dilu-
tion and flushing minimize impacts (Bell 1992, Szmant 2002, Atkinson and Falter
2003, Rivera-Monroy et al. 2004). However, mangrove wetlands have been shown
to effectively reduce nutrient loading from wastewater and agricultural effluent
to seagrass and coral reef ecosystems (Tam and Wong 1999, Lin and Dushoff
2004). Despite this functional attribute of mangroves, there have been documented
effects of large-scale storm events resulting in significant runoff and nutrient loading
impacts to these offshore ecosystems (Tilmant et al. 1994, Short et al. 2006). Fur-
ther, seagrass-dominated areas adjacent to highly developed shorelines and within
restricted lagoonal systems (with increased water residence times) also seem to be
susceptible to chronic nutrient loading (Hutchings and Haynes 2005, Short et al.
2006). In a meta-analysis, Valiela and Cole (2002) concluded that in estuaries with
well-developed fringing coastal wetlands (mangrove and saltmarsh), seagrass pro-
duction was oftentimes higher and loss of seagrass habitat was lower as these
fringing transitional/wetland ecosystems buffer loads of upland-derived nutrients
(particularly nitrogen) to sensitive, subtidal seagrass beds. Seagrass and mangrove
ecosystems may in turn serve as an upland nutrient buffer for coral reefs.

2.1.1 Background on Coastal Flux Studies

Quantifying exchanges of materials between coastal wetlands and nearshore waters
has been the focus of estuarine research for nearly half a century (Teal 1962, Nixon
1980, Childers et al. 2000). Much of this work was inspired by the ‘outwelling
hypothesis’ that was formulated through research and observations conducted in
saltmarsh-dominated estuaries of the southeast Atlantic coast of the USA (Teal
1962, Odum and de la Cruz 1967, see also description in Chapter 3). Although
studies testing this concept have not actually proven its universality, they have led to
a better understanding of the patterns and range of variability of wetland–estuarine
and estuarine–nearshore exchanges of nitrogen (N) and phosphorus (P). Seminal
among this body of work is Nixon’s (1980) review of the literature on N and P
fluxes between saltmarshes and adjacent estuaries where he concluded a general
trend of nitrate (NO3

−) and nitrite (NO2
−) uptake by the marshes and an export

of dissolved organic nitrogen (DON) and phosphate (PO4
3−) from the marshes to
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estuarine waters. Until that time, little was known about the fate and transport of
these important macronutrients in analogous tropical and subtropical coastal wet-
lands (i.e., mangrove swamps) and nearshore waters supporting seagrass and coral
reef ecosystems. Despite the body of work reviewed by Nixon (1980) and subse-
quent reviews that incorporated tropical coastal ecosystems (Boto 1982, Alongi
et al. 1992, Lee 1995, Childers et al. 2000), little research has been done to track
the net exchange of N and P across mangrove, seagrass, and coral reef ecosystems.

At the coastal margin, upland-derived sources of inorganic and organic nutri-
ents are often intermittent as a function of seasonal patterns in rainfall and runoff,
producing intra-annual patterns of water source (river vs. marine), nutrient concen-
trations, and nutrient flux (Twilley 1985, Rivera-Monroy et al. 1995, Ohowa et al.
1997, Davis et al. 2003a). Furthermore, in many estuarine ecosystems, the direction
and magnitude of nutrient flux has been shown to correspond to nutrient concen-
trations in the water column, highlighting an important link between water quality
and the direction and magnitude of nutrient exchange (Wolaver and Spurrier 1988,
Whiting and Childers 1989, Childers et al. 1993, Davis et al. 2003a). Natural distur-
bances such as tropical storms, frontal passages, and hurricanes not only affect the
structure of these tropical coastal ecosystems but can also account for a significant
spike in the exchanges of N, P, and sediment within and among them (Tilmant et al.
1994, Sutula et al. 2003, Davis et al. 2004).

From a mass balance standpoint, mangrove wetlands are generally considered to
be net exporters of organic materials (Lee 1995), suggesting they may also represent
a source of organically bound nutrients to seagrass beds and, possibly, coral reefs.
The influence of mangrove and upland sources of materials naturally becomes more
diminished with distance offshore and is replaced by marine-dominated (mainly
upwelling) or in situ processes governing nutrient exchange (Monbet et al. 2007).
However, there is little consensus regarding the magnitude of the contribution of this
exported material on seagrass and coral reef nutrient cycles and food web dynamics
(Odum and Heald 1975, Robertson et al. 1988, Alongi 1990, Fleming et al. 1990,
Lin et. al. 1991, Hemminga et al. 1994, see Chapter 3).

Given the lack of consensus regarding the magnitude of mangrove contributions
to these offshore tropical ecosystems, as well as the variability in nutrient sources
across both spatial (mangrove←→ seagrass←→ coral reef) and temporal (e.g.,
diurnal, seasonal, inter-annual, etc.) scales, an understanding of the factors that reg-
ulate nutrient concentrations in each of these tropical coastal ecosystems may yield
valuable insight into how these systems transform and exchange materials such as
nutrients. Such information can also provide us with better approaches to manage-
ment, particularly in response to anthropogenic alterations in the quality and quan-
tity of freshwater flows to the coastal zone. Therefore, the primary goal of this chap-
ter is to summarize the current state of our understanding with respect to patterns of
N and P concentration and exchange across tropical coastal margins.

In this chapter, we seek to summarize published water column concentrations
of N and P as well as fluxes of these elements between different ecosystem com-
ponents (sediment, vegetation, water, detritus, and biota) in mangrove, seagrass,
and coral reef areas. In order to understand the degree of connectivity among these
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threatened coastal ecosystems, our next goal is to summarize available literature on
system-level exchanges (i.e., loads or water-mediated fluxes) of N and P. Given such
a limited body of literature addressing the latter, we will focus on within-ecosystem
exchanges and speculate on the latter by considering the different factors affecting
flux dynamics and the spatial and temporal extent of biogeochemical connectivity
among these tropical coastal ecosystems. Specifically, we will consider the roles of
hydrologic flushing/water residence time, spatial connectivity, proximity to sources
of nutrients (i.e., rivers and zones of upwelling), and human impacts in driving pat-
terns of concentration and flux of nitrogen and phosphorus.

2.1.2 Conceptual Model of N and P Exchange Among Tropical
Coastal Ecosystems

The conceptual model presented in Fig. 2.1 is intended to reflect the potential paths
of water-mediated exchange of N and P among tropical coastal ecosystems and will

Mangrove

Coral Reef

Seagrass

Watershed

Deepwater Marine Ecosystem

N fixation

N fixation

N fixation

denitrification

denitrification

denitrification

upwelling and tides

tides

tides

upland runoff and river inflows

water mediated exchanges

gas exchange

remineralization,
assimilation, diffusion, 
immobilization, etc.

Fig. 2.1 Conceptual diagram showing pathways of lateral (i.e., water-mediated) and vertical
(plant-water column or sediment-water column) fluxes of nitrogen and phosphorus between man-
grove, seagrass, and coral reef ecosystems
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guide discussion of our synthesis of concentration and flux data from the litera-
ture. It is comparable to Fig. 3.1 in Chapter 3. Because of tidal influences, flow-
mediated ecosystem exchanges of materials are presented as bi-directional paths of
equivalent magnitude. However, episodic pulses in river inflow to the coastal margin
and upwelling events can temporarily shift the balance of these bi-directional flows
either seaward or landward, respectively. This basic model also reflects the contribu-
tion of these end-member sources such as deepwater marine and upland ecosystems
and acknowledges the active internal recycling (assimilation and remineralization)
of N and P within each ecosystem type.

For the sake of simplicity and due to the constraints of available information for
each ecosystem, we have limited this conceptual model to surface water-borne trans-
port and exchange of N and P (Fig. 2.1). Obviously, atmospheric deposition, ground-
water discharge, and biological processes such as nitrogen fixation and denitrifica-
tion contribute greatly to coastal N and P cycling and will be discussed throughout
this chapter (Zimmerman et al. 1985, Mazda et al. 1990, Sutula et al. 2003, Lee
and Joye 2006). Evidence even suggests that coral reefs may receive some N that
is fixed in these other shallow water environments (France et al. 1998). However,
we will not focus on these types of processes at the level of ecosystem exchange,
as the contribution of these processes would naturally be imbedded in empirical
measurements of N or P within or between these settings.

2.2 N and P in Tropical Coastal Ecosystems

Given the growing impact of nutrient enrichment and the potential for eutrophi-
cation, as well as the ubiquitous influence of tides and river inflows linking these
ecosystems, understanding the surface water exchanges of ecologically impor-
tant elements such as nitrogen (N) and phosphorus (P) within and among these
ecosystems is needed. Phosphorus and nitrogen are of great importance in biologi-
cal systems, as these elements are required for structural (N and P), electrochemical
(P), and mechanical functions (P) of biological organisms (Sterner and Elser 2002).
Aside from biological uptake, different forms of these two elements can also be
effectively removed from a system via abiotic processes such as volatilization and
loss to the atmosphere, adsorption onto particles, or bound in mineral forms. As a
result of the limited availability of N and P relative to other biologically required
elements, primary producers in tropical coastal marine ecosystems often display a
limitation by either one of these elements (Fourqurean et al. 1992, Lapointe and
Clark 1992, Amador and Jones 1993, Agawin et al. 1996, Feller et al. 2002), thus
increasing the need to understand N and P dynamics.

The concept of nutrient limitation—as conceptualized by Justus von Liebig in
the 1840s and considered from a stoichiometric perspective by Sterner and Elser
(2002)—predicts that organisms will be limited by the resource that is in lowest
supply (i.e., availability) relative to the needs of that organism. However, a recent
meta-analysis by Elser et al. (2007) suggests that, at the level of an ecosystem, the
concept of a single limiting nutrient may not be the rule and that tropical coastal
ecosystem such as mangroves, seagrasses, and coral reefs are going to respond to
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changes in both N and P. Recent experimental evidence in mangrove and seagrass
ecosystems in the neo-tropics supports this notion (e.g., Feller 1995, Ferdie and
Fourqurean 2004).

Nitrogen and phosphorus may enter mangrove, seagrass, and coral reef ecosys-
tems via a number of different pathways (Boto 1982, Liebezeit 1985, D’Elia and
Wiebe 1990, Hemminga et al. 1991, Leichter et al. 2003). These nutrients are
transmitted in organic or inorganic forms to coastal ecosystems via surface water,
groundwater, and atmospheric deposition (both wet and dry). Relative to the water
column, the sediment/soil and biomass in these ecosystems represent the largest
reservoirs of N and P. However, freshwater inputs from rivers and coastal upwelling
are often the primary source of natural loads of N and P to mangrove wetlands and
coral reefs, respectively (D’Elia and Wiebe 1990, Nixon et al. 1996, Monbet et al.
2007), and changes in the quantity and quality of river inflows are often implicated
for enhanced loading of these elements to the coastal zone (Nixon et al. 1996, Valiela
and Cole 2002). Once N and P are immobilized within mangrove, seagrass, or coral
reef ecosystems, the different forms of these elements are susceptible to transforma-
tion via an array of biogeochemical pathways, depending on conditions such as sed-
iment type (terrigenous vs. biogenic), redox, pH, light, temperature, and availability
of labile organic substrate (Nixon 1981, D’Elia and Wiebe 1990, Bianchi 2007).

Lastly, an important caveat for understanding nutrient dynamics within these
ecosystems is that nutrient concentration does not necessarily translate directly into
nutrient availability, as nutrients may remain within a system but become temporar-
ily unavailable for utilization by primary producers. An example of this is the case
of nutrients (e.g., ammonium, phosphate) adsorbed to sediment particles or bound
in refractory organic matter.

2.2.1 N and P Concentration in Mangrove Ecosystems

The interaction of tides, wind, precipitation, and upland runoff plays an important
role in determining the hydrodynamics and chemistry of mangrove waterways (Lara
and Dittmar 1999, Davis et al. 2001a, Childers et al. 2006, Rivera-Monroy et al.
2007). However, human-associated impacts to coastal mangroves can overwhelm
any of these natural drivers of water quality oftentimes resulting in excessively high
concentrations of N and P (Nedwell 1975, Nixon et al. 1984, Rivera-Monroy et al.
1999). In tidally-dominated systems with little upland influence, inorganic N and P
concentrations can be quite low (Boto and Wellington 1988), although groundwater
inputs can enhance concentrations of these elements (Ovalle et al. 1990). Microtidal
systems with a seasonal upland influence have surface water salinity patterns that are
noticeably lower during the wet season and highest during the dry season, reflecting
the contribution of end-member sources of water. Water column concentrations of
N and P typically reflect this changing source water signature (Davis et al. 2003a).
On the other hand, mangrove waterways that are strongly river-dominated typically
show a year-round upland influence on surface water quality patterns (Nixon et al.
1984).
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Fig. 2.2 Image of south Florida showing Florida Bay, which is situated between the Everglades (to
the north) and Florida Keys (to the south). The expanded image on the right highlights the location
of the mangrove ecosystem that lies between the freshwater Everglades marshes and seagrass-
dominated Florida Bay. Map was generated using Florida Coastal Everglades LTER Mapserver
project (http://fcelter.fiu.edu/gis/everglades-map)

Davis et al. (2001a,b) showed that total nitrogen (TN) concentrations in lower
Taylor River (Florida, USA, site TS/Ph 7b in Fig. 2.2) could approach 90 μM
and were significantly higher during the wet season compared with the dry season,
sometimes by more than 40 μM (Table 2.1). The pattern shown by TN reflected
that of dissolved organic carbon (DOC), indicating that much of the TN in this
seasonal mangrove system fed by Everglades runoff may be organic in character.
Rivera-Monroy et al. (1995) found a similar seasonal trend for dissolved organic
nitrogen (DON) in a fringe mangrove wetland of Estero Pargo (Mexico), a tidal
mangrove system with little upland influence. Still, their highest wet season value
for TN (approximately 65 μM, estimated by summing reported concentrations for
DON, particulate nitrogen (PN), NH4

+, NO2
−, and NO3

−; Rivera-Monroy et al.
1995) was lower than the wet season average reported for Taylor River (77 μM) and
the upper Sangga River (Malaysia, 60–80 μM), a tidal mangrove river with a strong
upland influence (Nixon et al. 1984). Boto and Wellington (1988) found consider-
ably lower levels of DON, reflecting the weak upland connection in the Coral Creek
system near Hinchinbrook Island, Australia.

Despite the similarity in TN concentrations, concentrations of total phosphorus
(TP) in the Sangga system were more than an order of magnitude higher than the
values measured in Taylor River (Table 2.1), with molar ratios of TN:TP ranging
from 20 to 40 (Nixon et al. 1984). In Taylor River, TP was usually <0.5 μM and
TN:TP often exceeds 100, reflecting the oligotrophic and P-limited status of this
region (Davis et al. 2001a, b). Such low concentrations of surface water TP are
not limited to the southern Everglades mangrove transition zone. They are typical



16 S.E. Davis et al.

Ta
bl

e
2.

1
W

at
er

co
lu

m
n

co
nc

en
tr

at
io

n
ra

ng
es

of
ni

tr
og

en
(N

)
an

d
ph

os
ph

or
us

(P
)

fr
om

va
ri

ou
s

m
an

gr
ov

e
ec

os
ys

te
m

s.
A

ll
un

its
ar

e
in

μ
M

.
N

H
4
+
=

am
m

on
iu

m
,

N
O

x
−
=

N
O

3
−

an
d

N
O

2
− ,

D
O

N
=

di
ss

ol
ve

d
or

ga
ni

c
N

,T
N
=

to
ta

lN
,S

R
P
=

so
lu

bl
e

re
ac

tiv
e

P,
T

P
=

to
ta

lP

R
ef

er
en

ce
L

oc
at

io
n

N
H

4
+

N
O

x
−

D
O

N
T

N
SR

P
T

P

B
ot

o
an

d
W

el
lin

gt
on

(1
98

8)
Fr

in
ge

m
an

gr
ov

e
al

on
g

C
or

al
C

re
ek

,H
in

ch
in

br
oo

k
Is

la
nd

,
A

us
tr

al
ia

0.
1–

1.
6

<
0.

1–
0.

3
2.

0–
8.

0
–

<
0.

01
–0

.2
2

–

D
av

is
et

al
.(

20
01

a)
D

w
ar

f
m

an
gr

ov
e

al
on

g
Ta

yl
or

R
iv

er
,F

lo
ri

da
,U

SA
0.

1–
5.

2
0.

1–
5.

8
–

46
–9

4
<

0.
01

–0
.1

5a
0.

2–
0.

7a

D
av

is
et

al
.(

20
01

b)
Fr

in
ge

m
an

gr
ov

e
al

on
g

Ta
yl

or
R

iv
er

,F
lo

ri
da

,U
SA

0.
1–

6.
3

0.
2–

5.
8

–
41

–8
9

<
0.

01
–0

.2
4

0.
18

–0
.6

7

L
ar

a
an

d
D

itt
m

ar
(1

99
9)

R
iv

er
in

e/
fr

in
ge

m
an

gr
ov

e
al

on
g

Fu
ro

de
C

ha
to

,B
ra

zi
l

<
5–

30
∼

2–
4

–
–

∼
1–

5
–

N
ix

on
et

al
.(

19
84

)b
M

at
an

g
m

an
gr

ov
e

fo
re

st
al

on
g

Sa
ng

ga
R

iv
er

,M
al

ay
si

a
<

5–
24

<
0.

2
20

–5
0

40
–8

5
0.

2–
1

∼
1–

3

O
ho

w
a

et
al

.(
19

97
)

M
an

gr
ov

e
ri

ve
rs

(M
ku

rm
uj

i
an

d
K

id
og

ow
en

i)
in

G
az

i
B

ay
,K

en
ya

0.
3–

3
0.

2–
8

–
–

0.
5–

3.
9

–

O
va

lle
et

al
.(

19
90

)
Fr

in
ge

m
an

gr
ov

e
al

on
g

tid
al

cr
ee

k
in

Se
pe

tib
a

B
ay

,B
ra

zi
l

0.
9–

7
0.

8–
5

–
–

0.
5–

1.
8

–

R
iv

er
a-

M
on

ro
y

et
al

.(
19

95
)

Fr
in

ge
m

an
gr

ov
e

in
Te

rm
in

os
L

ag
oo

n,
M

ex
ic

o
1.

1–
51

.7
0.

2–
4.

9
7.

8–
42

.9
∼

65
c

–
–

R
iv

er
a-

M
on

ro
y

et
al

.(
20

07
)

R
iv

er
in

e
m

an
gr

ov
e

al
on

g
Sh

ar
k

R
iv

er
,F

lo
ri

da
,U

SA
<

0.
1–

4.
8

<
0.

1–
3.

5
–

∼
12

–4
0

<
0.

01
–0

.8
0.

2–
2.

9

R
ob

er
ts

on
et

al
.(

19
93

)d
R

iv
er

in
e

m
an

gr
ov

e
al

on
g

Fl
y

R
iv

er
,P

ap
ua

N
ew

G
ui

ne
a

0.
1–

1.
4

1.
8–

11
.8

–
–

0.
5–

5.
3

–

a
SR

P
an

d
T

P
da

ta
w

er
e

as
hi

gh
as

0.
46

an
d

1.
32

μ
M

,r
es

pe
ct

iv
el

y,
du

ri
ng

a
si

ng
le

sa
m

pl
in

g
in

M
ay

19
98

b
D

at
a

fr
om

a
si

ng
le

cr
ui

se
in

19
79

.O
nl

y
m

an
gr

ov
e

si
te

s
al

on
g

es
tu

ar
in

e
tr

an
se

ct
co

ns
id

er
ed

he
re

c
W

et
se

as
on

T
N

es
tim

at
ed

by
su

m
of

D
O

N
,P

N
,a

nd
D

IN
d

D
at

a
fr

om
tw

o
cr

ui
se

s
al

on
g

sa
lin

ity
gr

ad
ie

nt
in

19
89

an
d

19
90



2 Nitrogen and Phosphorus Exchange Among Tropical Coastal Ecosystems 17

of both the freshwater southern Everglades (Noe et al. 2001, Childers et al. 2006)
and eastern Florida Bay estuary (Boyer et al. 1999), as well as other carbonate-
dominated mangrove settings, such as Coral Creek, Australia (Boto and Wellington
1988).

Concentrations of dissolved inorganic nitrogen (DIN) and phosphorus (DIP) are
similar across many of the mangrove systems reviewed and suggest an oligotrophic
nature with regard to the water column pool of ‘available’ (i.e., dissolved inorganic)
nutrients (Table 2.1). Mangrove waters, in general, have relatively low levels of DIP
or (soluble reactive P—SRP) and DIN (NH4

+ + NOx
−; Alongi et al. 1992). In some

cases, the extent of human impact controls inorganic nutrient profiles (Nedwell
1975, Nixon et al. 1984), while in others the degree of upland and groundwater
influence on the system appear to be of greater importance (Boto and Wellington
1988, Ovalle et al. 1990).

In South Florida, where systems tend to be oligotrophic and limited by the avail-
ability of phosphorus, SRP concentrations are extremely low. SRP concentrations
in Taylor River (Fig. 2.2) are typically 0.01–0.05 μM, and sometimes below the
limits of analytical detection (<0.01 μM). These concentrations are much lower, in
some cases more than two orders of magnitude lower, than SRP values from other
mangrove systems (Table 2.1; see also Alongi et al. 1992). Alternatively, NH4

+

and NOx
− numbers were comparable across all systems. Despite the similarity in

DIN concentration ranges between these systems, molar ratios of DIN:DIP in Taylor
River are much higher (sometimes exceeding 300) than the others, reflecting the low
availability of inorganic P in this ‘upside-down’ estuary (Chiders et al. 2006). These
high ratios of N:P in the environment are also reflected in mangrove leaf detritus
ratios of N:P reported by Davis et al. (2003b) with N:P of yellow, nearly senesced
Rhizophora leaves averaging 75.

2.2.2 N and P Concentration in Seagrass Ecosystems

Under normal oligotrophic conditions, levels of dissolved inorganic nutrients in the
surface water of seagrass beds are generally low (Table 2.2). A review of seagrass
studies conducted by Touchette and Burkholder (2000) showed that SRP levels are
commonly 0.1–<2 μM, NH4

+ ranges from 0 to 3.2 μM, and NOx
− levels range

from 0.05 to 8 μM in seagrass habitats. Data from few of the studies reviewed by
Touchette and Burkholder (2000) as well as several others are provided in Table 2.2.
In contrast to surface waters, levels of inorganic nutrients within sediment pore
water pools are often two orders of magnitude larger, with SRP levels of up to
20 μM, NH4

+ concentrations up to 180 μM, and NOx
− concentrations up to 10 μM.

Of course, the concentration values for inorganic nutrients reported for normal olig-
otrophic conditions can be exceeded significantly under eutrophic conditions, espe-
cially where anthropogenic sources of discharges are observed. In a recent review
by Lee et al. (2007) water-column concentrations of NH4

+ exceeded 50 μM and
pore water concentrations exceeded 400 μM under these types of human-influenced
eutrophic conditions.
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Spatial and temporal patterns in water column concentrations of N and P in sea-
grass beds can be attributed to many other non-human factors such as variation
in water residence time (affecting the contribution of internal recycling), proxim-
ity to inflow sources, storm and wind events, and patterns of vegetation turnover
and decomposition. Long-term data from multiple sites across Florida Bay indi-
cate that surface water NH4

+ concentrations can exceed 100 μM, especially in
the hydrographically isolated, central region of this oligotrophic bay (Boyer et al.
1999, Fourqurean et al. 2003; Table 2.2). Further, Boyer et al. (1999) showed
that increased inflow to Florida Bay between 1989 and 1997 may have resulted
in reduced bay-wide TP concentrations, as freshwater derived from the Everglades
watershed is depleted in P. This trend is also supported by the well documented gra-
dient of N:P that decreases from east to west Florida Bay as a result of higher P avail-
ability near the interface with the Gulf of Mexico and reduced P availability towards
the eastern (i.e., interior), Everglades-influenced region of the bay (Fourqurean et al.
1993, Childers et al. 2006; Fig. 2.2).

The dominant inorganic form of N within pore water pools is NH4
+, with a rel-

atively lower contribution of NOx
−. In the water column, NOx

− tends to be the
dominant form of inorganic N, but NH4

+ can be locally dominant (Touchette and
Burkholder 2000, Lee et al. 2007). In addition to these inorganic sources, organic
compounds such as amino acids, urea, dissolved organic phosphorus (DOP), and
particulate organic phosphorus (POP) can provide significant sources of P and N
within seagrass habitats (Bird et al. 1998, Perez and Romero 1993). In fact, Hansell
and Carlson (2002) suggest that the pool of dissolved organic N and P can be several
times larger than the concentration of inorganic nutrients, but may not be immedi-
ately available for uptake and utilization.

As with mangroves, the concentration of macronutrients in seagrass tissue is
commonly used as an indicator of nutrient status and the ratio of C:N:P is commonly
used to evaluate spatial and temporal patterns of nutrient availability (Duarte 1990,
Fourqurean et al. 1992, 1997). Fourqurean et al. (1992) also showed that spatial
variability in these ratios also reflected patterns in seagrass abundance and produc-
tivity in Florida Bay. In general, seagrasses are considered N limited in most envi-
ronments, with P limitation being prevalent in carbonate-dominated settings (Short
1987, Short et al. 1990, Fourqurean et al. 1992, Burkholder et al. 2007). Neverthe-
less, these general patterns of nutrient limitation are influenced locally by species
and the dominant sources of nutrient input.

2.2.3 N and P Concentration in Coral Reef Ecosystems

The development, condition, and long-term survivorship of coral reefs are closely
tied to nutrient fluxes and nutrient dynamics within each system. From some of
the earliest research, coral reefs have been commonly referred as the ‘oases’ of
the ocean and their ability to thrive and achieve high rates of productivity in olig-
otrophic environments prompted significant research on the role of nutrients such
as N and P. Symbiotic zooxanthellae play a significant role in coral nutrition by
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providing coral hosts with organic photosynthetic products (e.g., glycerol, glucose)
that are rapidly incorporated into animal tissue as well as enhancing calcification
rates. Within this symbiotic relationship, coral hosts provide zooxanthellae with
sources of inorganic nutrients through their metabolic wastes as well as physical
habitat and an enhanced light environment to sustain photosynthesis (Muller-Parker
and D’Elia 1997, Anthony et al. 2005). The ability of coral reefs to import dis-
solved N and P from the water column and the tight recycling of nutrients by the
coral-zooxanthellae relationship enables these systems to sustain high rates of pro-
ductivity even under the seemingly low nutrient availability commonly observed
over coral reefs (e.g., Johannes et al. 1972, Atkinson 1992).

Coral reefs were initially considered as systems that can only thrive within a
narrow set of physical parameters that include light, temperature, and nutrients.
The view of coral reefs as fragile systems with narrow environmental optima has
been challenged by more recent observations of reef development and growth in
environments previously described as ‘marginal’ for coral survivorship (Perry and
Larcombe 2003). The documentation of coral growth and coral reef development
in areas influenced by upwelling that introduces both high levels of nutrient levels
and cold temperatures (e.g., Glynn 1977), and in nearshore habitats with elevated
nutrients, sedimentation, and reduced light levels (Fabricius 2005, Lirman and Fong
2007), suggests an ecological niche for coral reefs that may be much wider than
previously expected as well as a potential beneficial role of moderate levels of nutri-
ents (Anthony 2000, Anthony and Fabricius 2000). The survivorship and growth of
corals in these marginal environments may be directly tied to the ability of corals to
supplement autotrophic sources of nutrition with heterotrophic ones. For example,
Fabricius (2005) reports that the intake of moderate levels of Particulate Organic
Matter (POM) can enhance coral growth and compensate for the negative impacts
caused by increased DIN, light reduction, and sedimentation. Similarly, Edinger
et al. (2000) indicated that corals can supplement their energy supplies by feed-
ing on particulate or dissolved organic matter. Finally, increased availability of het-
erotrophic energy and nutrient sources in nearshore coastal habitats has been linked
to higher coral growth, increased energy storage, and increased resilience to distur-
bances such as coral bleaching (Edinger et al. 2000, Anthony 2006, Grottoli et al.
2006).

Relative to mangrove and seagrass ecosystems, the body of literature contain-
ing surface water concentration data (not to mention pore water and sediment N
and P content) for different forms N and P is relatively small. A review of vari-
ous reef ecosystems by Szmant (2002) showed that surface water dissolved inor-
ganic N and P concentrations are typically low (usually around 1 μM or less
for DIN and <0.5 μM for SRP) on the landward side of the reef with increas-
ing concentrations towards the reef crest adjacent to areas of high flushing and
upwelling. Other studies by Szmant and Forrester (1996) and a review by Costa et
al. (2006) show this same spatial variation in water column concentrations in addi-
tion to potentially significant seasonal variability within each of these locations.
More work is needed to improve our understanding of the forces that drive this
variability.
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2.2.4 N and P Flux in Mangrove Ecosystems

Studies of materials exchange in tidal mangrove wetlands are becoming more preva-
lent in the estuarine literature (see also Chapter 3). Aside from the pioneering works
of Golley et al. (1962) and Odum and Heald (1972), it has been only in the last 15–20
years that tropical, mangrove-dominated estuaries have been the setting for this type
of ecosystem-level research. Adapting many of the techniques developed in temper-
ate saltmarsh systems, investigators of recent mangrove studies have shown that
tidally driven mangrove wetlands can effectively serve as sinks for total suspended
solids (Rivera-Monroy et al. 1995) and dissolved inorganic nitrogen (Kristensen
et al. 1988, Rivera-Monroy et al. 1995). As a result of these studies, we are gaining
a better understanding of the environmental factors that regulate the exchanges of
mangrove-derived matter in these tropical and subtropical estuarine systems.

Leaf litter fall and decomposition is an important recycling pathway for nutrients
and fixed carbon in all forested aquatic ecosystems (Fisher and Likens 1973, Brinson
1977, Tam et al. 1990). Although biological processes are important in governing
the ultimate fate of leaf litter, evidence from numerous field and lab studies indicates
that physical leaching is largely responsible for initial losses of these materials (e.g.,
Brinson 1977, Rice and Tenore 1981, Middleton and McKee 2001). Rates of leaf
litter leaching are sensitive to environmental factors such as temperature, sunlight,
water availability, and salinity (Nykvist 1959, 1961, Parsons et al. 1990, Chale 1993,
Steinke et al. 1993). Some researchers have suggested that the biotic contributions in
this early stage of decomposition are minimal and most often limited to microbial
conditioning of the litter (Nykvist 1959, Cundell et al. 1979, France et al. 1997).
Other studies, however, have shown a significant microbial response within 24 hrs
to fixed carbon and nutrients leached from mangrove leaves (Benner et al. 1986,
Davis and Childers 2007).

In tropical mangrove ecosystems, leaf litter leaching rates decline dramatically
after a few days of immersion in water, yet this process is responsible for sub-
stantial losses of N and P to the water column and soil (Rice and Tenore 1981,
Chale 1993, Steinke et al. 1993, Davis et al. 2003b; Fig. 2.3). When in low supply,
these leached nutrients can then be utilized by epiphytic bacteria that are decay-
ing the more refractory leaf tissue, resulting in a gradual enrichment of the tissue
through time (Davis et al. 2003b, Davis and Childers 2007). On a regional scale,
the coupled process of mangrove leaf litterfall and leaching contributes to intra-
annual patterns in water quality and materials flux unique to these coastal wetlands
(Twilley 1985, Maie et al. 2005). This may be particularly important in nutrient-
poor, dwarf mangrove wetlands where water residence times are often high and
herbivory rates are very low (Twilley 1995, Feller and Mathis 1997). This combi-
nation of ecosystem properties naturally leads to more reliance on internal recy-
cling (i.e., detrital pathways) as a means of controlling nutrient availability and
productivity.

Water temperature and salinity are two of the most important factors control-
ling the global and local distributions of mangrove ecosystems along the world’s
shorelines (Kuenzler 1974, Odum et al. 1982, Duke 1992). Fluctuations in either of
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Fig. 2.3 Cell plot showing the total amount of phosphorus (TP) leached from red mangrove
(Rhizophora mangle L.) leaves over a 10-day incubation. Incubations with poison had no biological
activity, and losses to the water column indicated the amount of leachable P. The difference between
this and control incubations reflected the contribution of epiphytic bacteria that removed P from the
water column and relocated leached P to the leaf surface. All values are normalized to the initial
dry mass (dw) of each leaf

these factors can have profound effects on aboveground and benthic productivity in
mangrove wetlands (Alongi 1988, Clough 1992). In tropical and subtropical areas,
water temperatures are generally a function of season or time of year, reflecting
changes in air temperature, light intensity, or precipitation/cloud cover. Salinity is
usually an indicator of a combination of season (wet or dry), water source (upland
runoff or marine/tidal), and physical position within an estuary. Changes in salinity
and temperature can affect the availability, uptake, or release of a given constituent
in a mangrove wetland. Relationships of this type have already been documented in
temperate saltmarsh systems (e.g., Wolaver and Spurrier 1988).

Total nitrogen dynamics in mangrove wetlands, like organic carbon dynamics,
appear to vary according to the relative contributions of tide, season, and upland
influence in a given system. However, Alongi et al. (1992) showed that fluxes of
nitrogen in mangrove wetlands could be low and erratic, showing little effect of sea-
son or location within an estuary. Rivera-Monroy et al. (1995) measured significant
exports of the bulk TN components (dissolved organic and particulate N) from a
fringe mangrove near Estero Pargo, a tidal mangrove creek along the gulf coast of
Mexico. Dissolved organic nitrogen export was consistent across most samplings in
their system, while particulate nitrogen (PN) exports were seasonal with the high-
est exports measured after precipitation events (Rivera-Monroy et al. 1995). On the
other hand, a tidal mangrove wetland along Coral Creek (Australia), a system with
little upland influence, was found to export PN and import DON at considerably
higher rates (Boto and Bunt 1981, Boto and Wellington 1988). Quarterly flux data
from Taylor River indicated consistent import of TN at rates similar in magnitude
to the DON and PN flux measurements from Mexico (Rivera-Monroy et al. 1995,
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Davis et al. 2001a). The phenomenon of TN uptake in these dwarf mangrove sites
was also evident in long-term water quality data from the Everglades and Florida
Bay, which showed consistently higher concentrations in the mangrove ecosystem
than at the downstream Florida Bay sites (Childers et al. 2006).

Mangrove flux studies from across the tropics have also shown discrepancies
in the relative exchanges of NH4

+ and NOx
−. For instance, Boto and Wellington

(1988) measured rather low DIN fluxes in Coral Creek, with uptake of NH4
+ and

export of NOx
− (Table 2.3). Even though the majority of the tides measured in this

study yielded significant fluxes of these constituents, the authors concluded that
the system was near-equilibrium in terms of dissolved inorganic nutrient exchange
(Boto and Wellington 1988). Dittmar and Lara (2001) also found a non significant
flux of NOx

− in a Brazilian mangrove forest in the Caeté Estuary. Still, additional
studies have shown import of both DIN constituents into tidal mangrove wetlands.
Using benthic chambers to measure sediment–water column fluxes at Ao Nam Bor
mangrove swamp in Thailand, Kristensen et al. (1988) observed consistent and sim-
ilar uptakes of both DIN constituents in light and dark chambers (Table 2.3). They
later determined that the rates of nitrification and denitrification in this system were
roughly equal (Kristensen et al. 1995). Similarly, Rivera-Monroy et al. (1995) noted
consistent DIN uptake in Estero Pargo (Table 2.3). However, NH4

+ uptake was
roughly an order of magnitude higher than NOx

− uptake, due to sediment retention
of NH4

+, plant uptake, or high rates of nitrification (Rivera-Monroy et al. 1995).
An assay of coupled nitrification–denitrification at this site later revealed that NOx

−

uptake was not necessarily associated with denitrification, but instead with sediment
uptake and retention (Rivera-Monroy and Twilley 1996). Using bell jar incubations,
Alongi (1996) measured consistent sediment uptake of inorganic nitrogen and phos-
phorus along the mid-intertidal zone of Coral Creek (Table 2.3). DIN flux data from
Taylor River showed that NH4

+ was consistently imported by the dwarf wetland
while NOx

− was consistently released into the water column (Davis et al. 2001a).
These NH4

+ fluxes into the soil (i.e., an indication of nitrification) could not have
been predicted from pore water concentrations, as they often exceed 50 μM NH4

+

in this area of the Everglades (Koch 1997). This trend is in contrast to what has
been shown in many estuarine saltmarshes and even some mangrove sediments,
where NH4

+ is generally exported and NOx
− imported (Nixon 1980, Childers et al.

1999, K Liu and SE Davis unpubl. data). Lara and Dittmar (1999) also showed that
ammonium dynamics in mangrove wetlands could be influenced by diurnal patterns
of production and respiration, with NH4

+ concentrations approximately 44% higher
in a Brazilian mangrove forest during the night than during the day.

The results from the dwarf mangroves in Taylor River suggest that nitrification
of NH4

+ in the dwarf mangrove wetlands may provide a considerable source of oxi-
dized inorganic nitrogen to the water column. Ovalle et al. (1990) arrived at a similar
conclusion in their study of the factors controlling the chemistry of a tidal mangrove
creek of Sepetiba Bay, Brazil. They determined that net nitrification exceeded net
denitrification thereby resulting in the observed increase of nitrate in the water col-
umn during ebb tide (Ovalle et al. 1990). Depending on hydrology and substrate
availability, this source of oxidized inorganic nitrogen can fuel denitrification either
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in situ or in adjacent systems, resulting in a substantial loss of N from an estu-
ary (Jenkins and Kemp 1984, Henriksen and Kemp 1988, Seitzinger 1988). How-
ever, studies indicate that denitrification may not be a significant sink for nitrogen
in unpolluted mangrove systems, as losses of nitrate appear to be directed more
towards the sediments rather than the atmosphere (Alongi et al. 1992, Kristensen
et al. 1995, Rivera-Monroy and Twilley 1996).

Only a modest number of studies have measured significant wetland–water col-
umn exchanges of phosphorus in mangrove systems. Most of these indicate net
import of phosphorus by the mangrove wetland, as these systems promote depo-
sition of sediment-associated forms of P or the sediments can effectively scavenge
P from the water column (Nixon et al. 1984, Boto and Wellington 1988; Table 2.3).
In Brazil, Dittmar and Lara (2001) measured significant export of SRP during the
dry season, but a small uptake of SRP by the mangrove forest in the rainy season.
Since phosphorus concentrations are so low in Taylor River, Davis et al. (2001a, b)
were unable to detect significant flux of SRP between the wetland soil, vegetation,
and water column. However, they were able to detect significant exchange of TP in
the dwarf mangrove wetland during both wet and dry season samplings (Davis et al.
2001a; Table 2.3).

2.2.5 N and P Flux in Seagrass Ecosystems

Along undeveloped tropical coastlines, upland runoff typically passes through man-
grove forests before being discharged into nearshore seagrass beds. Flux patterns
described above for mangroves are often important in affecting the concentra-
tions and forms of N and P entering these seagrass ecosystems. However, the bulk
exchange of materials, particularly in mangroves with a weak tidal signature and a
strong wet–dry season pattern of discharge, is overwhelmingly driven by patterns
of surface water discharge. For example, in the southern Everglades ecosystem,
wet season outflow accounts for approximately 99% of the surface water-borne net
export of N and P to Florida Bay (Sutula et al. 2003). Further, storm events such as
hurricanes and tropical storms can also account for much of the annual exchanges of
N and P between mangrove wetlands and seagrass beds (Davis et al. 2004). Using
long-term TN and TP-concentration data from the Florida Coastal Everglades Long-
Term Ecological Research program (FCE-LTER, D Childers unpubl. data) and US
Geological Survey (USGS) gauging station from the mouth of Taylor River (FCE-
LTER site TS/Ph 7 and USGS station # 251127080382100) we illustrate the strong
seasonal signature of surface water-mediated exchange between mangrove and sea-
grass ecosystems in eastern Florida Bay (Figs. 2.2, 2.4). These patterns directly
reflect the seasonal discharge pattern of these types of mangrove creeks that have
strong positive discharge patterns throughout the wet season and little net exchange
of water during the dry season (Fig. 2.4). Further, given the proximity of these
systems to one another (Fig. 2.5), upland or mangrove-derived nutrients can have
immediate, direct impacts on nearby seagrass beds. The reverse is also true, particu-
larly during storm events such as hurricanes where storm-related surges can result in
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Fig. 2.4 Estimated fluxes of total nitrogen (TN) and total phosphorus (TP) from Taylor River,
Florida (USA)—a mangrove creek that empties into NE Florida Bay. These long-term data from
1996 to 2005 show the strong seasonal nature of discharge and water-mediated exchange of N and
P between the mangrove ecosystem and seagrass-dominated waters in Florida Bay

significant resuspension of subtidal (i.e., seagrass) sediment and subsequent depo-
sition in nearby mangrove forests (Davis et al. 2004; Fig. 2.5).

Within seagrass beds, significant nutrient uptake can be achieved through leaves
and the root-rhizome system. Similarly, leaves and rhizomes can act as nutrient
reservoirs, especially for N that can be stored in amino acids and other soluble and
non-soluble compounds (e.g., Udy et al. 1999). Moreover, as with other marine and
terrestrial plants, seagrasses are able to take up nutrients in excess of their metabolic
needs and store these for periods of low availability (Gobert et al. 2006, Romero
et al. 2006). Finally, while limited research has been conducted on the transport of
nutrients within and between above and belowground tissues in seagrasses, there
is evidence that seagrasses are able to translocate nutrients within shoots (Lepoint
et al. 2002) and among clonal ramets (Marbà et al. 2002) to sustain growth of new
tissue.

The relative uptake of N and P through the leaves and rhizomes can vary sig-
nificantly among species and habitats. While the higher concentration of nutrients
within pore water pools would suggest a benefit for nutrient uptake through below-
ground structures, leaf uptake of water column nutrients can still supply a consid-
erable proportion of seagrass N (reviewed by Romero et al. 2006). In fact, several
experimental studies have documented the high nutrient uptake capacity of leaf tis-
sue, especially at low nutrient concentrations. For example, Lee and Dunton (1999)
showed that 50% of N uptake can take place through the leaves in Thalassia tes-
tudinum. Similarly, high rates of N uptake through the leaves were recorded for
Zostera (Short and McRoy 1984), Phyllospadix (Terrados and Williams 1997), and
Posidonia (Gobert et al. 2006). Seagrass leaves have a higher affinity for NO3

− than
for NH4

+. However, NH4
+ is the dominant form of DIN taken through the rhizomes

(Touchette and Burkholder 2000).
Seagrass nutrient pools can be replenished through three processes: sedimen-

tation to the soil from the overlying water column, nitrogen fixation, and nutri-
ent uptake by leaves (Hemminga et al. 1991). Sources of dissolved nutrients to
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Fig. 2.5 Moving clockwise from upper left, photos showing (a) mangrove leaf detritus in a sea-
grass bed, (b) carbonate sediment that had been deposited in a South Florida mangrove forest as
a result of hurricane Wilma in 2005, (c) small core showing the thickness of carbonate sediment
deposit in (b), (d) seagrass growing immediately adjacent to mangrove, and (e) seagrass growing
amongst coral heads

seagrasses include those available from the water column as well as those released
from decaying organic matter through remineralization. A major source of nutrients
to seagrass meadows is derived from the sedimentation of sestonic particles that
include organic and inorganic components (Romero et al. 2006). Seagrass mead-
ows play a major role in the retention of particles and the accumulation of sedi-
ments and organic matter is central to the development and subsistence of seagrass
habitats. The buffering activities of seagrass canopies facilitate sedimentation and
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particle accumulation that increases nutrient availability to these important habitats
(Hemminga et al. 1991, Koch et al. 2006).

Total sediment organic pools in seagrass beds depend on litter production by
seagrasses and other organisms (e.g., macroalgae, epiphytes, microalgae), organic
matter derived from external sources, and the utilization and degradation of these
inputs. It is estimated that the input of N (up to 60 g N m−2. yr−1; Romero et al.
2006) and P (up to g P m−2 . yr−1; Gacia et al. 2002) from sediment sources can
potentially provide most of the annual nutrient requirement for seagrass growth. A
flux study in seagrass beds of Laguna Madre (Texas, USA), found significant regen-
eration of NH4

+ in the water column as well as release from the sediments (Ziegler
and Benner 1999). Ziegler and Benner (1999) believed this sediment release was
associated with NH4

+ regeneration in the benthos during daylight hours. Similarly,
benthic flux studies by Holmer and Olsen (2002) and Mwashote and Jumba (2002)
showed mostly a release of DIN from the sediment of seagrass beds in both Phuket
Island (Thailand) and Gazi Bay (Kenya), respectively. Finally, seagrass habitats can
exhibit high levels of N2 fixation through the activities of bacteria associated with
seagrass rhizomes (Welsh 2000) as well as cyanobacteria associated with seagrass
leaves, which can supply up to 38% of the N requirements of T. testudinum (Capone
and Taylor 1977).

An important mechanism for the conservation and recycling of nutrients within
seagrass ecosystems and in mangrove forests is the ability of the plants to resorb
nutrients from older or senescent tissue (Feller et al. 2003, Romero et al. 2006). In
fact, it has been reported that on average >20% of the annual N and P requirements
can be obtained from nutrient resorption (Hemminga et al. 1999). However, even
if seagrasses are able to reclaim a considerable portion of the nutrients stored in
mature leaves, detached leaves that contain >75% of their original nutrient content
can represent a significant nutrient drain from the system if they are removed prior
to entering the detrital pool.

Loss of N and P from seagrass beds can occur through the process of leach-
ing/exudation from living and dead plant material, diffusion from sediment, denitri-
fication, nutrient transfer by foraging animals, and export of sloughed leaves and leaf
fragments (Hemminga et al. 1991). The main source of nutrient losses to seagrass
meadows is the removal of leaf material by waves, tides, and currents (Romero et al.
2006). The export of leaf litter and macroalgae provides a link between seagrass
meadows and adjacent habitats such as mangroves, hardbottom habitats, and coral
reefs but can also represent a major nutrient drain for the source habitats. In a recent
review, Mateo et al. (2006) report that up to 100% of production can be exported out
of a seagrass habitat due to hydrodynamic forcing and that nutrient losses of >40%
of N and >20% of P assimilated can be exported. The export of detached seagrass
leaves can be especially significant during storm events (Davis et al. 2004), and
marine sediment and seagrass leaf litter is commonly seen along fringe mangrove
habitats (see Fig. 3.5 of Chapter 3). Similar accumulations of macroalgae and sea-
grass litter can be seen around patch reefs habitats of the Florida Reef Tract where
seagrass beds composed mainly of Thalassia testudinum are abundant on sandy sub-
stratum (D Lirman pers. observ.).
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Another mechanism resulting in the removal of nutrients from seagrass habi-
tats is via the direct consumption of plant matter by grazers and the detachment of
leaves through grazing activity. While herbivores that reside within seagrass beds
can release remineralized N and P back into the system through their feces, her-
bivorous guilds that feed on seagrass beds but reside part or most of the day away
from these habitats can lead to a net N and P export from the system. Such is the
case of juvenile fishes that reside in mangrove habitats during the day but migrate
into adjacent seagrass beds to feed at night (Nagelkerken et al. 2000, Verweij et al.
2006).

Lastly, N and P can remain within the system but become unavailable for seagrass
use. This is especially true for P that can adsorb to organic and inorganic particles
and become relatively unavailable for plant uptake. In carbonate sediments, P is
often bound to calcium and therefore can limit seagrass growth due to its reduced
availability. Similarly, both N and P can be bound to refractory organic compounds
that can be buried in the sediments and no longer available for uptake (Koch et al.
2001).

2.2.6 N and P Flux in Coral Reef Ecosystems

The flux of N and P between the water column and coral reef communities has been
commonly estimated by measuring the changes in the concentration of nutrients
over time and as water moves over the reef (e.g., Johannes et al. 1983, Atkinson
1987). The uptake of dissolved inorganic N and P by reefs can be rapid, highly
variable in space and time, and is directly dependent on the biological and struc-
tural characteristics of the reef community (e.g., productivity, abundance, taxonomic
structure, topography; Baird and Atkinson 1997, Koop et al. 2001), hydrodynamics
(e.g., water residence time, mixing, velocity; Hearn et al. 2001, Falter et al. 2004),
temperature and light (Johannes et al. 1983), and nutrient concentrations (Pilson and
Betzer 1973, Smith et al. 1981) in a given system. An example of rapid uptake of
nutrients was observed during the ‘Elevated Nutrient on Coral Reefs Experiment’
(ENCORE) conducted in the Great Barrier Reef (GBR), where levels of NH4

+ and
SRP returned to background levels 2–3 hrs after nutrient additions that increased
ambient concentrations to >11 μM NH4

+ and >2 μM SRP (Koop et al. 2001)—
levels considerably greater than typical ranges exhibited in most coral reefs.

Both particulate and dissolved forms of organic and inorganic N and P dis-
charged from land provide significant nutrient inputs into coral reef ecosystems
(Furnas et al. 1997). The majority of nutrients discharged enter the coastal envi-
ronment in particulate form (Furnas 2003). Nutrients remineralized from bacteria,
plankton, and detrital matter in suspended particulate matter can be quite high for
areas with high sedimentation rates and can be made readily available to coral reef
organisms (Fabricius 2005). In fact, the consumption of phytoplankton by benthic
feeders that include corals, sponges, tunicates, bivalves, bryozoans, and polychaetes
provides one of the main benthic-pelagic coupling mechanisms in reef habitats and
a major source of nutrients (Yahel et al. 1998). In addition to oceanic (e.g., bacteria,
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phytoplankton, zooplankton) and land-based sources of allochthonous nutrients
(e.g., overland flow, riverine discharge, groundwater, sewage discharge), nutrients
can enter reef systems through upwelling, atmospheric deposition, rainfall, and N2

fixation (D’Elia and Wiebe 1990).
Coral reefs are commonly surrounded by seagrass beds and macroalgal commu-

nities and are in close proximity to mangrove habitats that can provide sources of
nutrients bound in detrital matter. Plant detritus can be transported into reef systems
through wave action and currents and the nutrients contained in this detrital pool
can become available to reef organisms through remineralization. Finally, herbi-
vores that utilize the reef structure for refuge but conduct daily grazing and foraging
migrations into adjacent habitats such as seagrass beds can add to the reef’s nutrient
pool through the deposition of feces. A clear example of the activities of herbivo-
rous guilds that inhabit coral reefs but graze on surrounding habitats either during
the night or the day is manifested in the appearance of grazing ‘halos’ surrounding
many patch reefs in the Caribbean and elsewhere. These halos of bare substrate are
commonly created by the grazing activities of sea urchins and fishes as they forage
away from the reef structure (Randall 1963, Ogden et al. 1973). Another example of
grazing activities that can introduce new nutrients into reef habitats was described
by Meyer et al. (1983) who reported that the feces of schools of juvenile grunts, that
grazed on nearly seagrass beds during the day but aggregated during the day around
coral colonies, can be significant sources of N and P that can be readily incorporated
into coral tissue, enhancing coral growth.

The relative contribution of these nutrient sources can vary significantly among
coral reefs both within and among geographic regions. In the central GBR, Furnas
et al. (1997) determined that there are four main sources of allochthonous nutrients
to this reef area: (1) rivers account for the greatest potential source with up to 21.3
Kmol N m−1 (i.e., linear m of shelf) and up to 2.0 Kmol P m−1, (2) upwelling can
contribute up to 5.0 Kmol N m−1 and up to 0.4 Kmol P m−1, (3) rainfall accounts for
up to 0.84 Kmol N m−1 and up to 0.02 Kmol P m−1, and (4) sewage can contribute
up to 0.14 Kmol N m−1 and up to 0.02 Kmol P m−1. Much of the river-derived N
and P enter the reef ecosystem during episodic floods caused by storms or seasonal
high-rain events, again highlighting the influence of acute events. Generally speak-
ing, P input is equally divided into dissolved inorganic or soluble reactive P (DIP or
SRP), dissolved organic P, and particulate P, while >75% of N input is as dissolved
organic N, 18% as particulate N, with a smaller contribution (<5%) from dissolved
inorganic N, mainly as NH4

+ and NO3
− (Furnas et al. 1997). Lastly, another poten-

tial important source of N into the GBR is through N2 fixation by both benthic and
pelagic (mainly Trichodesmium) cyanobacteria and contributing up to 72 Kmol N
m−1 (Furnas et al. 1997).

Coral reefs have been shown to be generally effective at removing dissolved
nutrients from the overlying water masses (Koop et al. 2001) as well as retaining
internally recycled nutrients. The high rates of gross productivity and biomass accu-
mulation recorded in coral reef habitats compared to the open ocean under low nutri-
ent conditions led researchers to believe that nutrient supply to coral communities is
maintained mainly through tight nutrient retention and regeneration (e.g., Pomeroy
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1970, Johannes et al. 1972). More recent studies have indicated that direct nutrient
uptake from the water column can also be a major source of new nutrients (Falter
et al. 2004). While the relative contribution of recycled and allochthonous nutrients
to reef productivity can be debated, it is clear that coral reefs possess mechanisms
for nutrient retention and regeneration that contribute to productivity.

The exchange of photosynthetic and waste products between coral hosts and
their endosymbiotic zooxanthellae provides one clear example of nutrient recycling
within reef systems that enhances coral growth and reef accretion. The remineral-
ization of organic detritus by bacterial communities within sediments and numerous
cryptic organisms found within the interstitial spaces of reef frameworks provides
another major source of recycled nutrients to reef communities (Szmant-Froelich
1983, Szmant 2002). In the GBR, the remineralization of nutrients from benthic
organic pools contributed up to 14 Kmol N m−1 and up to 1.8 Kmol P m−1 to the
reef communities (Furnas et al. 1997).

Coral reefs have also been shown to export nutrients, demonstrating their poten-
tial to serve as nutrient sources for adjacent seagrass or mangrove ecosystems (Webb
et al. 1975, Delesalle et al. 1998, Hata et al. 1998). Nutrients are typically exported
as dissolved and particulate forms via water-mediated transport and in gaseous form
through denitrification. For example, the removal of macroalgal biomass from reef
habitats during storms may benefit corals by removing aggressive competitors, but
it can represent an important export of nutrient-rich plant biomass that would no
longer be available for in situ consumption or remineralization (Lapointe et al.
2006). As is the case in seagrass habitats, nutrients can also remain within reefs
but become unavailable for use by reef organisms. Both N and P can be bound to
refractory organic compounds that can be buried into sediments or deep into the reef
framework and no longer available for uptake.

2.3 Human Impacts on N and P Concentration and Flux

More than 20 years ago, it was suggested that local hydrologic and geomorpho-
logic factors largely governed the flux of organic matter from coastal wetlands to
nearshore waters (Odum et al. 1979). This was later supported by data from out-
welling studies demonstrating that mangrove wetlands exported organic matter in
relation to tidal energy (Twilley 1985, review by Lee 1995). The direct connection
to land and rivers puts these coastal ecosystems in a particularly vulnerable sit-
uation not only when it comes to land conversions but also eutrophication (Valiela
et al. 2001). Aside from the direct hydrologic connections, the physical proximity of
these systems to one another (see Fig. 2.5) can also make them susceptible to these
influences. The number of nutrient flux studies in mangrove wetlands has increased
dramatically over the past 15 yrs. This trend has stemmed from recent deterioration
of water quality in many tropical and subtropical coastal areas as a result of defor-
estation, coastal development, oil spills, and freshwater diversion (Twilley 1998).
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By and large, the focus of these recent flux studies has been on the exchange
of organic matter between the mangrove and nearshore environment (Boto and
Bunt 1981, Twilley 1985, Woodroffe 1985, Flores-Verdugo et al. 1987, Robertson
1986, Lee 1995). However, there have been few studies that have quantified the
exchanges of inorganic N and P within mangrove wetlands or between mangroves
and nearshore systems (Boto and Wellington 1988, Kristensen et al. 1988, Nedwell
et al. 1994, Rivera-Monroy et al. 1995, Davis 1999). Although it is generally held
that mangroves export organic matter in relation to tidal energy (Odum et al. 1979,
Twilley 1985, Lee 1995), the fate of inorganic nutrients in estuarine mangrove sys-
tems is still poorly understood. This is of concern, because these ecosystems exhibit
structural/morphological variability in response to variations in nutrient availabil-
ity and are also susceptible to anthropogenic nutrient loading. Moreover, they also
serve as a buffer against nutrient loading to adjacent seagrass beds (Valiela and
Cole 2002).

Seagrass communities worldwide have experienced drastic declines in abun-
dance and spatial extent due to a combination of factors that are common sources
of stress to all coastal ecosystems. These factors include natural disturbances such
as elevated temperatures, sea level changes, changes in water chemistry, diseases,
competition (e.g., grazing, epiphytism, invasive species), and storm events, as well
as human disturbances commonly associated with increasing population numbers
and coastal development such as increases in sedimentation and nutrients, pollu-
tion, dredging and boating impacts, and overfishing (reviewed by Orth et al. 2006).
Human-induced changes in the quality and quantity of freshwater inputs to tropical
coastlines have also been linked to changes in nearshore water quality and seagrass
communities (Robblee et al. 1991, McIvor et al. 1994).

The negative influence of eutrophication is often cited as one of the main sources
of disturbance to seagrass habitats, especially those found adjacent to urban cen-
ters and in shallow, poorly flushed coastal systems (Touchette and Burkholder 2000,
Ralph et al. 2006). The mechanisms that mediate the negative impacts of eutrophica-
tion on seagrass condition include: (1) direct physiological impacts caused by high,
toxic levels of inorganic N forms and increased C demand under high nutrient con-
ditions, and (2) indirect impacts of increased growth of epiphytes, macroalgae, and
phytoplankton that can outcompete seagrasses for nutrients, reduce light availabil-
ity, and create anoxic conditions deleterious for seagrass growth and survivorship
(Ralph et al. 2006, Burkholder et al. 2007).

The direct deleterious effects of increased N on seagrass growth and survivor-
ship have been demonstrated experimentally for several seagrass species (reviewed
by Touchette and Burkholder 2000). The high energetic cost of N assimilation and
the accumulation of toxic levels of nitrate, nitrite, and ammonium were identified
as responsible for the documented reduction in growth and mortality in Zostera
(Burkholder et al. 1992, van Katwijk et al. 1997, Peralta et al. 2003), Halodule
(Burkholder et al. 1994), and Ruppia (Santamarı́a et al. 1994). The most com-
mon impact of eutrophication on seagrass habitats is the rapid growth of primary
producers such as epiphytes, macroalgae, and phytoplankton that can outcompete
seagrasses for substrate, light, and nutrients. Overgrowth, reduced light levels, and
limited nutrient availability can yield negative impacts that range from reduced



2 Nitrogen and Phosphorus Exchange Among Tropical Coastal Ecosystems 33

growth to massive die-offs (reviewed by Burkholder et al. 2007). Moreover, rapid
increases in the biomass of seagrass competitors can result in anoxic conditions and
promote increased sulfide concentration in the sediments, which can further influ-
ence seagrass metabolism, growth, and survivorship (Calleja et al. 2007, Koch et al.
2007). The end result of this would be a conversion of seagrass to an ephemeral algal
or phytoplankton-dominated system with a reduced capacity for ecosystem C stor-
age, enhanced mass transport of previously plant-bound nutrients, a reduced impor-
tance of denitrification, and, in carbonate-dominated systems, enhanced P release
from sediments (McGlathery et al. 2007).

Coral reef ecosystems have experienced a drastic decline in condition, diversity,
and extent in the recent past (Gardner et al. 2003, Pandolfi et al. 2003). The causes
of this worldwide decline are varied, but the competition of corals with macroalgae
is often cited as one of the most significant factors influencing coral persistence
(Hughes et al. 2007, Kleypas and Eakin 2007). The role of increased nutrients,
mainly from human sources, has been highlighted as one of the main determinants
of the outcome of the competition between corals and macroalgae for space and the
shift from coral-dominated systems to algal-dominated reef states (Lapointe 1997,
Littler and Littler 2007). The fast turnover rates of macroalgae and cyanobacteria
compared to corals can facilitate the rapid accumulation of biomass of these taxa
that can cause, in the absence of grazing, coral mortality through shading, sediment
trapping, abrasion, and allelopathy (reviewed by McCook et al. 2001). A classic
example of nutrient-mediated overgrowth of corals by macroalgae was documented
in Kaneohe Bay, Hawaii, where the influx of human sewage resulted in the rapid
growth of the green macroalga Dictyosphaeria. Increases in the abundance of Dic-
tyosphaeria and increases in phytoplankton in the water column caused significant
coral mortality that continued until the nutrient source was removed by the reloca-
tion of the sewage outfall further away from the reefs (Smith et al. 1981).

Increased nutrients have also been shown to influence coral communities by
increasing rates of reef bioerosion (Chazottes et al. 2002) and, under high levels of
P, decrease whole-reef calcification (Kinsey and Davies 1979). Based on the review
of studies of nutrient impacts, Bell (1992) suggested an eutrophication threshold
level for reefs of 1 μM DIN and 0.1–0.2 μM SRP. Further research by Lapointe
(1997) also suggested that macroalgal overgrowth of corals can be expected at
nutrient threshold levels exceeding 1 μM DIN and 0.1 μM SRP. In addition to
the community-level impacts described, increased nutrients can have significant
impacts at the coral-colony level. Increased concentrations of inorganic N and P,
individually and in combination, have been shown to disrupt the coral symbiosis and
result in reduced coral calcification and growth and reduced fecundity (see reviews
by Szmant 2002, and Fabricius 2005).

2.4 Conclusions

Mangrove wetlands, seagrass meadows, and coral reefs are some of the most
threatened ecosystems on the planet and are also among the most susceptible
to the effects of nutrient loading and loss of ecosystem services. Empirical data
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from numerous studies (and common sense) tells us that hydrologic flushing dic-
tates the relative importance of internal recycling versus imports/exports from
adjacent aquatic ecosystems in driving the N and P budget of unimpacted man-
grove swamps, seagrass beds and coral reefs. Despite the importance of flush-
ing, research also tells us that surface water nutrient concentrations (natural or
human-influenced) become increasingly important with distance offshore, as direct
uptake can represent an important source of nutrients in coral and seagrass ecosys-
tems. However, ecosystem states can shift to more plankton-dominated situations—
reducing light availability to these subtidal producers—if concentrations become
excessive.

Little is presently known about the fate of upland or mangrove-derived nutrients
seaward of coastal wetlands. Even less is known about the fate of upwelled nutri-
ents landward of coral reefs. As a result of methodological and resource constraints,
our tendency has been to focus on the direct linkages between the ecosystems illus-
trated in the simple conceptual diagram in Fig. 2.1. Simulations and mass-balance
studies can provide some insight into net ecosystem exchanges of materials, but
there is a pressing need for studies quantifying the exchange of N and P across the
land—ocean interface along tropical coastlines. Chapter 12 describes several recent
methods that can be used to identify sources of organic materials in the water col-
umn, sediments, and live biomass of each of these ecosystems. That chapter also
makes a case for combining these source characterization approaches with direct
flux measurements as a means for better understanding the biogeochemical connec-
tivity among mangrove, seagrass, and coral reef ecosystems.

These are also ‘open’ ecosystems from a materials exchange standpoint, as water
and materials freely exchange across their ecological bounds. Intuition and research
tell us these ecosystems are connected biogeochemically; however, little informa-
tion exists on the extent of connectivity in space and time as well as the factors driv-
ing connectivity. Nutrient dynamics within these coastal habitats are influenced by
rates of nutrient import, uptake, recycling, and export. Influx of N and P into each is
caused by enrichment from the aforementioned external sources (atmospheric depo-
sition, surface water, and groundwater) and N2 fixation. Losses of N and P losses are
caused mainly by the export of dissolved and particulate sources out of the system
via the same routes and denitrification.

As for documentation of large-scale exchange across ecosystem boundaries,
Hemminga et al. (1994) showed that outwelled carbon from a Kenyan mangrove
creek was balanced by fluxes of seagrass-derived carbon into the mangrove zone,
indicating a potentially tight coupling between these ecosystems. Kitheka et al.
(1996) further demonstrated the importance of seasonal variations in river inflow on
patterns of water quality and water column productivity across a mangrove—coral
reef transect, suggesting that the oligotrophic nature of the mangrove ecosystem
(i.e., low inorganic nutrient release) and short residence time of Gazi Bay facilitated
the flushing of river-borne nutrients during the wet season. In a study encompassing
36 tidal cycles, Dittmar and Lara (2001) showed both seasonal and strong diur-
nal patterns in N and P flux from a Brazilian mangrove forest, suggesting that flux
estimates should consider temporal variability at these scales. Such large-scale stud-
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ies attempting to link the hydrology and biogeochemistry of these adjacent coastal
ecosystems are needed and will continue to provide more clarity with regard to the
factors affecting the spatial and temporal extent of their connectivity.
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Chapter 3
Carbon Exchange Among Tropical
Coastal Ecosystems

Steven Bouillon and Rod M. Connolly

Abstract Tropical rivers provide about 60% of the global transport of organic and
inorganic carbon from continents to the coastal zone. These inputs combine with
organic material from productive mangrove forests, seagrass beds, and coral reefs
to make tropical coastal ecosystems important components in the global carbon
cycle. Carbon exchange has been measured over multiple spatial scales, ranging
from the transport and fate of terrestrial organic matter to the coastal zone, export
of organic matter to the open ocean, exchange of leaf litter between mangroves and
adjacent seagrass beds, to movement of carbon (at a scale of meters) between adja-
cent saltmarsh and mangrove habitats. Carbon is exchanged directly as particulate or
dissolved material, or through migration of animals or through a series of predator-
prey interactions known as trophic relay. This chapter first examines riverine carbon
inputs to the tropical coastal zone, and how this material is processed in estuaries.
The mechanisms and extent of carbon exchange among tropical coastal ecosystems
are then discussed, showing their importance in ecosystem carbon budgets, and the
implications for faunal and microbial communities.

Keywords Organic carbon ·Mangroves · Seagrasses · Coral reefs · Tropical rivers

3.1 Introduction

Tropical coastal ecosystems are often highly productive, and can receive organic
matter from a variety of sources, such as riverine inputs, local production by phy-
toplankton, or vegetated systems (mangroves, seagrasses). Tropical rivers have a
disproportionately high importance in the global delivery of organic and inorganic
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carbon to the coastal zone (Ludwig et al. 1996a), but biogeochemical processing
and local inputs from primary production in the coastal zone can greatly modify the
quantity and composition of carbon. In-depth knowledge of carbon fluxes and trans-
formations in the tropical coastal zone is therefore important for a finer constraining
of global carbon budgets. Moreover, considering the rapid and global changes occur-
ring in river flows and associated sediment and organic matter transport, coastal
eutrophication and destruction of coastal ecosystems such as mangroves, seagrass
beds, and coral reefs, understanding the functioning of these systems and their inter-
actions is important to be able to correctly assess the health of estuaries and coastal
systems and predict the impact of climate change or anthropogenic disturbance.

Organic matter differs substantially in biochemical composition and availability
to consumers, depending on whether it is imported by rivers or produced locally
by various primary producers (plankton, seagrasses, macroalgae, and mangroves).
Exchange of organic matter across ecosystem boundaries thus has important conse-
quences for the availability of organic matter and the relative importance of burial,
mineralization, and consumption by fauna. It has often been proposed that organic
matter exported from tidal wetlands such as mangroves and saltmarshes enhances
secondary production in the coastal zone, thus contributing to fisheries production.
The mechanisms involved now appear to be much more complex, however, and
there is as yet little evidence for a direct trophic link between land-derived organic
matter inputs and coastal zone fisheries in the tropics (e.g., see Lee 1995). Exchange
of carbon has been studied over multiple spatial scales, ranging from the transport
and fate of terrestrial organic matter to the coastal zone, export of organic matter to
the open ocean, exchange of litter between mangroves and adjacent seagrass beds,
to movement of carbon (at a scale of meters) between adjacent saltmarsh and man-
grove habitats (Fig. 3.1).

This chapter attempts to summarize the available information on patterns of car-
bon movement and exchange, and to discuss the underlying mechanisms and con-
sequences. We focus first on the riverine inputs of organic and inorganic carbon
to the tropical coastal zone, synthesize available data on how this material is pro-
cessed in estuaries, and explain how this differs from temperate estuaries. The sec-
ond part of this chapter discusses the exchange of carbon among various tropical
coastal ecosystems, its importance in understanding ecosystem carbon budgets, and
the implications of carbon exchange for faunal and microbial communities.

3.2 Riverine Carbon Transport to the Tropical Coastal Zone

3.2.1 Fluxes, Composition, and Fate of Riverine Organic Matter

The global delivery of organic carbon (C) to the world’s oceans is estimated to
be in the order of 0.3–0.5 Pg C y−1 (1 Pg = 1012 g) (e.g., Ludwig et al. 1996a,
1996b, Schlünz and Schneider 2000), partitioned almost equally between dissolved
and particulate organic carbon (DOC and POC). Riverine transport of inorganic
carbon is globally estimated at approximately 0.3–0.4 Pg C y−1 (Ludwig et al.
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Fig. 3.1 Overview of some of the carbon exchange pathways considered in this chapter: (1) ter-
restrial inputs to rivers, (2) river inputs to the coastal zone, (3) exchange between intertidal and
subtidal aquatic systems, (4) exchange between intertidal ecosystems, and (5) export towards the
open ocean

1996a). The tropics are thought to be responsible for about 60% of these fluxes
(Ludwig et al. 1996a, Table 3.1), and are therefore disproportionately important
in the global terrestrial—marine carbon transport when considering their areal C
fluxes. We can thus estimate that for both inorganic and organic carbon, about
0.2–0.25 Pg C is delivered annually to the tropical coastal zone. It should be stressed,
however, that relatively few empirical datasets exist on carbon export in tropical
rivers, and that these estimates are to a large extent based on extrapolations of data
from a limited number of catchments themselves based on empirical models relating
catchment characteristics to carbon export. Hence, errors in either underlying data
on catchment characteristics or the relationship with carbon export can bias these
estimates.

Considering that certain geographical areas are responsible for a major part of
these C fluxes, they are particularly important in determining the overall estimates
of riverine C transport. Milliman et al. (1999), for example, estimated that six islands
in the Indo-Pacific were responsible for about 20% of the global riverine sediment
flux, whereas they represent only about 2% of the terrestrial area draining to the
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Table 3.1 Estimates of global riverine carbon transport, as dissolved organic carbon (DOC), par-
ticulate organic carbon (POC) and dissolved inorganic carbon (DIC), and the importance of the
tropical zone in global carbon transport. These estimates are calculated from the data presented in
Ludwig et al. (1996a). Note that DIC export is assumed to be equal to alkalinity export

Flux (1012 g C y−1) Flux ratios

Region POC DOC DIC POC/DOC DIC/(DOC+POC)
Tropical, Atlantic Ocean 45.3 59.1 74.6 0.77 0.71
Tropical, Indian Ocean 34.8 21.4 45.1 1.63 0.80
Tropical, Pacific Ocean 33.9 26.8 60.3 1.26 0.99
Σ Tropical zone (24◦S–24◦N) 114.0 107.3 180.0 1.06 0.81
Σ World 178.6 179.8 291.8 0.99 0.81
% of global transport in 63.8 59.7 61.7 – –

the tropics

global ocean, and this may suggest that such areas may be similarly important in
terms of carbon delivery. In line with this, Baum et al. (2007) recently estimated
that DOC export from Indonesia could be equivalent to as much as 10% of the
global riverine DOC flux to the coastal zone. Data from a number of east African
estuaries (Bouillon et al. 2007a, b, Ralison et al. 2008), indicate that the relative
export of inorganic carbon (as compared to organic carbon) is more than 10 times
higher than that predicted by the empirical model of Ludwig et al. (1996a). On a
regional scale, it appears there is a substantial gap in data on the quantities and
partitioning of carbon export. A further problem particularly relevant to quantifying
carbon transport in tropical rivers is that (with some exceptions such as the Congo
basin; Coynel et al. 2005), river discharge and associated carbon transport are often
highly seasonal, with the majority of discharge often occurring in a very narrow
time frame (e.g., Eyre 1998, Hung and Huang 2005).

Compositionally, organic carbon in rivers generally shows a strong link to the
catchment vegetation and land use. In particular in turbid rivers where primary pro-
duction is light-limited, organic matter from fringing vegetation, floodplains, and
terrestrial soils (through runoff) dominates the river-borne organic matter pool. Nev-
ertheless, not all vegetation types within a catchment contribute equally to river-
ine organic carbon inputs. In the Congo basin, for example, Coynel et al. (2005)
found that forested sub-basins showed about three times higher area-specific fluxes
of organic carbon than savannah-dominated basins. Similarly, a number of stud-
ies found a smaller contribution of C4-derived material (i.e., derived from tropical
grasslands) in riverine organic matter than would be expected based on their relative
cover in the rivers’ catchment (Martinelli et al. 1999, Ralison et al. 2008). Inputs
of organic carbon from (C4) grasslands appear to be more important during flood
events or high flow periods (Martinelli et al. 1999) when there is sufficiently strong
runoff to mobilize soils and organic matter.

The estimates of carbon transport above (see Table 3.1) refer to what is deliv-
ered by rivers to the tropical coastal zone, but do not take into account possible
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changes occurring within estuaries, bays, and lagoons, and thus do not necessarily
reflect what is actually delivered to the open ocean. In these coastal systems, a range
of changes can take place which greatly modify the quantity and composition of
organic matter pools. Organic matter can be removed through burial, consumption,
or mineralization, and new inputs of organic matter can arise, in particular from the
often very productive vegetated systems such as mangroves or seagrass beds. This
will result in deviation from conservative behavior along the estuarine mixing gradi-
ent. Conservative mixing implies no loss or inputs along the estuarine gradient, and
hence, a linear concentration gradient between freshwater and marine end-members
(see also Chapter 12). Mixing scenarios can also be evaluated using δ13C signatures,
whereby conservative mixing follows the general equation (described here for dis-
solved organic carbon):

δ13C

= Sal(DOCFδ13CF − DOCMδ13CM )+ SalF DOCMδ13CM − SalM DOCFδ13CF

Sal(DOCF − DOCM )+ SalF DOCM − SalM DOCF

whereby: Sal = the sample salinity, DOCFδ
13CF = the DOC concentration and sta-

ble isotope composition at the freshwater or least saline end-member, DOCMδ13CM

= the DOC concentration and stable isotope composition at the marine end-member.
Examples of such non-conservative behavior are shown in Fig. 3.2, where DOC

and δ13CDOC profiles are shown for two contrasting estuaries. The DOC profile for
Mtoni Estuary (Tanzania) shows clear net inputs of DOC along the estuarine gra-
dient, i.e., with DOC data points above the conservative mixing line (Fig. 3.2a).
The corresponding δ13CDOC profile (Fig. 3.2b) indicates that the inputs of DOC in
this estuary have a 13C-depleted signature, consistent with the expected DOC inputs
from mangroves, which occur along the length of the salinity profile measured (see
also Machiwa 1999). The DOC profile from the Tien River estuary (Mekong Delta,
Vietnam), where no mangrove vegetation is present, shows a contrasting pattern,
with net losses of DOC along the salinity gradient, i.e., most DOC data points below
the conservative mixing line (Fig. 3.2c). The δ13CDOC profile for this site (Fig. 3.2d)
is similar in shape to the one from Mtoni and indicates that this loss of DOC coin-
cides with a depletion in 13C of the remaining DOC pool, most likely suggesting
selective degradation of a more 13C-enriched fraction of DOC.

The behavior of DOC in estuaries may also change seasonally: Dittmar and Lara
(2001a), for example, reported DOC profiles for the Caeté Estuary (Brazil) which
show both conservative characteristics and non-conservative behavior during dif-
ferent parts of the year. Similarly, Young et al. (2005) report DOC profiles from
a tropical seagrass-covered and mangrove-fringed lagoon which suggest both net
losses of DOC or net inputs during the mixing process, depending on the season.

River flows are often highly seasonal in tropical regions (e.g., Vance et al. 1998),
with the exception of systems with large catchment areas along the equator such as
the Congo River basin (see Coynel et al. 2005), and the composition and degrada-
tion status of organic matter can thus be distinctly seasonal (e.g., Ford et al. 2005,
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Fig. 3.2 Examples of non-conservative behavior of dissolved organic carbon (DOC) in tropical
estuaries showing profiles of DOC (a) and δ13CDOC (b) from Mtoni Estuary (Tanzania) and from
Tien Estuary (Mekong Delta, Vietnam) (c, d). Source: S Bouillon and AV Borges, unpubl. data.
Dotted lines show the patterns expected for conservative mixing between the least saline and most
saline end-members

Dai and Sun 2007). During low flow periods, estuaries have much longer residence
times, with consequently much higher potential for biogeochemical processes to
modify the quantity and composition of organic matter and nutrients (Eyre 1998).
Conversely, during periods of high flow, large estuarine plumes may develop which
allow for riverine material to be transported further offshore and with less process-
ing of organic carbon within the estuary (e.g., Ford et al. 2005). In coastal bays, in
contrast, the relative contribution of terrestrial material to the overall organic carbon
pool may be more substantial during the dry season. Xu and Jaffé (2007) reported
such a pattern for Florida Bay, which was ascribed to reduced primary production
within the bay during the dry season. The fate of riverine organic matter is thus
likely to differ substantially during high and low flow periods, although few studies
have actually documented such patterns.

The delivery of terrestrial organic matter to offshore waters is important in at least
some circumstances. Extensive offshore delivery has been demonstrated for a num-
ber of large river systems such as the Congo River (e.g., Schefuß et al. 2004), the Fly
River in Papua New Guinea (Goñi et al. 2006) and the Ganges–Brahmaputra River
system (Galy et al. 2007), and from tidal wetlands such as the extensive mangroves
along the coast of Brazil (Dittmar et al. 2006). Carbon delivery from smaller rivers
discharging to open coasts is probably less important. In Australia, for example,
where small estuarine plumes punctuate long stretches of sandy coastline, a conser-
vative tracer showed that estuarine particulates were distributed over only a small
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area at the estuarine mouth, and terrestrial carbon contributions had little impact on
background coastal sources (Gaston et al. 2006).

The contribution of terrestrial carbon to estuarine metabolism and local food-
webs has received relatively little attention so far, in part due to the difficulty of
detecting its incorporation. Stable isotope signatures of terrestrial C3 plants overlap
with those of often-present local lateral inputs (e.g., mangroves) and may also over-
lap with those of in situ aquatic producers. In systems where organic matter derived
from catchment C4 vegetation contributes significantly to the riverine carbon load,
however, it becomes much more feasible to calculate terrestrial carbon contribution.
Surprisingly, data from such systems suggest that terrestrial organic matter can be
a major source of carbon even in intertidal mangrove sediments, and contributes
equally to sedimentary bacterial communities (up to 40–50%; see Bouillon et al.
2007b, Ralison et al. 2008). The extent to which communities of higher organisms
such as invertebrates and fish rely on terrestrial organic matter has recently become
a topic of study in temperate waters (e.g., Darnaude et al. 2004), but in tropical sys-
tems this has to our knowledge not been studied in detail, although this may be a
promising line of future work.

3.2.2 Effects of Human Perturbations

3.2.2.1 Changing River Flows and Catchment Land-uses

Freshwater flows from rivers into estuaries and ultimately into coastal waters are
fundamentally important to carbon transfer. Dissolved and particulate carbon is
transported directly in these waters. Freshwater flows also affect carbon movement
indirectly, through their effects on salinity in estuaries that alter distributions of
coastal pants and the migratory movements of aquatic animals. Freshwater surface
and groundwater flow is an important factor, for example, in the distribution of man-
grove (Hutchings and Saenger 1987) and saltmarsh plants (Pennings and Bertness
2001). Anthropogenic changes to freshwater flows from rivers therefore alter car-
bon transfer within and among systems via several different mechanisms. Freshwa-
ter is now in such short supply that a global shortage is looming (Postel 2000) and
increased harvesting is a certainty. There is thus a need for strong, science-based
decisions about water releases from dams to maintain ecosystem health (environ-
mental flows) under pressing political realities (Arthington et al. 2006).

River flows discharging to the sea generally stimulate productivity (Gillanders
and Kingsford 2002). In tropical systems, very clear correlations have been found
between river flow and fisheries harvests. Flow in two different river systems on
the east coast of Australia, for example, match annual fisheries catches, either with
or without a time lag. Flows in the Fitzroy River are correlated with increased sur-
vival and growth of cohorts of barramundi (Lates calcarifer), and catches of this
species are higher several years later (Staunton-Smith et al. 2004). Summer flows
in the Logan River are positively correlated with catches of fish, crabs and prawns
(Loneragan and Bunn 1999). This effect is detected in the same year, and might sim-
ply be a result of increased harvesting of recruits into fishing zones, as is probably
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the case for banana prawns in the Gulf of Carpentaria, Australia (Vance et al. 1998).
Another mechanism which has been suggested is that increased terrestrial organic
matter loads to coastal waters increases the abundance of meiofauna and macro-
fauna, the main prey of the fisheries species (Loneragan and Bunn 1999).

Changing land-use in coastal catchments also affects the amount and nature of
organic matter arriving in estuaries and coastal waters. In China, carbon loads from
urban and agricultural areas are so now so prevalent that inputs from local mangrove
forests have become unimportant in food webs (Lee 2000). The change from forest
to agriculture over the last 200 years in catchments adjacent to the Great Barrier
Reef, for example, is thought to have increased sediment delivery to the reef about
four-fold (see Furnas 2003, cited in Ford et al. 2005), and presumably organic loads
along with it.

3.2.2.2 Effects of Climate Change on Carbon Exchange

Patterns in carbon exchange among tropical systems sit within an overarching posi-
tion of global carbon cycles (Cloern 2001). Carbon is central to the topical issue of
climate change. Although the effects of climate change on marine systems has been
considered (Poloczanska et al. 2007), we have been unable to find any studies of how
climate change might affect carbon exchanges at the land–sea interface. The most
certain effect of recent and predicted acceleration in changes to climate on carbon
exchange will be through altered rainfall patterns and therefore river flows (Table
3.1). Where rainfall is reduced, the overall delivery of organic matter to estuaries
and the coast will be lower. Conversely, where increased rainfall is predicted, we can
also predict a greater contribution of terrestrial organic matter to the coastal zone.
Overlaying those effects will be the increased variability in rainfall (Poloczanska
et al. 2007), with more severe weather events leading to rainfall peaks of greater
magnitude and frequency than currently occur. Extreme flow events will likely lead
to large pulses of input of terrestrial matter, and as discussed above, probably to an
increased importance of C4 material from agriculture.

The ramifications of climate change will, however, be much broader than this.
The extent and type of land-use in coastal catchments will presumably be altered,
through changes in agricultural activities and urbanization (Cloern 2001). Ulti-
mately this will alter carbon inputs to estuaries and coastal waters (as discussed
above).

3.3 Exchange of Carbon Between Vegetated Tropical Systems
and Adjacent Systems

3.3.1 Transfer of Carbon from Intertidal to Subtidal — Outwelling

Concepts about carbon transfer among nearshore systems are dominated by the the-
ory of net transfer of carbon from shallow, estuarine habitats to deeper, adjacent
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waters. This ‘outwelling hypothesis’ is based on observations, from saltmarsh sys-
tems on the Atlantic coast of North America, that secondary production in adjacent
waters could only be sustained if the marsh exports energy (Odum 1968). For trop-
ical systems, this translates as a potential dependency on mangrove-derived organic
matter for secondary production in adjacent systems. The export of particulate and
dissolved organic carbon from mangroves has received considerable attention, even
though the number of quantitative studies is still rather limited to allow for an accu-
rate assessment of organic carbon export on a global scale (e.g., Bouillon et al.
2008b), and the assessment of export rates is hampered by methodological difficul-
ties (e.g., Ayukai et al. 1998, see also Section 12.4 in Chapter 12). Some stable iso-
tope studies show that invertebrates and fish in habitats within hundreds of meters of
mangroves obtain carbon from the mangrove forest (Harrigan et al. 1989, Lugendo
et al. 2007), although others have not found this (e.g., Connolly et al. 2005, see also
Section 3.3.1.5). Lack of influence has been definitively demonstrated at sites further
away (Lee 1995). Mangroves may serve both as exporters of organic and inorganic
carbon, but also import organic matter during tidal inundation, and assessing the net
balance of these processes is not straightforward.

Organic matter from vegetated, intertidal habitats such as mangroves in tropical
waters might be exported via three main avenues (Fig. 3.3): (1) dissolved or par-
ticulate matter, (2) through migration of animals from intertidal to subtidal waters,
and (3) through a series of predator–prey interactions known as trophic relay (Kneib
1997). Each of these pathways is discussed in more detail below. Pathways of DOC,
POC, and macro-litter export are likely to differ substantially. For DOC, a num-
ber of studies have stressed the importance of sediment–water exchange and pore
water flow as vectors for DOC exchange with estuarine or tidal creek waters (e.g.,
Ovalle et al. 1990, Dittmar and Lara 2001b, Schwendenmann et al. 2006, Bouil-
lon et al. 2007c). Particulate organic carbon, in contrast, appears to be influenced
more by water current velocities and runoff (e.g., Twilley 1985). The importance of
tidal dynamics was also suggested by Twilley (1985) who compared organic carbon
export in different types of mangrove forests and found that the cumulative tidal
amplitude is a main driver of the magnitude of total organic carbon export.

3.3.1.1 Exchange of DOC and POC

Our understanding of organic carbon exchange in mangroves comes from a rela-
tively small number of studies: a recent review documents only six and seven esti-
mates for DOC and POC export, respectively, and 11 estimates for total organic
carbon export (Bouillon et al. 2008b). It should also be kept in mind that these
estimates have been derived using a variety of approaches, including tidal measure-
ments of organic carbon combined with water current measurements, and flux esti-
mates using flow-through flumes (see also Chapter 12). Global estimates of organic
carbon export (POC+DOC) from mangroves are in the order of about 250 g C
m−2y−1, with DOC and POC each representing about half of this flux. Together, this
would amount to approximately 20% of the net primary production by mangroves,
although it must be stressed that our current understanding of carbon cycling in
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Fig. 3.3 Three mechanisms of transfer of organic matter from mangroves to food webs in
deeper water (from Connolly and Lee 2007). Detrital transport includes movement of particu-
late and dissolved organic matter. Ontogenetic migration is movement in migrating animals such
as banana prawns (Fenneropenaeus merguiensis). Trophic relay (Kneib 1997) involves a series
of predator-prey interactions; in Australia, for example, crabs and their larvae which are high on
the shore are eaten by fish such as glassfish (Ambassidae), gobies (Gobiidae) and juvenile mullet
(Mugilidae), which in turn are preyed upon by fish such as flathead (Platycephalidae) and tailor
(Pomatomidae)
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mangroves leaves a large uncertainty in assessing an overall C budget for these sys-
tems (see Bouillon et al. 2008b). One major shortcoming of most current flux esti-
mates (apart from the limited number of data used to extrapolate to a global level) is
the fact that they rarely include a source characterization, and thus do not differen-
tiate between organic carbon fluxes of mangrove origin and those of other potential
carbon sources. In that respect, current flux data could be inherently biased and pro-
vide an overestimate of actual organic carbon fluxes from mangroves. Source char-
acterization could be particularly important to integrated POC flux measurements,
since it is known that mangroves (and other intertidal systems) can trap significant
amounts of particulate material, including organic carbon often of non-mangrove
origin, during tidal inundation (e.g., Middelburg et al. 1996, Bouillon et al. 2003).
Moreover, import and export fluxes of POC (of different origin) can be closely bal-
anced (e.g., Ayukai et al. 1998), leaving only a small residual net flux. For dissolved
organic carbon, there are indeed studies which report a net influx, rather than efflux
of organic carbon in certain mangrove systems. The flume experiments by Davis
et al. (2001) in fringing mangroves along the Taylor River, for example, show that
despite seasonal variations, DOC was generally imported from the water column,
while TOC showed only small net fluxes, which ranged from import to export. Boto
and Wellington (1988) also noted net DOC uptake in mangrove sediments in Coral
Creek in northern Australia. One aspect of the study by Davis et al. (2001) is that
their flumes were in continuously submerged mangroves, along the flow-path of a
channel, in a non-tidal system, and any influence of the tidal pumping phenomenon
cannot be ascertained. Since tidal pumping is likely an important mechanism for
solute export (e.g., Dittmar and Lara 2001a, Schwendenmann et al. 2006, Bouil-
lon et al. 2007c), DOC export in non-tidal systems may be significantly lower than
in most other mangrove settings. In general, tidal hydrology and cumulative tidal
amplitude would appear to be important determinants of the degree of organic car-
bon export. Subsequently, carbon export has been suggested to be higher in river-
ine forests than in fringe and basin forests (see Twilley 1985), and higher during
periods of higher freshwater runoff in estuarine systems (Sutula et al. 2003). Simi-
larly, Romigh et al. (2006) reported a seasonal pattern in DOC fluxes (i.e., periods
with net export as well as periods with net import of DOC) consistent with a strong
influence of freshwater discharge and tidal amplitude on DOC fluxes.

3.3.1.2 Exchange of Dissolved Inorganic Carbon

The focus on carbon exchange in tropical coastal ecosystems has so far been directed
to organic carbon species, but to our knowledge no studies have attempted to
directly quantify exchange of dissolved inorganic carbon (DIC). Nevertheless, trop-
ical coastal ecosystems are sites with intense cycling of inorganic carbon, in partic-
ular the classical mangrove-seagrass-coral reef sequence. Mangroves are known for
their intense mineralization and high CO2 exchange (e.g., Borges et al. 2003). Trop-
ical seagrass beds can attain very high primary production rates (e.g., Hemminga
et al. 1994) resulting in significant lowering of pCO2 levels in the water column
(Bouillon et al. 2007a). Coral reefs, on the other hand, are a major contributor to
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overall oceanic CaCO3 production (Gattuso et al. 1998). A recent comparison of
DIC and DOC profiles from a number of tidal mangrove creeks and estuaries indi-
cated that the lateral inputs of DIC from the mangroves was on average about eight
times higher than for DOC (Bouillon et al. 2008b). If this is confirmed in other
systems and/or through direct quantitative estimates of DIC exchange, this would
imply that the mineralization of mangrove carbon and its subsequent export as
DIC is substantially higher than the export of mangrove-derived material as organic
carbon.

3.3.1.3 Migration and Trophic Relay

The transfer of energy from nearshore to offshore waters in migrating animals is an
often overlooked but potentially important mechanism (Kneib 2000). Many impor-
tant fisheries species, including crustaceans such as crabs and prawns, arrive in
estuarine waters as larvae or post-larvae, then grow in the upper estuary, before
migrating as larger animals (with their carbon) to the sea. In tropical waters,
migration of key species such as banana prawns (Fenneropenaeus merguiensis) is
often strongly seasonal. In the Gulf of Carpentaria, northern Australia, this results
from strong freshwater flows through estuaries (Vance et al. 1998). In peninsular
Malaysia, where the seasonality of migration for this same species is less pro-
nounced because of more evenly distributed rainfall, the transfer of carbon in the
body of animals is still important, because there is the same pronounced net migra-
tion out of estuaries (Ahmad Adnan et al. 2002). In southern USA, carbon transfer
has been inferred from stable isotopes studies showing the movement of substan-
tial numbers of pink shrimp (Farfantepenaeus duorarum) from seagrass meadows
to unvegetated fisheries areas (Fry et al. 1999). The total carbon load transferred in
this way has not been estimated, and it might ultimately prove to be small relative to
particulate and dissolved transfer. This energy source is, however, probably impor-
tant in coastal food webs because the animals that migrate are highly likely to be
predated, and the link with food webs is therefore much more direct than for DOC
and POC exported from estuaries.

The phenomenon of trophic relay was first described from temperate saltmarshes,
which have small, resident fish and crustacean species that are preyed upon by
somewhat larger fish visiting the marsh as transients at high tide. These predators
are themselves potentially preyed upon by larger piscivorous fish, thus producing
the effect of a relay system that transfers energy from shallow to deeper waters
(Kneib 1997). There is preliminary evidence that this concept also applies in trop-
ical systems. For example, glassfish (Ambassis jacksoniensis) have been shown to
feed on huge quantities of shore crab larvae on a subtropical marsh in Queensland
(Hollingsworth and Connolly 2006). Such marshes are inundated only on spring
tides, and inundation has an extraordinary effect on the pattern of feeding by fish.
Glassfish visiting the marsh on the first night of a tidal cycle feed only lightly, eating
a small number of a range of prey types. This inundation apparently acts as a cue
for shore crabs to release larvae, and on subsequent nights, glassfish eat an average
of 100–200 crab larvae per fish (Fig. 3.4). Glassfish are a small, extremely abundant
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Fig. 3.4 Crab zoea abundances (mean ± SE) in glassfish (Ambassis jacksoniensis) stomachs after
feeding on subtropical saltmarsh (data from Hollingsworth and Connolly 2006). In each monthly
cycle, fish do not feed on zoea on the first night a marsh is flooded but do so on subsequent nights.
Tidal height is shown for each night of sampling and the night before sampling. Tidal height at
which marsh is inundated (2.48 m) is shown by dotted line

schooling species, and would be preyed upon by many of the larger fish in channels
adjacent to these subtropical marshes (Baker and Sheaves 2005). Substantial effort
has recently been aimed at understanding the trophic structure of fish communities
in tropical systems (Nagelkerken and van der Velde 2004). Although the extent of
piscivory generally remains to be demonstrated (Sheaves and Molony 2000), the
first studies combining food web and movement analysis show that trophic relay is
potentially very important (Kruitwagen et al. 2007, Lugendo et al. 2007).

3.3.1.4 Effects on Organic Matter Transfer on Food
Webs and Ecological Structure

The transport and accumulation of macro-litter in adjacent systems has a number
of impacts on the sedimentary environment and faunal communities, but few stud-
ies have documented such effects. Daniel and Robertson (1990) suggested that the
presence and abundance of exported mangrove detritus had a positive influence on
certain groups of macrobenthos such as penaeid shrimps, e.g., by serving as a shel-
ter from predation. For benthic microfauna, in contrast, Alongi (1990) did not find
convincing evidence that exported mangrove detritus enhanced the densities of flag-
ellates, ciliates or protozoa. In a long-term experiment in which mangrove litter
was added to a microcosm with a sandy substrate, Lee (1999) found no marked
influence of litter addition to macrofaunal biomass, but species richness and diver-
sity decreased with increasing litter inputs. The latter could be due to the negative
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effects of tannins leaching from litter (Alongi 1987, Lee 1999). Organic carbon in
sediments can obviously serve as an important food source for organisms, but the
oxygen depletion and accumulation of toxic by-products occurring when high loads
of organic matter are delivered to sediments has been shown to result in potential
decreases in the abundance and diversity of benthic fauna (Hyland et al. 2005).
Although initial reports suggested an important direct trophic role for mangrove
organic matter in adjacent aquatic foodwebs (Odum 1968), most later studies found
little or no unambiguous evidence for such a role and suggest that the contribution
of mangrove-derived carbon to nearshore foodwebs is minimal (see Bouillon et al.
2008a, and Section 3.3.1.5). Considering the importance of dissolved organic matter
exchange, the lack of data on the fate of DOC and DON (dissolved organic nitro-
gen) is striking, and presents an important area for future work. The experiments
by Dittmar et al. (2006) indicated that DOC from mangrove pore waters is partly
photo-degraded and chemically modified, but that a major part remains after several
weeks of incubation in the presence of a natural bacterial community. This suggests
that part of the mangrove-derived DOC pool is sufficiently refractory to be dispersed
over large areas when hydrodynamic conditions allow.

The quality of organic matter is also important as a determinant of consequences
of carbon transport for fauna. For example, excessive labile organic matter (e.g.,
from shrimp farming) can lead to extensive hypoxia zones (Chua 1992), whereas
more refractory organic matter can accumulate in marine sediments (POC) or can
be transported in dissolved form (DOC) offshore (Alongi and Christoffersen 1992).

3.3.1.5 Detecting ‘False Positives’ in Outwelling Studies—Avoiding Pitfalls
in Stable Isotope Gradient Analysis

A large number of studies have used stable isotope ratios to infer the relative contri-
bution of carbon from intertidal vegetation, particularly mangroves, and other poten-
tial sources to the sedimentary or suspended organic matter pool (e.g., Machiwa
2000, Kuramoto and Minagawa 2001, Thimdee et al. 2003). A common strategy
has been to relate variations in δ13C values of POC to the admixture of mangrove-
derived carbon and ‘marine’ phytoplankton, where the latter is characterized by
typical δ13C values of about −20 to −18‰ (e.g., Rezende et al. 1990, Chong et al.
2001). This oversimplified approach has a major shortcoming because it is based on
an assumption that phytoplankton within estuaries or mangrove creeks has a δ13C
signature similar to that of marine phytoplankton, which is unlikely since mangrove
creeks and estuaries typically have δ13C signatures for DIC which are distinctly
depleted in 13C by 6–8‰ (Bouillon et al. 2008a). Primary producers in the water
column are therefore expected to show a similar depletion relative to producers from
open marine systems, and the same holds for benthic microalgae (Guest et al. 2004).

The depleted δ13C values of DIC near mangroves also affects values of ben-
thic macrophytes such as seagrasses. Seagrass δ13C values usually range between
−16 and −12‰ (Hemminga and Mateo 1996), but δ13C values of seagrasses adja-
cent to mangrove forests typically show a gradient of more depleted values close
to the mangroves, becoming more enriched with increasing distance towards the
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sea (e.g., a range of almost 10‰ over <4 km distance found by Hemminga et al.
(1994) and Marguillier et al. (1997)). Studies that overlook the DIC isotope gradient
with increasing distance offshore from mangroves therefore also overlook a prob-
able gradient in isotope ratios of primary producers with distance offshore. Any
gradient in isotope ratios of particulate carbon or even in animal tissues described in
such studies might therefore provide ‘false positives’ in their test of the importance
of mangrove carbon.

The isotopic depletion of the DIC pool near mangroves, and its effect on other
local autotrophs, means that reliance on any autotroph will look like a mangrove
contribution to food webs adjacent to mangroves in isotope gradient studies. It is
important, therefore, to adopt specialized strategies to overcome this challenge in
studies of potential outwelling. First, isotope values of potential alternative sources
should be measured intensively and at a fine spatial scale. If plankton cannot be
properly collected, spatially intensive DIC sampling provides a realistic alternative.
Second, because carbon isotope measurements alone often cannot resolve the con-
tribution of various sources to the POC pool, a combination of isotopes with other
tracers should be considered (such as POC/PN ratios, e.g., Gonneea et al. 2004;
POC/Chl. a ratios, e.g., Cifuentes et al. 1996; or other biochemical tracers such as
lignin-derived phenols, Dittmar et al. 2001, see also Chapter 12).

3.3.2 Transfer of Carbon to Intertidal Habitats—Inwelling

3.3.2.1 Seagrass to Mangroves

The role of macrolitter in material exchange has been poorly studied in tropical
coastal systems, and represents an important gap in our knowledge, since the few
available studies suggest that the quantities of floating or suspended macrolitter can
be high in comparison to the normal POC or DOC concentrations.

Slim et al. (1996) documented tidal transport of seagrass, mangrove, and
macroalgal litter in a Kenyan bay. They found clear evidence for bidirectional trans-
port of macrolitter, with a dominance of seagrass litter during both ebb and flood
periods, but mangrove litter being more important during ebb than during flood
periods. The accumulation of mangrove-derived material in this system has also
been demonstrated based on organic carbon and stable isotope evidence (Hemminga
et al. 1994, Bouillon et al. 2004). The deposition of litter in intertidal mangroves
can be highly conspicuous in sites close to seagrass beds or where macroalgae are
abundant (Fig. 3.5), and is also evident based on stable isotope data in bulk sedi-
ments which are often distinctly different from that of the dominant local vegeta-
tion (Middelburg et al. 1996, Bouillon et al. 2004; Fig. 3.6) and in the distribution
pattern of n-alkanes in mangrove sediments close to the seagrass beds (P.V. Khoi
and S. Bouillon, unpubl. data). Wooller et al. (2003) found the sediment organic
matter in Laguncularia mangroves in Twin Cays (Belize) often to be dominated
by non-mangrove sources, including seagrass material, as evidenced by some sites
having high δ13C signatures combined with high C/N ratios, consistent with those of
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(a)

(b)

Fig. 3.5 Deposition of
seagrass litter in intertidal
Avicennia marina forests in
Gazi Bay (Kenya) (a),
deposition of the macroalgae
Ulva spp. in Sonneratia alba
mangroves in Mtoni Estuary,
Dar es Salaam (Tanzania) (b)

Thalassia sp. from adjacent seagrass systems. Massive deposits of seagrass material
have also been reported on tropical sandy beaches (Hemminga and Nieuwenhuize
1991) and in intertidal flats (de Boer 2000), but little is known on the fate of this
material and its potential trophic importance in these unvegetated systems.

3.3.2.2 Seagrass to Mudflats

For shallow sand and mud flats, recent experimental work in temperate waters has
resulted in a new conceptualization of food webs. Deliberate 13C tracer experiments
on the intertidal flats of northern Europe clearly show that benthic microalgae in
the sediment are a major contributor to food webs (Middelburg et al. 2000). This
has formed part of the more general realization that benthic microalgae are highly
productive and easily assimilated in a food web context (MacIntyre et al. 1996).

In tropical Australian systems, there is evidence from fatty acid studies that
benthic microalgae make at least some contribution to the nutrition of inverte-
brates (Meziane et al. 2006). On the other hand, carbon isotope evidence from
the same mudflats shows a strong reliance on allochthonous carbon from adjacent
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Fig. 3.6 Comparison of sediment organic carbon δ13C signatures with those of the dominant
seagrass species (data for tropical and subtropical systems only) or mangroves. For mangroves,
we used a global average δ13C value for plant material of −28.2‰ (see Bouillon et al. 2008a).
For data sources for seagrass systems, see Bouillon et al. (2004); data for mangrove systems
are also presented in Kristensen et al. (2008). Sediment δ13C signatures in mangroves are often
distinctly more 13C-enriched to those of mangrove litter inputs, and conversely, sediment δ13C
data from seagrass beds are consistently 13C-depleted relative to the dominant seagrass vegetation.
POC = particulate organic matter

seagrass meadows (Melville and Connolly 2005). This transfer of organic material
from seagrass meadows to mud flats is further supported by recent results for the
commercially-important portunid mud crab, Scylla serrata. Mud crabs generally
have relatively enriched carbon isotope ratios, showing reliance on organic mat-
ter from either seagrass meadows or saltmarsh grass. Mud crab ratios, however,
show very strong spatial variation. A survey of mud crabs at different distances from
key habitats found that distance to seagrass, and not distance to saltmarsh (or man-
groves), explained much of the variation (Fig. 3.7). This isotope evidence suggests
that, where seagrass is present in shallow tropical waters, carbon from the meadows
will have a disproportionately high contribution to animal nutrition, whereas further
from meadows and where no seagrass exists, animals rely on a generalized carbon
pool from a variety of sources.

3.3.3 Scales of Carbon Transfer Among Systems

The source of energy to consumers and its movement among habitats has been a
key focus in ecology. Carbon is expected to move more in aquatic than terrestrial
systems because water acts as an efficient transport medium (Polis et al. 1997). In
practice, however, the degree to which carbon is transported and utilized in food
webs varies among systems.
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Fig. 3.7 Relationships
between carbon stable isotope
ratios (δ13C) of mud crabs
Scylla serrata and the
distance crabs were caught
from the nearest patch of
three habitats (seagrass,
saltmarsh, mangroves). The
strongest relationship is with
seagrass distance, and for this
habitat exploded views of
small distances show the tight
relationship. No relationship
exists for saltmarsh or
mangroves. Data from
Waltham and Connolly
(unpubl.)

First, the extent of carbon dispersal from river plumes to coastal ecosystems
depends on flow rates. Major rivers such as the Amazon River affect pelagic and
benthic processes over tens of kilometers (Smith and Demaster 1996). The discharge
from smaller rivers, however, can be retained in small, distinct plumes that remain
close to the coastline, over an area less than 1 km2 (e.g., Gaston et al. 2006).

Within estuaries themselves, carbon is potentially moved on tidal currents. The
amount of carbon available to move has been difficult to quantify, because of high
rates of allochthonous input from riverine sources and autochthonous production
from often extensive fringing vegetation, and high secondary productivity and,
therefore, consumption of carbon. Depending on season and location, mangrove
carbon has been detected as detritus in sediment at between 2 and 4 km from man-
grove forests, using both stable isotope (Rodelli et al. 1984) and fatty acid (Meziane
et al. 2006) techniques. For some estuaries, however, the large scale movement
of carbon expected from the outwelling theory has not been substantiated (e.g.,
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Fig. 3.8 Carbon stable isotope values of the grapsid crab Parasesarma erythrodactyla across the
mangrove/saltmarsh interface (mean ± SE) from three sites; after Guest and Connolly 2004). The
rapid change at the interface indicates that crabs utilize different carbon (energy) sources in the
two habitats

Loneragan et al. 1997). More recent evidence suggests that the movement of carbon
in estuarine habitats can occur at a finer scale than has previously been considered.
For example, in a tropical study examining the carbon isotopes of shore crabs at sites
separated by hundreds of meters, Hsieh et al. (2002) found that the crabs derive
their carbon from the sites in which they reside rather than from further afield. A
subsequent study of the movement and assimilation of carbon by shore crabs in a
subtropical estuary showed that crabs obtain their nutrition from sources within the
surrounding few meters (Fig. 3.8). Detailed measurements of crab and POM move-
ment suggests that the short distance carbon is transported occurs through movement
of POM rather than crabs, which have a very small foraging area (Guest et al. 2004,
2006).

3.3.4 Carbon Exchange in Coral Reefs

Compared to other tropical coastal ecosystems, very few studies have addressed the
exchange of carbon between coral reefs and adjacent waters (Gattuso et al. 1998).

Delesalle et al. (1998) estimated for a French Polynesian coral reef system that
47% of organic matter production and 21% of carbonate production was exported,
the latter being in agreement with previous estimates by Smith et al. (1978; 25%).
These numbers were considered minimum estimates, since they did not consider
DOC exchange, exchange of macro-debris, and since their measurements were
carried out during relatively calm weather conditions and only considered export
towards the ocean on the outer part of this fringing reef. The extensive sam-
pling setup by Delesalle et al. (1998) also revealed that horizontal and downslope
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advection of particles was the dominant pathway of export, rather than vertical trans-
port offshore. The latter is also supported by the data in Hata et al. (1998, 2002),
who estimated that only about 20–35% of the POC exported from reef flats was
recovered in sediment traps at 40–50 m depth at some distance outside the reefs.

Hata et al. (1998) estimated that the net export rate of organic carbon from a
coral reef in Palau represented about 4% of the gross primary production, but this
study considered only export of particulate organic carbon and not DOC. Further-
more, since the majority of gross primary production is generally respired in such
systems (up to 94%, estimated by Hata et al. 2002), this may still represent a signif-
icant part of the (relatively small) net organic carbon production. Hata et al. (2002),
for example, estimated that the majority of net community production (80–100%)
was exported as DOC or POC, with DOC fluxes being 5–6 times higher than POC
fluxes. Considering the open character of coral reefs, such a high degree of export,
in particular of the DOC produced within these systems, is not entirely surprising.
Coral cays can act, however, to trap and store carbon. Pile (2005) showed on the
Great Barrier Reef, for example, that almost all of the ultra-nanoplankton in ambi-
ent water is removed by filter feeding organisms on the coral reefs in one pass of
the water over the reef. This powerful filtering role suggests net uptake of carbon
on reefs, at least over short periods, once the activities of all sessile organisms are
taken into account. Similarly, de Goeij and van Duyl (2008) found that the surface
of coral reef cavities (including the associated biota) can act as net sinks of DOC.

Export of the excess organic carbon production in the form of living biomass
(e.g., juvenile fish migrating to other environments to complete their life cycle) has
been proposed to be a major component of the organic matter export in coral reefs
(50–75%, see Gattuso et al. 1998), as well as export of drifting algae in systems
where algae are an important component of the reef (Kilar and Norris 1988, see also
Hata et al. 1998).

3.4 Conclusions and Future Research Directions

Tropical and subtropical coastal ecosystems are characterized by intense primary
production and a high degree of carbon exchange on various spatial scales, which
can be abiotically driven (flux of particulate and dissolved material) as well as bio-
logically driven (animal movement and trophic relay). The past few decades have
seen an increased awareness of the role of the tropical coastal zone in global car-
bon budgets. We are still far from being able to constrain this role in quantitative
terms, however, because of: (1) the complexity of assessing material fluxes and
combining this with information on the origin of the material considered, and (2)
the diversity of ecosystems in the tropical coastal zone (estuaries, lagoons, man-
groves, mudflats, seagrass beds, and coral reefs). These factors necessitate a range
of approaches and analytical techniques to adequately address their biogeochemi-
cal functioning. Moreover, assessing the importance of biologically mediated car-
bon exchange is complex and has only rarely been attempted in quantitative terms.



3 Carbon Exchange Among Tropical Coastal Ecosystems 65

Even carbon budgeting efforts for individual ecosystems are hampered by a strik-
ing scarcity of data on basic processes such as primary production (e.g., Bouillon
et al. 2008b), water-atmosphere CO2 fluxes (e.g., Borges et al. 2005), or carbon
burial rates (Duarte et al. 2005). The collection of baseline data from a range of
tropical coastal ecosystems thus remains important as a complement to state-of-the
art analytical techniques to trace and quantify carbon exchange (see Section 12.4 in
Chapter 12).

One area in which carbon pathways are yet to be used but should prove effective
is as indicators of ecosystem health. The goal of conservation should be about more
than species conservation, and should also conserve ecological processes. There is
very little guidance in the aquatic conservation literature on what processes might
really be important (or measurable). Carbon transfer and utilization is probably cen-
tral; for example, the source of an animal’s food is one of the central organizing
themes in ecology (Polis et al. 1997), and a range of tracer tools are available to
elucidate carbon pathways (see Chapter 12). As carbon pathways are better under-
stood, it will be possible to detect changes in these pathways due to disturbances
such as eutrophication, land-use change in catchments (C4 agriculture), clearing of
coastal habitats such as mangroves, and accidental destruction of seagrass through
dredging and land claims.

Carbon isotopes are already being used to study ecosystem health in tropical
inland waters. In the headwaters of pristine rivers, food webs are supported pre-
dominantly by allochthonous input of riparian vegetation (the original river contin-
uum concept by Vannote et al. 1980). In tropical streams, once riparian vegetation
is removed, the fundamental pathways are altered, from the original reliance on
allochthonous inputs of macrophytes to autochthonous in-stream production, usu-
ally of microalgae which rapidly increase production because of greater light avail-
ability (Douglas et al. 2005).

Degraded estuarine habitats are beginning to be restored in tropical areas, for
example in the Florida Everglades restoration project. Such efforts usually incorpo-
rate monitoring of flora and fauna assemblages, but these can be poor indicators of
ecological processes. The degree to which restored habitat mimics ecological pro-
cesses in natural habitat is best measured directly. Again, carbon pathways are an
obvious candidate, since they are relatively easily measured using chemical tracers
and can be predicted from models based on data from other, less perturbed systems
(Twilley et al. 1999).

References

Ahmad Adnan N, Loneragan NR, Connolly RM (2002) Variability of, and the influence of envi-
ronmental factors on, the recruitment of postlarval and juvenile Penaeus merguiensis in the
Matang mangroves of Malaysia. Mar Biol 141:241–251

Alongi DM (1987) The influence of mangrove-derived tannins on intertidal meiobenthos in tropical
estuaries. Oecologia 71:537–540

Alongi DM (1990) Effect of mangrove detrital outwelling on nutrient regeneration and oxygen
fluxes in coastal sediments of the central Great Barrier Reef lagoon. Estuar Coast Shelf Sci
31:581–598



66 S. Bouillon and R.M. Connolly

Alongi DM, Christoffersen P (1992) Benthic infauna and organism–sediment relations in a shallow,
tropical coastal area – influence of outwelled mangrove detritus and physical disturbance. Mar
Ecol Prog Ser 81:229–245

Arthington AH, Bunn SE, Poff NL et al (2006) The challenge of providing environmental flow
rules to sustain river ecosystems. Ecol Appl 16:1311–1318

Ayukai T, Miller D, Wolanski E et al (1998) Fluxes of nutrients and dissolved and particulate
organic carbon in two mangrove creeks in northeastern Australia. Mangroves and Salt Marshes
2:223–230

Baker R, Sheaves M (2005) Redefining the piscivore assemblage of shallow estuarine nursery
habitats. Mar Ecol Prog Ser 291:197–213

Baum A, Rixen T, Samiaji J (2007) Relevance of peat draining rivers in central Sumatra for the
riverine input of dissolved organic carbon into the ocean. Estuar Coast Shelf Sci 73:563–570

Borges AV, Delille B, Frankignoulle M (2005) Budgeting sinks and sources of CO2

in the coastal ocean: diversity of ecosystems counts. Geophys Res Lett 32, L14601,
doi:10.1029/2005GL023053

Borges AV, Djenidi S, Lacroix G et al (2003) Atmospheric CO2 flux from mangrove surrounding
waters. Geophys Res Lett 30, 1558, doi: 10.1029/ 2003GL017143

Boto KG, Wellington JT (1988) Seasonal variations in concentrations and fluxes of dissolved
organic and inorganic materials in a tropical, tidally dominated waterway. Mar Ecol Prog Ser
50:151–160

Bouillon S, Dahdouh-Guebas F, Rao AVVS et al (2003) Sources of organic carbon in man-
grove sediments: variability and possible implications for ecosystem functioning. Hydrobiolo-
gia 495:33–39

Bouillon S, Moens T, Dehairs F (2004) Carbon sources sustaining benthic mineralization in man-
grove and adjacent seagrass sediments (Gazi bay, Kenya). Biogeosciences 1:71–78

Bouillon S, Dehairs F, Velimirov B et al (2007a) Dynamics of organic and inorganic carbon across
contiguous mangrove and seagrass systems (Gazi bay, Kenya). J Geophys Res 112, G02018,
doi:10.1029/2006JG000325

Bouillon S, Dehairs F, Schiettecatte LS et al (2007b) Biogeochemistry of the Tana estuary and
delta (northern Kenya). Limnol Oceanogr 52:46–59

Bouillon S, Middelburg JJ, Dehairs F et al (2007c) Importance of intertidal sediment processes and
porewater exchange on the water column biogeochemistry in a pristine mangrove creek (Ras
Dege, Tanzania). Biogeosciences 4:311–322

Bouillon S, Connolly R, Lee SY (2008a). Organic matter exchange and cycling in mangrove
ecosystems: recent insights from stable isotope studies. J Sea Res 59:44–58
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Chapter 4
Dynamics of Reef Fish and Decapod Crustacean
Spawning Aggregations: Underlying
Mechanisms, Habitat Linkages,
and Trophic Interactions

Richard S. Nemeth

Abstract Spawning migrations are an important life-history event for many species
of commercially important tropical reef fishes and decapod crustaceans. Spawning
aggregations are highly predictable events in which hundreds to thousands of indi-
viduals migrate across multiple habitats to converge on specific sites for reproduc-
tion. Species that undergo spawning migrations provide a potential mechanism to
interlink and possibly influence local food webs along their migratory pathways and
at aggregation sites. The rapidly declining condition of many aggregating species
world-wide emphasizes the urgency with which we need to increase our under-
standing of how spawning aggregations function within complex coral reef and
other tropical ecosystems. This chapter provides a comprehensive review of reef
fish and decapod crustacean spawning aggregations, including mechanisms under-
lying their timing and periodicity, characteristics of spawning aggregation sites, and
the spatial and temporal patterns of movement and migration. This overview pro-
vides the foundation for a discussion of the habitat linkages and potential trophic
interactions that occur during migration and spawning, and highlights the existing
gaps in our knowledge of how spawning aggregations function and their importance
to ecological processes and fisheries sustainability.

Keywords Fish behavior · Spawning migration · Coral reefs · Predation · Spatial
and temporal patterns

4.1 Introduction

The rhythms and movements of tropical reef fishes from home sites to spawning
grounds have been known for centuries by native fisherman (Johannes 1978, 1981).
Only during the last few decades have scientists become aware of the prevalence of
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these migrations among coral reef fishes and decapod crustaceans. Most research on
spawning aggregations has focused on cataloging where, when, and what species
form aggregations (Johannes 1981, Domeier and Colin 1997), understanding the
underlying mechanisms of timing and periodicity, site selection, and reproductive
behavior of aggregating species (Johannes 1978, Robertson 1991), and conducting
population assessments for management and conservation (Sadovy 1994, Levin and
Grimes 2002, Nemeth 2005, Sadovy and Domeier 2005). Recently, with the aid of
tagging and ultrasonic telemetry, studies have begun to reveal the complex behaviors
associated with reef fish and decapod spawning migrations (Herrnkind 1980, Zeller
1998, Carr et al. 2004, Nemeth et al. 2007). The movement and migration patterns
associated with spawning aggregations provide an important ecological component
of connectivity across tropical habitats including nearshore and offshore coral reefs,
mangroves, estuaries, and freshwater systems.

Spawning aggregations are characterized by the movement of hundreds to thou-
sands of herbivorous or predatory reef fishes from large expanses of various
habitats to specific spawning locations (Fig. 4.1). Species that undergo spawn-
ing migrations provide a potential mechanism to interlink and possibly influence
local food webs along their migratory pathways. One can only imagine the effect
of these migrations and ephemeral concentrations of fish and decapods on spatial
and temporal fluctuations in biomass, transient changes in trophic ecology along
migratory pathways and at spawning sites, and the transfer of energy from feed-
ing grounds to spawning grounds through predation and release of gametes. The
release of millions of fertilized eggs at spawning aggregation sites further enhances
connectivity among complex coral reef ecosystems via larvae dispersal and
settlement.

The complex biological processes and behavioral patterns that ensure reproduc-
tive success of aggregating species and contribute to the sustainability of local and
regional populations are threatened by artisanal and commercial fishermen, who
have long relied on spawning aggregations to supplement their annual incomes.
Recent modernization of fishing vessels, gear, and technology, lack of regulations or
enforcement, and the expansion of the live reef food-fish industry have accelerated
the decline and disappearance of many reef fish spawning aggregations around the
world (see references in Claydon 2004, Sadovy and Domeier 2005). Fishing pres-
sure also threaten decapod breeding migrations and is exacerbated when migratory
routes cross international boundaries (Ye et al. 2006, Hogan et al. 2007). The rapidly
declining condition of many aggregating species world-wide (Sadovy de Mitcheson
et al. 2008) emphasizes the urgency with which we need to increase our basic under-
standing of how spawning aggregations function within complex coral reef and
other tropical ecosystems. The intention of this chapter is to provide an overview
of existing information related to the classification of spawning aggregations, the
mechanisms underlying their timing and periodicity, and the general characteristics
of spawning aggregation sites. These sections will be followed by an analysis of
spatial and temporal patterns of movement and migration associated with spawning
aggregations, a discussion of the habitat linkages during adult migration, and the
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(a) (b)

(c)

(d)

(e)

Fig. 4.1 Pictures of spawning aggregations at Saba Bank, Netherland Antilles: (a) Epinephelus
guttatus; and Grammanik Bank, St. Thomas, US Virgin Islands: (b) Lutjanus jocu, (c) Mycterop-
erca tigris male with white head courting a female, (d) Mycteroperca venenosa and a few
Epinephelus striatus aggregating along shelf edge—note various color morphs, (e) Lutjanus
cyanopterus migrating to spawning site. Photos by R Nemeth (a) and E Kadison (b–e)

potential impacts of aggregating species on local food webs. The last section will
identify existing gaps in our understanding of how spawning aggregations function,
highlight future research directions, and provided steps that can be taken to ensure
their sustainability.
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4.2 Resident and Transient Spawning Aggregations

The timing, duration, and location of spawning aggregations are important factors
contributing to the potential ecological impact of connectivity between coral reefs
by spawning migrations of fish and crustaceans. Spawning aggregations of tropical
reef fishes occur on daily, lunar, and seasonal time periods, and peak spawning sea-
sons can span from two to eight months (Sadovy 1996). Some species form aggre-
gations frequently but only for a few hours, whereas others form infrequently over
longer periods of time (i.e., days to weeks). Mode of reproduction can vary within
and between species during spawning aggregations (Domeier and Colin 1997). Pair
spawning consists of courtship and spawning by a single male and female within a
group or harem (Fig. 4.1c). Group spawning consists of a spawning rush by a sin-
gle female and two to 15 or more males which are often part of a larger spawning
aggregation (Figs. 4.1b, d). Mass spawning occurs when the majority of groups or
subgroups within an aggregation spawn simultaneously.

Domeier and Colin (1997) classified reef fish spawning aggregations into resi-
dent and transient aggregations based on several specific criteria (Table 4.1). The
most significant differences include: (1) the frequency and duration of their spawn-
ing aggregations, (2) the proportion of reproductive effort that is allocated during
a single aggregation event, (3) the distance and areas from which they migrate and
the time required to reach the spawning site, (4) relative body size and trophic level
of species, and (5) mating system characteristics. Species that form transient aggre-
gations are typically larger, have greater relative fecundity, and lower instantaneous
mortality rates (Thresher 1984, Sadovy 1996). Because larger species tend to have
longer life spans and reproduce later in life than smaller species, the benefits of
delaying reproduction to optimal times each year outweigh the costs of potentially
dying before the next spawning period (Petersen and Warner 2002). Larger species
may be more capable of migrating the distances required to reach distant aggrega-
tion sites while being less vulnerable to predation during migration (Thresher 1984).
Two examples illustrate this point. Within the Caribbean epinephelid groupers,
the smallest two species (<30 cm max. length: Cephalopholis fulvus and C. cru-
entatus) do not form aggregations, whereas the larger species (55–200 cm max.
length: Epinephelus guttatus, E. adscensionis, E. striatus, and E. itajara) do form
aggregations (Sadovy et al. 1994). Within the Indo-Pacific Acanthuridae, the smaller
Acanthurus spp. form resident aggregations, whereas the larger Naso spp. form tran-
sient aggregations (Rhodes 2003 as cited in SCRFA 2004). However, the energetic
costs associated with migration may prevent extensive migration of large herbivo-
rous fishes (Thresher 1984).

Regardless of their resident or transient classification, the ability of spawning
adults to synchronize timing of gamete release during narrow windows of opportu-
nity is most strongly tied to the daily and monthly lunar orbit which predictably
influences nighttime illumination and tidal and current strength at specific loca-
tions. Thus, while the differences between resident and transient aggregations can be
quite pronounced, they also share a number of similarities: (1) both display strong
fidelity to traditional spawning sites, (2) spawning occurs near steep drop-offs, over
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Table 4.1 Characteristics of resident and transient spawning aggregations (modified from Domeier
and Colin 1997). Functional migration area indicates the area in which species migrate to spawning
aggregation sites and may interact with local food webs

Aggregation characteristics Resident Transient

Frequency of occurrence Frequent and regular, often
daily, occasionally
monthly

Infrequent, annual peaks
during specific times of
year

Duration of spawning event Hours (1–5 hrs) Days (∼2–10 d)
Portion of reproductive

effort of single
aggregation

Represents 0.25% (daily) to
8% (monthly) of annual
reproductive effort

Represents 33% (spawns
over three consecutive
lunar cycles) to 100%
(spawns during one lunar
cycle) of annual
reproductive effort

Migration distance Within or nearby home
range (<2 km)

Well outside home range
(∼2 to >100 km)

Functional migration area Small (<10 km2) Large (<10–>500 km2)
Time required to reach

aggregation
Minutes to hours Days to weeks

Size of aggregating species Small to medium
(∼5–50 cm)

Medium to large
(∼30–>100 cm)

Trophic level of species Herbivorous, omnivorous Carnivorous, piscivorous
Potential impact on trophic

ecology at spawning site
Low? High?

Mating system within
aggregation

Group and mass spawn Pair, haremic, group, and
mass spawn

Location of spawning Known to spawn outside
aggregation

Not known to spawn
outside aggregation∗

Representative families
known to form spawning
aggregations

Acanthuridae, Caesionidae,
Carangidae, Labridae,
Scaridae

Balistidae, Lethrinidae,
Lutjanidae, Mugilidae,
Mullidae, Serranidae,
Siganidae, Sparidae

∗ although see Krajewski and Bonaldo (2005)

prominent reef structures or at the mouth of channels, (3) both occur at specific,
predictable times (daily, monthly, or annually), and (4) size of aggregations can
range from tens to thousands of individuals (Domeier and Colin 1997). Based on
the criteria described in Table 4.1, decapod crustaceans can be classified as tran-
sient aggregations. They share many features listed above with reef fishes with two
exceptions. Spawning aggregations of some decapod crustaceans are composed of
only gravid females which undergo seasonal migrations to specific sites to release
larvae (Herrnkind 1980, Tankersley et al. 1998, Carr et al. 2004) while others seem
to undertake an ontogenetic migration which terminates at the spawning grounds
(Ruello 1975, Bell et al. 1987).

At least twenty-one families (over 120 species) of tropical reef fishes are
known to form resident or transient aggregations for reproduction. These families
(# spp.) are: Acanthuridae (11), Balistidae (1), Caesionidae (1), Carangidae (7),
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Carcharhinidae (1), Centropomidae (1), Gerreidae (2), Kyphosidae (3),
Labridae (6), Lethrinidae (7), Lutjanidae (14), Mugilidae (6), Mullidae (3),
Pangasiidae (1), Rhincodontidae (1), Scaridae (8), Scombridae (4), Serranidae
(36), Siganidae (8), Sparidae (2), and Sphyraenidae (2) (Appendices 4.1, 4.2;
see also SCRFA 2004). Another eight families (Albulidae, Belonidae, Chanidae,
Clupeidae, Elopidae, Haemulidae, Holocentridae, Priacanthidae) have been
reported to aggregate but spawning has not been confirmed. Families of coral
reef fishes that do not form spawning aggregations or little is known about their
reproductive behavior include, but are not limited to: Apogonidae, Antennariidae,
Aulostomidae, Blennioidei, Brotulidae, Callionymidae, Carapidae, Chaetodontidae,
Cheilodactylidae, Cirrhitidae, Diodontidae, Fistulatidae, Gobioidei, Grammistidae,
Malacanthidae, Mugiloididae, Opistognathidae, Ostraciidae, Pempheridae, Plo-
tosidae, Pomacentridae, Pteroidae, Psuedochromidae, Sciaenidae, Scorpaenidae,
Synodontidae, Tetraodontidae, and Zanclidae (see Thresher 1984).

4.3 Underlying Mechanisms of Spawning Aggregations

Most coral reef fishes are relatively site-attached and exist as spatially divided sub-
populations in a patchy environment (Mapstone and Fowler 1988, Sale 1991). Suc-
cessful reproduction, therefore, requires an individual to either attract a suitable
mate near its home range, search for a mate or mates within the larger habitat patch,
or migrate considerable distances between habitats to spawn. For the latter two alter-
natives, the proximate and ultimate factors which lead to successful reproduction,
will act most strongly on synchronizing the timing and location of spawning events.
In evolutionary terms the optimum time and location for spawning must incorpo-
rate the relative costs and benefits of current versus future reproductive success
(Helfman et al. 1997). The complex associations of the earth-moon orbit around
the sun bring rhythmic environmental changes (i.e., photoperiod, temperature, tidal
cycles, lunar light) that are used by fishes to synchronize reproductive activities
(Takemura et al. 2004). The proximate cues for determining timing of reproduction
can be separated into four factors including predictive, synchronizing, and terminat-
ing cues, and environmental modifying factors (Munro 1990). These factors, which
are discussed in more detail below, are useful in understanding how fishes and other
organisms synchronize gonad development, timing of migration, and spawning to
ensure maximum reproductive success.

Predictive cues are periodic environmental events, such as changing day length,
water temperature, or tidal strength, used to predict the approaching spawning
period and initiate migration. For species that spawn daily during large portions of
the year (i.e., resident aggregations), the predictive cues initiating spawning migra-
tions are primarily time of sunrise or sunset, tidal cycle, or a combination of these
cues (Robertson 1991, Mazeroll and Montgomery 1998). Small pelagic spawners
like the bluehead wrasse Thalassoma bifasciatum follow the tidal cycle and spawn
just after high tide facilitating dispersal of eggs off the reef with the outgoing tide
(Warner 1988). Diel spawning is delayed about one hour each day to synchronize
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with daily tidal cycle, and typically occurs in the afternoon (Warner and Robertson
1978). The importance of keeping gametes off the reef during daytime hours was
illustrated by Hamner et al. (1988), whose detailed study calculated that diel feeding
by planktivorous fishes can remove most of the zooplankton from the water column
near the reef face (see also Motro et al. 2005). Other species, such as Sparisoma
rubripinne, begin to aggregate in the late afternoon then spawn during dusk every
day (Randall and Randall 1963). Spawning at dusk is a common feature of spawning
aggregations as well as many other non-aggregating species, and may reduce pre-
dation on eggs by planktonic feeders or predation on adults by piscivores (Thresher
1984, Sancho et al. 2000a).

The predictive cues initiating timing of migration for transient aggregations are
most likely operating at large spatial scales via changes in seasonal patterns such
as day length, water temperature, and current speed (Nemeth et al. 2006b). Moore
and MacFarlane (1984) reported that the initiation of mass migration of rock lobster
(Panulirus ornatus) was extremely regular over six years and corresponded to when
water temperatures were at a minimum. Fish families as diverse as Sparidae from
the Pacific to Caribbean Serranidae seem to aggregate and spawn during the months
when annual seawater temperatures were lowest (Carter et al. 1994, Sheaves 2006,
Nemeth et al. 2007). In the US Virgin Islands spawning of red hind (Epinephelus
guttatus) occurs when both water temperature and current speed decline rapidly dur-
ing specific lunar periods from December through February (Nemeth et al. 2007).
Minimal currents during the spawning season may enhance fertilization success
for group or mass spawning species (Kiflawi et al. 1998, Petersen et al. 2001) or
reduce offshore dispersal so that larvae can complete their pelagic phase without
being carried away from suitable juvenile habitats (Johannes 1978). Predictive cues
which initiate migration for tropical organisms other than reef fish include seasonal
changes in tidal amplitude or weather patterns. For example, spawning migrations of
barramundi (Lates calcarifer) from freshwater rivers to coastal areas typically occur
during spring high tides (Moore and Reynolds 1982). The tropical anadromous cat-
fish Pangasius krempfi migrate in May and June each year at the beginning of the
wet season when the Mekong River flow rate begins to increase (Hogan et al. 2007).
Migrations by adult spiny lobster (Panulirus argus) to offshore reefs are triggered
by increased currents caused by the first autumnal storms (Kanciruk and Herrnkind
1976, 1978).

Synchronizing cues act to ensure that adults are in the same state of reproduc-
tive readiness to optimize fertilization of eggs, and can operate at both long and
short time scales. Synchronizing cues acting at large temporal scales (i.e., months)
are important for transient aggregations, but also for resident aggregations which
have seasonal spawning periods. Two examples illustrate the variability among
species. Gonad development and spawning in Nassau grouper (Epinephelus stria-
tus) in Belize correlated with seasonal changes in photoperiods and water tem-
peratures (Carter et al. 1994). Alternatively, Fishelson et al. (1987) found that
spawning of Acanthurus nigrofuscus, which forms resident aggregations in the
Red Sea from May through September, was related to a seasonally available food
source. Although factors such as temperature and day length were not considered,
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Fishelson et al. (1987) reported that condition factor and subsequent gonad devel-
opment of A. nigrofuscus were positively correlated with a dietary shift from red
and brown turf algae in summer months to green fleshy algae, which becomes very
abundant from November to April. Synchronizing cues operating at shorter time
scales (i.e., hours, days, weeks) may include a specific lunar cycle, time of sun-
set (i.e., light levels), presence of mates displaying breeding coloration or courtship
behavior (Figs. 4.1c, d), production of specific sounds or pheromones, or presence
of appropriate spawning habitat or substrate. For decapod crustaceans, females can
only be inseminated immediately after molting while the exoskeleton is soft (Quack-
enbush and Herrnkind 1981). The ideal spawning temperature for spiny lobster
(Panulirus argus) is around 24 ◦C (Lyons et al. 1981), therefore spawning season
and duration varies with latitude. Synchronizing cues for both resident and tran-
sient aggregations are most likely linked to current or tidal regimes, ambient light
levels, courtship behaviors of males, and presence of females within the aggrega-
tion. The relative importance of tides versus ambient light levels for synchronizing
spawning may vary between the Caribbean, which has low tidal amplitudes (<1 m),
and the tropical Pacific, where tidal amplitude is much greater (P Colin, Coral Reef
Research Foundation, Palau, pers. comm.). Most resident aggregations begin spawn-
ing each day in mid afternoon whereas transient aggregations, especially groupers,
begin spawning activity at sunset during the week of spawning. The most common
lunar period for spawning is around the full or new moon. Most genera of tropi-
cal Pacific and Caribbean Serranidae and Lutjanidae spawn around the full moon,
although some exceptions due occur (reviewed by Johannes 1978, 1981, Domeier
and Colin 1997). Based on interviews with local fishermen, Johannes (1978, 1981)
reported that Lethrinidae and Siganidae typically spawn during the new moon. Time
of sunset and changes in fish behavior, density, and coloration within the aggrega-
tion also act as brief, yet important, synchronizing cues (Johannes 1978, Sale 1980,
Garcia-Cagide et al. 2001). Many grouper species, for example, display distinct
gender-specific breeding coloration (Thresher 1984, Sadovy et al. 1994a, Domeier
and Colin 1997) and some, such as the Nassau grouper, may also require a certain
density or number of fish within the aggregation to stimulate courtship and subse-
quent group spawning (Colin 1992).

Because spawning conditions remain optimal for only a short time, terminating
cues mark the end of the spawning period and may include changes in environmental
conditions, depletion or viability of gametes, and/or departure or changes in behav-
ior of conspecifics. Terminating cues for resident aggregations which spawn in the
late afternoon are most likely linked to ambient light levels (Randall and Randall
1963) whereas important cues for day-spawning species may include current speed
and direction (Sancho et al. 2000b). Sancho et al. (2000b) found that short-term cur-
rent reversals temporarily interrupted courting and spawning behavior of Chlorurus
sordidus (Scaridae), which spawned during the day, but not of Zebrasoma flavescens
or Ctenochaetus strigusus which spawned in late afternoon or at dusk. Even though
transient aggregations can occupy a spawning site for several weeks, termination of
spawning and departure of fish can be quite abrupt (Fig. 4.2) and may be controlled
by a number of factors including depletion of gravid females, or changes in current
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Fig. 4.2 Density (± S.E.) of red hind during 2001 spawning season in St. Thomas, US Virgin
Islands. Arrows show timing of full moon in January and February (modified from Nemeth 2005,
with permission from Inter-Research)

speed, temperature, and ambient lighting associated with the lunar cycle (Thresher
1984, Domeier and Colin 1997, Heyman et al. 2005, Nemeth et al. 2007, Starr et al.
2007).

Finally, environmental or biological modifying factors can cause intraspecific
variation in spawning behavior or timing at different latitudes or in different habi-
tats. For example, Epinephelus guttatus and E. striatus have a spawning temperature
range between 25 and 26.5 ◦C. At lower latitudes in the Caribbean (e.g., Bahamas,
Belize, Puerto Rico, Virgin Islands) these two species form aggregations in win-
ter when water temperature cools to 26.5 ◦C (Carter 1987, Colin et al. 1987, Colin
1992, Carter et al. 1994, Nemeth et al. 2007), whereas at higher latitudes (e.g.,
Bermuda) aggregations form from May to July when water temperature warms to
25 ◦C (Burnett-Herkes 1975, Luckhurst 1998). This suggests that water temperature
is a potential modifying factor which causes variation in timing of reproduction
of Epinephelus species at different latitudes within the greater Caribbean. Like-
wise for decapods, seasonal temperatures and temperature changes regulate the
time of spawning of spiny lobster (Panulirus argus) which spawns year-round near
the equator, from spring through fall in the Bahamas, and is restricted to April–
June in Florida (Kanciruk and Herrnkind 1976, Quackenbush and Herrnkind 1981,
Marx and Herrnkind 1986). In the southern hemisphere Plectropomus leopardus
spawns from August to December when water temperatures increase above 24 ◦C
(Samoilys and Squire 1994, Samoilys 1997). Acanthurus nigrofuscus in the Red
Sea also spawns during months when seawater temperatures range from 24 to 26 ◦C
(Fishelson et al. 1987). The narrow temperature range of spawning may be an
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important cue for synchronizing reproduction in many aggregating species, but the
physiological limitations of higher water temperatures may also inhibit vitellogen-
esis in certain species, preventing ovulation and halting egg cell development (Lam
1983). Finally, for some partially catadromous species (i.e., Latus calcarifer) high
rainfall may stimulate and therefore regulate timing of spawning migrations from
rivers to coastal spawning grounds (Milton and Chenery 2005).

The adaptive advantage of a breeding population migrating to a specific location,
during specific time periods may result from multiple selective pressures affecting
larval survival and/or adult survival and reproductive success. Most hypotheses have
attempted to explain why reef fishes form spawning aggregations, and predict the
timing of spawning and location of aggregation sites (Claydon 2004). Reef fishes
and decapod crustaceans may form spawning aggregations to reduce predation on
eggs and spawning adults through predator satiation, or spawning at times and loca-
tions when predation is minimal. Spawning aggregations may also facilitate mate
selectivity in pair and haremic spawners, and allow assessment of breeding popula-
tion sex ratios for hermaphroditic species (Shapiro et al. 1993). Finally, the location
and timing of spawning aggregations may enhance larval survival and subsequent
recruitment to suitable juvenile habitats. Claydon (2004) provided a thorough review
of these hypotheses, but a few specific examples are provided below.

Thresher (1984) noted that most pelagic spawning fishes that have a lunar
spawning cycle also migrate to specific spawning grounds. He suggested that cer-
tain selective pressures are acting equally strong on lunar periodicity and migratory
behavior. These selective pressures function to situate eggs and larvae into presum-
ably optimal oceanographic conditions which may either facilitate offshore disper-
sal, increase survival by minimizing predation of eggs, enhance growth by coupling
larval hatching with availability of food supply, and/or increase retention and sub-
sequent return to their natal reef by placing eggs and larvae into optimal currents
(Cushing 1971, Johannes 1978, Robertson 1991). Moreover, the factors that affect
spawning site selection of aggregating species are important for understanding the
dispersal of eggs and larvae, subsequent recruitment patterns, and degree of con-
nectivity among reef systems (Petersen and Warner 2002). For example, the mass
spawning migration of the rock lobster (Panulirus ornatus) over 400–500 km from
Torres Strait across the Gulf of Papua enables females to release larvae in oceanic
currents that are favorable to recruitment back to the Torres Strait and the northeast
coast of Queensland, Australia (Moore and MacFarlane 1984). However, P. ornatus
seems to expend considerable energy on its migration, and most adults are in poor
condition and probably die after spawning (Moore and MacFarlane 1984).

Potential selective mechanisms acting on the adult breeding population, instead
of the larval phase of life, may also favor the formation of spawning aggrega-
tions at specific times and locations. These selective mechanisms may synchronize
reproduction, optimize spawning conditions, facilitate mate choice, and minimize
predation of adults (Robertson 1991, Claydon 2004). For example, the influence
of the lunar cycle may help synchronize formation of spawning aggregations to
increase reproductive success in species that occur in low densities or produce
specific oceanographic conditions that optimize fertilization success (Robertson
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1991, Petersen et al. 2001). Large aggregations may reduce adult mortality by tem-
porarily overwhelming predators, whereas specific aggregation sites may provide
greater protection from predation due to physical features of the reef (Shapiro et al.
1988). Of the few studies that have empirical data on predation rates, most have
found differential mortality among males and females at spawning aggregation sites.
Sancho et al. (2000a) calculated annual mortality rates of fishes at spawning aggre-
gation sites could be as low as 1% for females, or as high as 18% for group-spawning
males, which spawn multiple times per day. High mortality among males at spawn-
ing sites was also demonstrated for group-spawning parrotfishes in Panama (Clifton
and Robertson 1993). In the case of estuarine blue crabs (Callinectes sapidus) and
Australian mud crabs (Scylla serrata), larvae cannot survive in adult habitats (i.e.,
brackish estuaries), therefore adults must release larvae in higher salinity coastal
areas outside the estuary (Tankersley et al. 1998). Based on these decapod studies
and work by Herrnkind (1980) on the spiny lobster (Panulirus argus), the males
seem to remain within feeding grounds while gravid females undergo spawning
migrations to release larvae and, thus, may be exposed to greater risk of predation
than males.

Ultimately, the benefits, in terms of enhanced reproductive success, of migrating
100’s of meters to 100’s of kilometers from feeding grounds to spawning aggrega-
tion sites must outweigh the associated costs (i.e., less foraging time, greater energy
use, exposure to predators). Our knowledge of spawning aggregations is steadily
increasing, but very little quantitative research has been conducted to systematically
test these various hypotheses (Claydon 2004). Moreover, many features of spawn-
ing aggregations are interrelated and therefore their relative importance are not eas-
ily assessed (Claydon 2004). The suggestion that spawning aggregation sites may
simply be ancient traditional locations first established when sea levels were signif-
icantly lower during the last ice age (Colin and Clavijo 1988), may further decrease
our ability to construct predictive models of why, when, and where spawning aggre-
gations occur. While no single hypothesis can explain the spawning patterns of all
migrating species, those individuals that spawn at times and locations that enhance
egg, larval, and adult survival will be more successful than those that spawn at non-
optimal times and locations.

4.4 Characteristics of Spawning Aggregation Sites

Tropical reef fishes that form resident and transient spawning aggregations typically
migrate from inshore areas to offshore sites near steep drop-offs along the shelf
break (Fig. 4.1d), at the mouth of tidal channels, over prominent reef structures, or
sites with a combination of these reef features (Johannes 1978, Colin and Clavijo
1988, Claydon 2004). A handful of species are also known to migrate from rivers
or estuaries to coastal marine habitats (i.e., Centropomidae, Mugilidae, and Spari-
dae), from offshore reefs to shallow lagoons or seagrass beds (i.e., Carcharhinidae,
Rhincodontidae, Siganidae), or from coastal areas to inland rivers (i.e., Pangasiidae)
for reproduction. Decapod spawning sites, for which there are few examples, seem
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to be located within 5 km of the mouth of estuaries or in deeper waters bordering
oceanic currents (Kanciruk and Herrnkind 1978, Carr et al. 2004).

Resident spawning aggregations on nearshore reefs are usually located on the
downcurrent end of a reef or patch reef often over individual coral heads or, as in
the case of Sparisoma rubripinne, on the most seaward projection from a fringing
reef (Randall and Randall 1963, Warner 1990b, Colin 1996). The best example of
factors influencing spawning site selection in small pelagic spawning fishes comes
from work on the bluehead wrasse Thalassoma bifasciatum. Warner (1988, 1990a,
b) showed that female choice of spawning sites was based on specific physical fea-
tures including location, structure, and oceanographic conditions. These sites were
often located on the tallest promontories at the downcurrent end of a reef and may
offer better protection from predation and dispersal of eggs off the reef, respec-
tively (Robertson and Hoffman 1977, Warner 1988, Appeldoorn et al. 1994, Hensley
et al. 1994). Long-term use of these spawning sites was maintained through cul-
tural transmission by young females following older females. If a mating site was
destroyed, by a storm for example, spawning activity shifted to the nearest potential
site (Warner 1990b). The longevity of a spawning aggregation site is unpredictable.
While some aggregations, such as Scaridae and Serranidae, have been known to use
the same site for decades, others have been observed once or twice, then never seen
again even after repeated searches (Colin 1996, Sadovy 1997, Eklund et al. 2000).
However, when spawning is not verified, an observed aggregation may simply be a
temporary staging area for a migrating group of fish en route to a spawning site.

Resident and transient aggregations which occur along the shelf break are often
located at distinctive promontories (Carter et al. 1994, Garcia-Cagide et al. 2001).
Spawning in transient aggregations often occurs on the upcurrent end of the reef
or island (Colin et al. 1987, Luckhurst 1998, Nemeth et al. 2007), which is counter-
intuitive for offshore dispersal but may facilitate retention of larvae. These sites usu-
ally consist of well-developed deep coral reefs or contain many ledges, undercuts, or
caves which are used for shelter by aggregating species (Carter et al. 1994, Sancho
et al. 2000a, Nemeth 2005, Nemeth et al. 2006a, Kadison et al. 2009). Robertson
and Hoffman (1977) and Sancho et al. (2000a) suggested pelagic spawners favor
topographically complex sites (Fig. 4.1c—note reef structure) that offer a greater
degree of protection from predation and allow them to seek shelter fairly rapidly.
In Saba, Netherlands Antilles, Epinephelus guttatus aggregations are dispersed over
several kilometers of old spur and groove habitat with areas of high fish density
(Fig. 4.1a) associated with undercuts and higher coral cover (Kadison et al. 2009).
Most spawning aggregation sites are located in water deeper than a species area of
residence, but some exceptions do occur (Sadovy 1996). The reef-associated mullet
spawn in shallow sandy areas nearshore (Helfrich and Allen 1975). The nurse shark
Ginglymostoma cirratum and lemon shark Negaprion brevirostris both migrate to
shallow seagrass lagoons for reproduction (Pratt and Carrier 2001, Feldheim et al.
2002). These shallow lagoons facilitate copulation and serve as juvenile nursery
habitats (Feldheim et al. 2002). One of the few example of an anadromous tropical
species is the Asian catfish Pangasius krempfi which migrates from coastal waters
and estuaries to the upper reaches of the Mekong River in Laos (Hogan et al. 2007).



4 Dynamics of Reef Fish and Decapod Crustacean Spawning Aggregations 85

Within a location, there is often considerable overlap in use of the same areas for
spawning (Johannes 1978, Moyer 1989, Colin and Bell 1991, Domeier and Colin
1997, Sancho et al. 2000a) although timing and mode of spawning may differ among
species. Colin and Clavijo (1988) described a multi-species spawning aggregation
site along the south coast of Puerto Rico which hosted a number of resident aggre-
gating species, including Scarus iserti, Clepticus parrai, Lachnolaimus maximus,
Acanthurus coeruleus, and A. bahianus. The scarid and labrid species spawned in
different locations along the reef whereas the two acanthurids both spawned in the
same location and during the same season. The only difference in these two species
was that A. coeruleus showed a distinct lunar periodicity whereas A. bahianus did
not (Colin and Clavijo 1978).

Species that form transient aggregations are also frequently observed using
the same spawning site. The most common suite of aggregating groupers in the
Caribbean include Epinephelus striatus, Mycteroperca tigris, and M. venenosa
(Sadovy et al. 1994a, Nemeth et al. 2006b) and in the Pacific, E. polyphekedion,
E. fuscoguttatus, and Plectropomus areolatus (Johannes et al. 1999, Rhodes and
Sadovy 2002). Three species of snappers, Lutjanus cyanopterus, L. apodus, and
L. jocu often use the same sites and may also co-occur with groupers and other
species (Heyman et al. 2001, Heyman et al. 2005, Kadison et al. 2006). For instance,
the Grammanik Bank, located on the shelf edge south of St. Thomas, US Vir-
gin Islands, is a multi-species spawning aggregation site utilized by three species
of groupers (E. striatus, M. venenosa, M. tigris) and three species of snappers
(L. cyanopterus, L. apodus, L. jocu) over an eight month period (Kadison et al.
2006, Nemeth et al. 2006b). At this site M. tigris is a haremic spawner (Sadovy
et al. 1994a) while M. venenosa and the three Lutjanidae are all group spawners
(Fig. 4.1). E. striatus, whose spawning population is about 200 individuals here,
has been observed showing courtship behavior within pairs and small groups but has
not yet been observed spawning or attempting to form a large aggregation (Nemeth
et al. 2006b). Spawning strategy in E. striatus may be a facultative response to
population density (Colin 1992, Sadovy and Colin 1995, Sadovy 1996). Based on
gonad histological evidence, Sadovy and Colin (1995) suggested that E. striatus
may also pair spawn outside of aggregations as an alternative reproductive strat-
egy. At the Red Hind Bank, another multi-species aggregation site 5 km to the
west of the Grammanik Bank and about 300 m inshore of the shelf edge, E. gut-
tatus, M. tigris, L. analis, and L. apodus all have been observed aggregating in
very large numbers during winter and spring months (RS Nemeth pers. observ.).
Balistes vetula, the queen triggerfish, has been observed to form spawning aggrega-
tions near E. guttatus spawning sites located in St. Croix and Saba (RS Nemeth pers.
observ.). Spawning aggregations of E. guttatus and B. vetula occur during the same
months (December–February), but E. guttatus spawns the week before the full moon
while B. vetula spawns the week after the full moon. Moreover, male E. guttatus,
a pelagic spawner, maintain territories on the top of the reef in areas of high coral
cover and topographic complexity. B. vetula, a benthic spawner, forms aggregations
just off the reef in sandy areas where male and female pairs dig shallow depres-
sions for adhesive eggs, and together defend the nest. The triggerfish Pseudobalistes
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flavimarginatus also has a lek-like spawning behavior and displays biparental nest
defense (Gladstone 1994). Nest defense is further facilitated through the combined
efforts of all breeding pairs within the spawning aggregation site (Thresher 1984).

4.5 Spatial and Temporal Patterns of Connectivity

4.5.1 Habitat Linkages

The movements and migration patterns associated with spawning aggregations are
an important aspect of connectivity among tropical marine habitats. Species repre-
senting both aggregation types shift from myriad feeding habitats to converge on
specific spawning sites. In general most spawning migrations move from inshore
reefs to offshore spawning grounds (Fig. 4.3, Appendices 4.1, 4.2). The majority
(>70%) of resident and transient species migrate to spawn in reef pass channels or
along shelf edge reefs with an additional 10% spawning on the seaward extension
of fringing or mid-shelf reefs (Nemeth 2009). These movement patterns not only
provide important connections between inshore and offshore reefs but also ensure
connectivity between shallow and deep habitats. For example, Epinephelus striatus
in Belize, which usually occupy shallow reefs from 10 to 25 m depth, were found
to spend over half of their four month spawning season at depths ranging from
60 to 250 m (Starr et al. 2007). Studies within estuarine systems have found sev-
eral species of Sparidae migrating from mangrove creeks out to channel mouths to
spawn (Sheaves et al. 1999). In Papua New Guinea, barramundi (Latus calcarifer)
adults live in rivers, estuaries, and marine environments and migrate to spawning
sites along the coast (Moore and Reynolds 1982, Milton and Chenery 2005). The
anadromous tropical catfish (Pangasius krempfi) is believed to migrate from coastal
areas of the South China Sea up the Mekong River system (Hogan et al. 2007).
Although undocumented, local fishermen in Palau and other Pacific islands claim
that species living in lagoon or reef flat habitats tend to use predictable pathways
during their seaward migration (references in Johannes 1981). Less research has
been conducted on movements of tropical decapod crustaceans to spawning aggre-
gation sites. However, there seem to be three general patterns that include species
in which inseminated females migrate either from inland brackish estuaries or man-
grove swamps to more saline areas near the mouth of an estuary (i.e., Callinectes
sapidus), or from shallow coral reef and patch reef habitats to deeper reefs (i.e.,
Panulirus argus) to release larvae, and species in which both sexes undergo an
ontogenetic migration during which time they continue to grow, mature, and eventu-
ally reproduce at specific spawning sites (i.e., P. ornatus, Penaeus plebejus) (Ruello
1975, Herrnkind 1980, Bell et al. 1987, Carr et al. 2004).

Comparing the distance and frequency of migration for aggregating species is
important for documenting and understanding the extent and degree of connectivity
among tropical reef environments. Resident aggregations move frequently across
the reefscape often migrating up to two kilometers daily along the edge of a fring-
ing reef or the shelf break to reach their spawning site (Robertson 1983, Colin and
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Fig. 4.3 Assumed spawning migrations of fish in Palau, Micronesia, from data collected through
underwater observations and fishermen interviews (Johannes 1978). Arrows show the movement
from usual habitat (•) to spawning sites (→). Actual distances traveled were not provided by
Johannes (1978). Almost all species undertake a seaward spawning migration, with more than half
of all species moving to the outer reef to spawn (reprinted from Pittman and McAlpine 2003, with
permission from Elsevier)

Clavijo 1988, Colin 1996, Mazeroll and Montgomery 1998). Only a few species
have detailed information related to spawning migrations. Fishelson et al. (1987)
and Mazeroll and Montgomery (1998) reported Acanthurus nigrofuscus in the Red
Sea migrated 500–1500 m from its shallow (2–3 m) feeding grounds along the
shoreline to deeper spawning sites (10 m) at the edge of the fringing reef during
the 5 month spawning season. Colin and Clavijo (1988) observed A. bahianus and
A. coeruleus migrating 0.5–0.6 and 0.9–1.0 km, respectively, from inshore reef areas
to deeper fore reef spawning sites. Colin (1996) reported on another A. coeruleus
aggregation in the Bahamas, which migrated daily from May to October from
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inshore rocky reef to open rocky areas 20 m deep but that were >1 km from the shelf
edge. Acanthopagrus berda and A. australis (Sparidae) which live in tropical estu-
aries, migrated 3 and 80 km, respectively, to spawning sites (Pollock 1984, Sheaves
et al. 1999). Even the smallest migrating species, Thalassoma bifasciatum, has been
known to travel as much as 1.5 km from its feeding grounds at the upcurrent end of
a reef to its spawning site at the downcurrent end (Fitch and Shapiro 1990, Warner
1995).

Transient aggregations typically undergo annual migrations that can cover tens
to hundreds of kilometers (Colin 1992, Carter et al. 1994). Milton and Chenery
(2005) found that barramundi can migrate 15–300 km, but those freshwater pop-
ulations, which must migrate the longest distance, may only spawn once or twice
in their lifetime whereas coastal populations spawn annually. The longest migra-
tion distance recorded for a coral reef fish was for Epinephelus striatus which have
been recaptured 100–240 km from where they were tagged (Colin 1992, Carter et
al. 1994, Bolden 2000). These long-distance migrations by E. striatus (60–100 cm
total length) occurred off the coast of Belize and in the Bahamas, both locations
which have extensive areas of shelf. Red grouper (E. morio), which are smaller than
E. striatus, have been tracked from 29 to 72 km (Moe 1969 in Sadovy 1994). Limita-
tions to migration distances may simply be a function of insular shelf area and fish
size. The depth of deep-water barriers may inhibit migration between islands and
therefore restrict movements of migrating species to insular shelf areas. For exam-
ple, E. striatus is not known to cross the >1,800 m deep channels separating the
three Cayman Islands during spawning migrations and therefore may be restricted
to maximum migration distances of 50 km on Grand Cayman, and 15 km on Little
Cayman and Cayman Brac (Colin et al. 1987). However, in southern Puerto Rico a
27 cm E. guttatus, which was tagged at the spawning site, migrated over 18 km and
crossed a 194 m deep channel between the main shelf and a seamount (Sadovy et
al. 1994b). Nemeth et al. (2007) found that the migration distance of E. guttatus in
St. Croix (mean: 9.4 km, range: 2–16 km) was significantly less than on St. Thomas
(mean: 16.6 km, range: 6–33 km). The smaller St. Croix shelf (about 650 km2) rel-
ative to the Puerto Rican shelf (about 18,000 km2) on which St. Thomas is located,
and the smaller size of E. guttatus in St. Croix vs. St. Thomas (mean: 32.5 vs.
38.5 cm total length), may have accounted for these differences in migration dis-
tance. However, within each island the only significant relationship between fish
length and migration distance was opposite from what one would expect. On St.
Croix the largest males remained on offshore reefs within 5 km of the spawning
aggregation site, whereas the smallest males and females migrated to inshore reefs
10–15 km away (Nemeth et al. 2007). Little is known about the extent of spawning
migrations in other commercial species. However, in April 2007, one Lutjanus jocu
was acoustically tagged near its spawning aggregation site at the Grammanik Bank,
St. Thomas, and migrated westward at least 18 km to beyond the limits of the last
acoustic receiver (RS Nemeth unpubl. data). Identifying the natural boundaries and
limitations to fish spawning migrations will improve our understanding of metapop-
ulation dynamics and management of spawning aggregations.
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Several species of decapod crustaceans can also migrate considerable distances
from home sites to spawning sites. The record for the longest migration for an
adult crustacean was 930 km (in 260 days) for the king prawn Penaeus plebejus
of eastern Australia (Ruello 1975). Juvenile P. plebejus leave their estuary nursery
grounds and migrate north to warmer waters to spawn (Ruello 1975, Glaister et al.
1987). Larvae are then carried from spawning grounds along the East Australian
Current system back to estuaries in Southeast Australia. Elsewhere in Australia,
female mud crabs (Scylla serrata) migrate up to 95 km from mangrove areas to
offshore spawning sites just before the monsoon season (Hill 1994). Atlantic blue
crab Callinectes sapidus migrate from low salinity estuarine habitats to high salin-
ity coastal areas (up to 5 km offshore) to release larvae (Carr et al. 2005). Female
blue crabs use ebb tide transport (Fig. 4.4) and can travel up to 10 km per day and
cover distances from 10 to over 300 km (Millikin and Williams 1984, Tankersley
et al. 1998, Carr et al. 2004). Although most research on blue crabs has been done
along the Atlantic and Gulf coasts of the USA, similar migrations may also occur in
the Caribbean. Gravid female spiny lobsters (Panulirus argus) migrate from shallow
inshore areas to deep reefs bordering oceanic currents to release larvae (Fig. 4.5),
which eventually settle onto mangrove roots or benthic algae as juveniles, and then
begin to migrate into deeper water to complete the life cycle (Herrnkind 1980). In
the Bahamas, P. argus males and females also undergo annual inshore to offshore
migrations each autumn (Kanciruk and Herrnkind 1976). During these migrations,
P. argus form single file lines and may walk over 10 km within a week (Herrnkind
1980), but these migrations are probably not related to spawning, but instead used
to reach overwintering grounds in sheltered deep reef habitats. Adult rock lobsters
P. ornatus transition across multiple habitats, beginning their mass migration in
September from an area of extensive low-relief coral reef <20 m depth, south of

Fig. 4.4 Proposed migratory behavior of spawning female blue crabs (Callinectes sapidus).
Females (light crabs) mate with males (dark crabs) in brackish estuaries from late spring to early
fall, and then migrate during nocturnal ebb tides to high salinity areas where they may overwin-
ter (Phase I). Female crabs with late-stage eggs continue to migrate on nocturnal ebb tides until
they reach the mouth of the estuary, or enter coastal waters where larvae are released. Following
larval release, female crabs re-enter the estuary during nocturnal flood tides (Figure 2 from Tanker-
sley et al. 1998. Biol. Bull. 195:168-173. With permission from the Marine Biological Laboratory,
Woods Hole, MA)
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Fig. 4.5 Spatial aspects of the spiny lobster (Panulirus argus) life cycle. Gravid females migrate
to reef edges near oceanic currents to release larvae. Postlarval pueruli settle on mangrove roots or
benthic algae and then shift to seagrass beds and shallow lagoons as juveniles. Subadults gradually
emigrate from these nursery habitats to shallows banks characteristic of their range. Adults also
exhibit seasonal cycles of residency, small-scale movements, and inshore-offshore migrations. This
figure was published in ‘The biology and management of lobsters’, Vol 1, Herrnkind WF, Spiny
lobsters: patterns of movement, pp. 349-407, Copyright Elsevier (1980)

the Papua New Guinea mainland (Fig. 4.6). Tens of thousands of adults travel for
2–3 months across deep (<80 m) soft mud or hard coralline seabed of the Gulf of
Papua to spawning grounds and eventually enter shallow (<15 m) reefs around Yule
Island (Ruello 1975, Moore and MacFarlane 1984, MacFarlane and Moore 1986,
Bell et al. 1987). Mating begins during migration (late October) and once migration
has ended (November–December) females release up to three broods of larvae along
the eastern boundary of the Gulf of Papua. Moore and MacFarlane (1984) suggested
that P. ornatus experience high post-spawning mortality and that there is no return
migration of adults to Torres Straight. Based on ocean circulation patterns, release
of larvae in this location may be important for maintaining lobster stocks in the Tor-
res Straight and Northern Queensland region via larval recruitment to juvenile and
adult habitats (MacFarlane and Moore 1986).

4.5.2 Migration Behavior Associated with Spawning

Most aggregating species display strong site fidelity and visit their aggregation
site multiple times during the spawning season. In transient aggregations, espe-
cially in serranids, males typically arrive earlier and stay longer than females
(Johannes 1988, Zeller 1998, Rhodes and Sadovy 2002, Nemeth et al. 2007).
Acoustically tagged Plectropomus leopardus showed strong spawning site fidelity
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Fig. 4.6 Long-range movements and recapture locations (•) of Panulirus ornatus based on the
recovery of 125 tagged rock lobsters that were released in Torres Straight (reprinted from Moore
and MacFarlane 1984 with permission from CSIRO Publishing http://www.publish.csiro.au/
nid/127/issue/2833.htm)

and did not necessarily migrate to the nearest spawning site, a pattern also found
in Epinephelus guttatus (Sadovy et al. 1992, Sadovy et al. 1994b). P. leopardus
males were shown to visit spawning sites repeatedly and returned to resident reefs
between spawning periods (Zeller 1998). Residence times averaged 13 days for male
P. leopardus, while females undertook only one trip over the two month spawning
period and stayed an average of 1.5 days. Zeller (1998) recorded one male P. leopar-
dus taking 10 separate trips (1,720 m round-trip) for a total of 17 km in 19 days. This
pattern is similar to Caribbean groupers. Eighty percent of E. striatus males returned
to spawning sites in Belize during two to three consecutive months, whereas 80%
of females returned only one or two months (Starr et al. 2007). E. guttatus tagged
during the first month of their spawning season (December) were mostly males and
had significantly higher recapture rates (mean = 21.4%) than fish tagged in either
January (4.2%) or February (1.5%), suggesting that fish arriving in December
remain for the duration of the spawning season (Nemeth et al. 2007). This is also
reflected in turnover rates of tagged E. guttatus where 50% of recaptured males
returned for a second month but only 22% of tagged females were recaptured dur-
ing the second month of the spawning season (Nemeth et al. 2007). Recent studies
of Plectropomus areolatus in Pohnpei, Micronesia, and Epinephelus polyphekadion
and E. fuscoguttatus in the Seychelles provide additional evidence that these sex-
specific movement patterns are a common phenomenon of aggregating serranids
worldwide (Rhodes and Tupper 2008, Robinson et al. 2008).

The ability of fish to return repeatedly to a spawning aggregation site is not only
a function of migration distance, as described above, but also swimming speed. Sev-
eral studies have reported migration speeds for resident and transient spawners and
decapod crustaceans, and show that migration speeds to spawning aggregation sites
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can vary depending upon species, gender, and time of day. Average swim speeds
for Acanthurus nigrofuscus, a resident spawner, was 1.5 km. h−1 (Mazeroll and
Montgomery 1998). Average swim speeds for transient spawners can range from
0.9 to 1.9 km. h−1 for large groupers (e.g., Epinephelus striatus, Mycteroperca
venenosa) to 0.13–0.6 km. h−1 for smaller groupers (e.g., E. guttatus, Plectropo-
mus leopardus) (Colin 1992, Luckhurst 1998, Zeller 1998, Starr et al. 2007). Starr
et al. (2007) found that E. striatus males swam significantly faster than females (2.0
vs 1.8 km. h−1). They also found that E. striatus migrated mostly during the day,
and had higher swim speeds during the day (1.96 km. h−1) than at night (1.4 km.
h−1). King prawn (Penaeus plebejus) migration speed from tag-recapture data aver-
aged 0.07 km. h−1 but could be as high as 0.23 km. h−1 (Ruello 1975). Migration
speeds of lobster (e.g., Panulirus argus, P. ornatus) range from 0.06 to 0.25 km.
h−1 (Herrnkind 1980, Moore and MacFarlane 1984). Female blue crabs (Callinectes
sapidus), whose spawning migration is assisted by tidal transport, averaged 0.42 km.
h−1 (Tankersley et al. 1998).

Although direct evidence and observations are very limited, adult reef fishes
may travel in small or large clusters (Fig. 4.1e) sometimes composed of single-
sex groups (e.g., Serranidae) which co-mingle at aggregation sites (Johannes 1978,
Colin 1992, Johannes et al. 1999). Tag-recapture studies by Ruello (1975) also
suggested that Penaeus plebejus maintain cohesive schools as they swim north
along the western coast of Australia. Social interactions and gregarious behav-
ior during migration may help reduce predation while simultaneously reinforc-
ing use of traditional migratory pathways through behavioral transmission and
recognition of unique reef structures (Colin 1992, Mazeroll and Montgomery
1998).

During its daily feeding and spawning migrations, Acanthurus nigrofuscus orient
and mill about specific reef structures along their migration routes (Mazeroll and
Montgomery 1998). When these landmarks were experimentally moved over short
distances (<6 m) and in different directions relative to the migration route, groups
of A. nigrofuscus continued to use these structures for orientation. Interestingly,
when these landmarks were moved >7 m away from the original site, A. nigrofuscus
continued to follow its normal migration route, but ceased to visit these structures
even after they were returned to their original location (Mazeroll and Montgomery
1998). The use of redundant landmarks along migratory pathways may not always
be necessary for successful orientation. In a study conducted in Bermuda, Luckhurst
(1998) found that Epinephelus guttatus, which were captured on an aggregation
site, then tagged and released at various distances (mean: 8.9 km), were able to
relocate the spawning site within a few days. In the absence of learned behaviors or
landmarks, innate orientation to currents, sun position, or the Earth’s magnetic field
may allow species to migrate in the correct direction to reach spawning aggregation
sites. Panulirus ornatus, which may have terminal spawning migrations, is believed
to orient with respect to the seasonal bottom currents in the Gulf of Papua (Moore
and MacFarlane 1984).

Behavioral studies by Mazeroll and Montgomery (1995, 1998) provide some
of the most compelling evidence of how social interactions influence migration
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behavior. Acanthurus nigrofuscus, a resident aggregating species in the Red Sea,
migrate in groups of up to 200 fish from feeding grounds to spawning sites. Early
in the spawning season A. nigrofuscus used at least 15 different routes to reach the
spawning site, but by the end of the spawning season only three primary routes were
followed. Three factors may have contributed to the increased efficiency and syn-
chrony of migratory patterns. First, fish whose feeding grounds were further from
the aggregation site initiated migration earlier in the afternoon and thus arrived
simultaneously at the spawning aggregation site. Second, as these early groups
passed through other feeding territories, several members of the migrating group
split off to interact with individuals or small groups which then frequently joined the
migration. This recruitment behavior resulted in an increase in the size of migrating
groups as they reached the spawning site. This is similar to the migration behav-
ior that was reported for rock lobster (Panulirus ornatus) from Papua New Guinea.
Small groups of P. ornatus leaving their home reefs at the same time join together
into large migrating aggregations which proceed as a migratory wave across the
Gulf of Papua (Fig. 4.6). Finally, based on a tagging study in which individual
fish could be recognized, Mazeroll and Montgomery (1995) suggested certain fish
within groups may act as leaders and play an important roll in determining specific
migration routes.

Similar examples of group migrating behavior have also been reported for several
species of serranids which form large transient aggregations. Epinephelus striatus
have been observed migrating in groups of 2–500 fish, swimming at 25 cm. s−1 at
15–40 m depth parallel to deep coral ridges or the shelf break (Colin et al. 1987,
Whaylen et al. 2004, Aguilar-Perera 2006). In the Bahamas, Colin (1992) observed
two large migrating groups (about 500 fish) swim past a known spawning site where
other fish were present, and continued to swim eastward, presumably to a second
spawning site several kilometers further along the shelf edge. In a recent acous-
tic study of E. striatus spawning aggregations off Glover’s Reef, Belize, Starr et
al. (2007) found that grouper movements along migration routes to spawning sites
were rapid, consistent, and predictable. More unusual was that all tagged groupers
descended from an average depth of 25 m to 72 m (maximum depth of 255 m)
within one hour, seven days after the January full moon spawning period (Starr et
al. 2007). During a three month period, most tagged fish migrated to home sites and
back to spawning sites but all stayed at depths exceeding 50 m, then synchronously
ascended within an hour about 10 d after the April full moon and remained at shal-
low depths for the remainder of the year. Starr et al. (2007) hypothesized that E.
striatus occupy these deep water habitats to either spawn in currents more appro-
priate for larval survival, to feed and recover physiologically after spawning, or
to escape shallow-water predators. Acoustically-tagged E. striatus and Mycterop-
erca venenosa in the US Virgin Islands also made consistent movements from the
Grammanik Bank spawning aggregation site to nearby reefs along the shelf-edge
and used these linear shelf-edge reefs as eastwest migration corridors when finally
departing the aggregation site (RS Nemeth unpubl. data). However, unlike E. stria-
tus in Belize, these fish did not make the synchronized depth change, most likely
because they already occupied relatively deep reefs and aggregated to spawn in
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35–50 m depth which is below the seasonal thermocline (RS Nemeth unpubl. data).
Moreover, large sharks (Negaprion brevirostris, Galeocerdo curvier, Carcharhinus
leucas, C. perezii, and C. limbatus) commonly occur along these deep offshore reefs
(RS Nemeth pers. observ.), and therefore predator avoidance is probably not affect-
ing the observed vertical movement patterns of E. striatus in Belize.

One final and exceptional example illustrating spawning migration patterns of
reef fish involves two male red hind (Epinephelus guttatus), which were caught
in the same fish trap on the spawning aggregation site, sequentially tagged, and
released at the same time and location. Two months later, both fish were recaptured
together on the same multiple-hook hand line about 3 km west of the spawning site
(Kadison et al. 2009). These fish were obviously traveling together and may have
remained within a few meters of each other for a considerable length of time. This
example, as well as the studies by Mazeroll and Montgomery (1995, 1998), sug-
gests that fish which occur in the same general feeding areas, migrate together as a
group to their respective spawning aggregation site. For haremic spawning species
such as the red hind, it also suggests that fish which migrate together may also
occupy similar areas within the spawning aggregation site. This would certainly
support the view that migration to specific spawning aggregation sites is a learned
behavior maintained through tradition. It also highlights the potential for rapidly
depleting localized populations and severing the traditional connections between
local feeding grounds and spawning aggregation sites when aggregations are fished.
These studies emphasize the complex and dynamic behavior of aggregating species.
Considering the importance of synchronized spawning of aggregating species, gre-
garious behavior and the use of landmarks along traditional migratory pathways
probably increases the efficiency of adults reaching aggregation sites. More detailed
studies on migratory behaviors are needed to better understand the similarities and
differences among sites and species.

4.5.3 Catchment and Functional Migration Areas

The terms catchment distance and functional migration area have been used to
describe the area from which adult fish migrate to spawning aggregation sites (Zeller
1998, Nemeth et al. 2007). Here I expand upon the definition of functional migra-
tion area to include the complex biological processes that occur during migration
and spawning within the catchment area. The functional migration area takes into
account the mosaic of habitats through which fish migrate, the location of potential
migration corridors, the daily movements and behavioral patterns of aggregating
species during the spawning season, and the complex trophic interactions that may
occur during migration and spawning. At smaller spatial scales within the functional
migration area, a species will use a specific area for spawning. This spawning area
may vary in size by several orders of magnitude depending upon species and repro-
ductive strategy (FSA area in Appendices 4.1 and 4.2). For group-spawning species
the area used for actual spawning each day will be considerably smaller than the area
used for courtship during the lunar spawning period (Nemeth 2009). Around this
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courtship arena aggregating fishes may occupy an even larger staging area between
spawning months for a variety of non-reproductive activities (Nemeth 2009). Docu-
menting and mapping the various components within the functional migration area
of a species adds to the complexity of spawning aggregation research, but are impor-
tant for understanding connectivity and critical for ecosystem level management of
multi-species tropical fisheries. Colin et al. (2003) and Heyman et al. (2005) outlined
several useful and inexpensive techniques and methodologies for mapping migra-
tion pathways and spawning aggregation areas. Within the text and in Appendices
4.1 and 4.2, functional migration areas were reported when actual catchment areas
were given for a species or were calculated when enough information was avail-
able within the primary reference on migration distance, direction, and/or width of
reef or shelf. For example, when migration distances were reported and included
north–south and east–west components, then an approximate catchment area could
be calculated from the resulting polygon. When migratory pathways and habitat
mosaics are described then functional migration areas can be constructed.

Transient aggregations of Serranidae and Lutjanidae, which form annually over
several consecutive months, encompass functional migration areas of 500 km2 for
the smaller species (i.e., Epinephelus guttatus) to 2,500 km2 or more for the largest
(Colin 1992, Carter et al. 1994, Nemeth 2005). Detailed information on functional
migration areas is limited to a few reef fish species that have been tracked with
either traditional tag–recapture studies or acoustic tags (Appendices 4.1, 4.2). Based
on a conventional tagging study in which over 4,000 E. guttatus were tagged and
released in St. Thomas and St. Croix, US Virgin Islands, Nemeth et al. (2007) found
E. guttatus populations have functional migration areas of at least 90 km2 and
500 km2, respectively (Fig. 4.7, Appendix 4.2). E. guttatus from both islands gener-
ally migrated against the prevailing currents from areas of high coral cover on mid-
shelf reefs to spawning aggregation sites located on the top of well-developed coral
reef ridges 300–500 m from the shelf edge. These patterns of migration, movement,
and timing of the St. Thomas and St. Croix E. guttatus spawning aggregations were
remarkably similar despite differences in population structure (Nemeth et al. 2006a).
Examples of species from other locations that migrate upcurrent to spawning sites
include E. guttatus in Bermuda (Luckhurst 1998), E. striatus in the Cayman Islands
(Colin et al. 1987), Lutjanus synagris in Cuba (Garcia-Cagide et al. 2001), Pan-
ulirus ornatus in Papua New Guinea (MacFarlane and Moore 1986), and Penaeus
plebejus in Australia (Ruello 1975). This behavior may be an adaptation to counter
the downcurrent dispersal of eggs, pre-flexion fish larvae, or early-stage decapod
zoeal larvae away from adult habitats, and may function to close these organisms’
life cycles (Sinclair 1988, Claydon 2004).

Garcia-Cagide et al. (2001) provided information on potential functional migra-
tion areas and migratory pathways for two species of snapper in Cuba. Mutton
snapper Lutjanus analis migrate from inner reef areas along the north coast of the
Cuban shelf to certain reef promontories. L. analis are believed to migrate from
Archipielago Los Canarreos west along the shelf to aggregate at Cabo Corrientes, a
distance of about 120 km. A second spawning aggregation site, Corona de
San Carlo, receives L. analis adults from eastern and western reef areas which
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Fig. 4.7 Recapture locations (dots within shaded rectangles) of Epinephelus guttatus tagged at
spawning aggregation sites (point where lines converge) on St. Thomas (a) and St. Croix (b), US
Virgin Islands, which are located within the two protected areas shown as polygons. Numbers
along radiating lines indicate total recaptured fish within each shaded area. Dashed lines rep-
resent the minimum functional migration area in which trophic interactions occur for migrating
E. guttatus before, during, and after spawning (modified from Nemeth et al. 2007, with permission
from Springer)
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Fig. 4.8 Migratory pathways of adult Lutjanus synagris (large arrow) to primary spawning site
(stippled area) and potential larval pathways (small arrows) into nearshore shallow-water areas of
eastern Golfo de Batabanó, Cuba. Dashed line shows edge of Golfo de Cazones channel and white
areas with scalloped edges indicate coral reefs (modified and reprinted from Garcia-Cagide et al.
2001 with permission)

encompass a functional migration area of at least 90 km2 (Fig. 4.8). Lane snapper L.
synagris migrate upcurrent from broad shallow areas of eastern Golfo de Batabanó
to the western edge of Golfo de Cazones, where they aggregate to spawn (Fig. 4.9).
Based on current patterns and ichthyoplankton surveys (references in Garcia-Cagide
et al. 2001), these spawning sites may facilitate retention of larvae in oceanic
waters near the shelf edge so that postlarvae can return to coastal waters close
to their point of origin (Figs. 4.8, 4.9). Tarpon (Megalops atlanticus) which typi-
cally occupy inshore lagoons or coastlines where there is an abundance of bait fish,
have been reported to migrate up to 25 km offshore to form spawning aggregations
(Crabtree 1995, Garcia and Solano 1995). Leptocephali larvae of M. atlanticus in
the Caribbean, and probably M. cyprinoides of the Indo-West Pacific (Coates 1987),
then migrate to mangrove estuaries where they metamorphose into juveniles (Zerbi
et al. 1999).

Resident aggregations migrate shorter distances between home ranges and
spawning sites, and therefore have smaller functional migration areas. In a detailed
acoustic study, Zeller (1998) found that Plectropomus leopardus typically migrated
from 0.2 to 11 km to one of four known spawning sites around Lizard Island, Great
Barrier Reef. Three other tagged fish, however, were later recaptured on outlying
reef areas 3–11 km away and presumably made only a single trip to the spawning
site. According to the results of this study, P. leopardus, which was classified as a
resident rather than transient spawner (Domeier and Colin 1997), may actually use
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Fig. 4.9 Migratory pathways of adult Lutjanus analis (large arrows) to primary spawning site
(stippled area), potential dispersal of eggs and larvae (medium arrows) along shelf, and recruitment
of juveniles (thin arrows) into nearshore areas of northwestern Cuba at Corona de San Carlos.
Spiked line indicates shelf edge and white areas with scalloped edges indicate coral reefs (modified
and reprinted from Garcia-Cagide et al. 2001 with permission)

both strategies. Based on the reported migration distances and the high degree of
spawning site fidelity, the functional migration area for P. leopardus was calculated
to range from at least 5 km2 for fish remaining on the Lizard Island shelf (resident
spawners) to at least 80 km2 for fish migrating from outlying reef areas (transient
spawners?). Members of the Acanthuridae assemble aggregations of 6,000–20,000
fish each evening from a functional migration area of several square km (Colin and
Clavijo 1988, Robertson et al. 1990, Kiflawi et al. 1998).

Appendices 4.1 and 4.2 list available data for most resident and transient aggrega-
tions for which some information is available on the spawning site, spawning aggre-
gation size, migration distance, and functional migration area. There are many other
species that form spawning aggregations for which spatial data are limited or do not
exist. The limited information on migration distances to spawning aggregation sites
for other fish families or decapods (Appendices 4.1, 4.2) highlights the need for
more research in this important area. Existing information for most of these species
can be accessed via the Society for the Conservation of Reef Fish Aggregations web
site (http://www.scrfa.org/). All other species which pair spawn within their feeding
territories and do not migrate, such as Sparisoma viride (van Rooij et al. 1996) were
not included.
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4.6 Trophic Interactions of Spawning Aggregations

The migration of fish to spawning aggregation sites provides an important compo-
nent of connectivity across habitats. Besides the spatial and temporal fluctuations in
fish biomass associated with resident and transient spawning migrations, the effect
of these fishes on local food webs along their migratory pathways and at spawn-
ing sites has rarely been examined. The large-scale movements of spawning pop-
ulations, especially predatory transient aggregating species, will have the effect of
coupling local food webs within their functional migration areas (McCann et al.
2005). For example, the functional migration area of a spawning population of red
hind (Epinephelus guttatus), a 30–50 cm long fish, is about 100–500 km2, which is
equivalent to the largest scale of food webs of top predators such as lions or sharks
(Brose et al. 2005).

Several potential differences exist between the ecological effects of resident
and transient aggregations at spawning aggregation sites. Resident aggregations are
characterized by relatively rapid migrations of herbivorous or omnivorous species
(i.e., Acanthuridae, Scaridae, Labridae) to spawning sites where they spend a few
hours each day in courtship and spawning before returning to home sites. Many res-
ident aggregating species such as the parrotfishes and wrasses show spawning activ-
ity year-round, while others (i.e., surgeonfishes) show seasonal patterns (Fishelson
et al. 1987, Colin and Clavijo 1988). Resident aggregations are not known to feed
during migration or spawning, but occasionally some individuals within an aggre-
gation of the parrotfish Sparisoma rubripinne were observed grazing on benthic
algae between spawning rushes (Randall and Randall 1963). Since resident aggre-
gations do not require food resources during brief spawning episodes, they most
likely contribute to local food webs through predation on spawning adults at spawn-
ing aggregation sites and possibly along migration routes, and predation on their
newly released eggs (Fig. 4.10).

Successful predation attempts on spawning aggregations seem to be quite vari-
able depending upon the species and location, but appear to be less common within
the Caribbean (Colin and Clavijo 1988, Robertson et al. 1999) than in the Indo-
Pacific (Robertson 1983, Moyer 1987, Sancho et al. 2000a). Robertson (1983)
observed sharks (Carcharhinus melanopterus), groupers (Cephalopholis argus),
snappers (Lutjanus bohar), and jacks (Caranx melampygus) attacking a spawning
aggregation of Acanthurus nigrofuscus in Palau. Sharks have also been reported
to attack spawning aggregations of mullet (Crenimugil crenilabus) in Enewe-
tak and Naso literatus in Palau (Johannes et al. 1999). Spawning aggregations
of Sparisoma rubripinne were occasionally attacked and captured by barracuda
(Sphyraena barracuda) and kingfish (Scomberomorous cavalla) (Randall and
Randall 1963). Predation events are probably more common than has been doc-
umented because the presence of divers will influence the behavior of both the
aggregating species and potential predators (RS Nemeth pers. observ.). Detailed
observations by Sancho et al. (2000a) at Johnston Atoll recorded 254 attacks by
Caranx melampygus (Carangidae) and Aphareus furca (Lutjanidae) on five group-
spawning species: Chlorurus sordidus, Scarus psittacus (Scaridae), Acanthurus
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Fig. 4.10 Hypothetical interactions with local food webs within functional migration area, along
migration route, and at spawning aggregation site. Resident aggregations, composed of herbiv-
orous and omnivorous species, typically do not feed during migration or spawning so net flow
of energy is from spawning adults and newly released eggs into local food webs via predation.
Transient aggregations, composed of piscivores and other carnivores, may feed along migration
route and at spawning aggregation site. Due to the large body size of transient aggregation species,
predation along their migration routes may be minimal. However, concentrations of top predators
(e.g., sharks) and planktivores at spawning sites may balance net energy flow between aggregating
species and local food webs

nigroris, Zebrasoma flavescens, and Ctenochaetus strigosus (Acanthuridae). The
majority of attacks (93%) were directed toward the two most abundant species
(Chlorurus sordidus and A. nigroris) and occurred during spawning rushes (83%) or
courtship (17%), but with no attacks observed on feeding or migrating fish (Sancho
et al. 2000a). Both predators averaged 4% success rate in capturing spawning fish
and preferred to attack group spawns containing more than four fish.
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Egg predation rates on resident spawning aggregations can also be quite vari-
able depend upon aggregating species and spawning location (Robertson 1983,
Craig 1998). Sancho et al. (2000a) found that two triggerfish, Melichthys niger and
M. vidua, were the most common egg predators on Johnston Atoll. These plankti-
vores would quickly approach and bite within the center of a newly released gamete
cloud. Attacks occurred more commonly during dusk (71%) and were directed at
pair spawns (7.5%) more often than group spawns (0.3%). This is in contrast to
Robertson (1983) who reported egg predators preferred attacking gamete clouds
of group spawning (27–42%) rather then pair spawning (4–5%) Acanthuridae. The
preference of the triggerfishes for attacking pair spawning species (Aulostomus chi-
nensis, Ostracion meleagris, and Bothus mancus) may have been related to the large
size of their eggs (>14 mm3) compared to the other three species (Parupeneus bifas-
ciatum, Chlorurus sordidus, and Acanthurus nigroris) whose egg volumes were
considerably smaller (<3 mm3) (Sancho et al. 2000a). Moreover the egg preda-
tors that Robertson (1983) observed consisted of a diverse group of planktivores
including Pomacentridae (Abudefduf saxatilis, Chromis caerulea, C. atripectoralis,
Ambliglyphidodon curacao), Labridae (Thalassoma hardwicki, T. amlbycephalus),
Lutjanidae (Caesio coerulaureus, C. erythrogaster, C. lunaris, Pterocaesio chryso-
zonus), Scombridae (Rastrelliger kanagurta), Balistidae (Melichthys vidua), and
two unidentified species within Exocoetidae and Dussumieridae.

Transient aggregations, on the other hand, are characterized by carnivorous and
piscivorous species that can migrate considerable distances and spend several days
to weeks at a spawning aggregation site. During this time, fish within transient
aggregations may continue to feed along migration routes and in habitats surround-
ing the spawning aggregation site, and therefore may have a significant impact on
local food webs (Fig. 4.10). Johannes et al. (1999) observed aggregating Plec-
tropomus areolatus occasionally attacking schools of small caesionids in Palau.
Between spawning peaks about 10–15% of the Epinephelus guttatus spawning pop-
ulation (both males and females) remain on the spawning site (Fig. 4.2), while the
remainder move short distances (<1,000 m) from high density coral reef habitats
to outlying patch reef areas presumably to feed (Nemeth et al. 2007). The gut con-
tents of E. guttatus from spawning aggregations in the Virgin Islands commonly
contain Brachyura (true crabs), Anomura (hermit crabs), and Palinura (lobster)
crustaceans, and small reef fishes such as filefish (Malacanthus tuckeri) and even
juvenile E. guttatus (RS Nemeth unpubl. data). Likewise, Samoilys (1997) sug-
gested the daytime dispersal of a Plectropomus leopardus spawning aggregation
was to feed in surrounding reef areas. This same daytime dispersal pattern has been
observed by Mycteroperca venenosa and E. striatus spawning aggregations, albeit
more extensive (Nemeth et al. 2006b). These two species can swim distances of
1–5 km during the day before returning to the spawning aggregation site by late
afternoon and over 10 km per day between monthly spawning peaks (Fig. 4.11)
(RS Nemeth unpubl. data). M. venenosa stomach contents contain a variety of reef
fishes such as Ocyurus chrysurus, Lutjanus buccanella, E. guttatus, and Clepticus
parrae, whereas E. striatus guts contain mainly crustaceans such as the red banded
lobster (Justitia longimanus), but it is unclear when or where feeding takes place (RS
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Fig. 4.11 The Marine Conservation District (MCD) and the Grammanik Bank (GB) are two
marine protected areas that were established in the US Virgin Islands. A 2007 acoustic study was
conducted to determine if the boundaries of the GB are appropriately placed to protect a multi-
species spawning aggregation site (�). The first year of tracking Nassau (Epinephelus striatus) and
yellowfin (Mycteroperca venenosa) grouper movements revealed that fish frequently swam outside
the protected area during daily and weekly movements associated with the spawning aggregation,
thus making them vulnerable to fishing mortality. These data suggest that the GB boundaries need
to be expanded north to encompass daily movements associated with spawning and west to provide
a safe migration corridor between the GB and MCD

Nemeth pers. observ.). However, when ovaries become hydrated, feeding ceases and
M. venenosa and other aggregating species rarely take baited hooks or enter baited
traps (Beets and Friedlander 1999, RS Nemeth pers. observ.). In other species such
as P. leopardus, males may not feed during spawning since they are defending terri-
tories for incoming females and thus become very thin by the end of the aggregation
period (Y Sadovy, University of Hong Kong, China, pers. comm.).

Predation on transient aggregations has been recorded in a number of studies.
Johannes et al. (1999) observed a large (85–90 cm) Epinephelus fuscoguttatus eat
a 50–55 cm long E. polyphekadion, both of which were aggregating in the same
location in Palau. Sharks have also been reported attacking transient aggregations
of E. guttatus, E. striatus, Mycteroperca venenosa, and M. tigris (Olsen and LaPlace
1978, Nemeth 2005). The number and variety of large predators (i.e., sharks:
Ginglymostoma cirratum, Negaprion brevirostrus, Caracharhinus perezii, and
C. limbatus; cubera snappers: Lutjanus cyanopterus; and moray eels: Gymnotho-
rax funebris) are more common during spawning aggregations of E. guttatus in
the Virgin Islands than at other times (Nemeth 2005). Colin (1992) observed two
bull sharks (Carcharhinus leucas) following a group of 500 E. striatus which
were presumably migrating to their spawning aggregation site. In a recent acous-
tic tagging study in the Virgin Islands, lemon (Negaprion brevirostris) and tiger
(Galeocerdo curvier) sharks were detected more frequently at E. guttatus and
M. venenosa spawning sites during the week of spawning than at other times
(B Wetherbee, M Shivji, and RS Nemeth unpubl. data), suggesting that feeding



4 Dynamics of Reef Fish and Decapod Crustacean Spawning Aggregations 103

migrations of predators may be synchronized with the seasonal spawning activity
of transient aggregations. This is certainly the case in Belize, where eggs of L.
cyanopterus and L. jocu are eaten by whale sharks (Rhincodon typus), yellowtail
snapper (Ocyurus chrysurus), rainbow runner (Elagatis bipinnulata), and Atlantic
spadefish (Chaetodipterus faber) (Heyman et al. 2001, Heyman et al. 2005). R.
typus may undergo large-scale migrations and converge in large numbers to take
advantage of this temporally patchy supply of fish eggs (Heyman et al. 2001, Hoff-
mayer et al. 2007). Samoilys (1997) observed planktivorous Caesio spp. frequently
feeding on the eggs of P. leopardus with egg predation occurring on 27% of the
spawning rushes. Aguilar-Perera and Aguilar-Davila (1996) reported small reef fish
(i.e., Thalassoma bifasciatum, Clepticus parrai, Sparisoma viride, and Melichthys
niger) becoming more numerous just prior to E. striatus aggregations in Mexico. On
April 12, 2007, between 18:13 and 18:30 hrs, L. jocu, L. analis and Elegatis bipin-
nulata were observed feeding on newly released eggs of M. venenosa (RS Nemeth
pers. observ.).

Based on the observations described above, transient aggregations not only
extract resources but may also make a significant contribution to local food webs
(Fig. 4.10). While they may incur lower mortality rates during migration due to their
larger body size, the length of time they spend at spawning aggregation sites seems
to attract a greater abundance of potential piscivorous and planktivorous predators
that feed on high concentrations of spawning adults and eggs. The interactions
between species that form spawning aggregations and the local food webs along
migration routes and at spawning sites is poorly understood and requires further
investigation. These types of studies will allow the construction of functional migra-
tion area maps for commercially important species and enhance our understanding
of how spawning aggregations function within tropical ecosystems.

4.7 Summary and Future Directions

The majority of tropical reef fishes that form spawning aggregations migrate from
inshore feeding areas to offshore spawning sites. Several reef fish families (i.e.,
Sparidae, Siganidae) and some decapod crustaceans which inhabit estuaries or man-
groves as adults, migrate to coastal waters to spawn. A few species even migrate
from coastal areas into shallow lagoons or freshwater systems for reproduction (i.e.,
Carcharhinidae, Pangasiidae, Rhincodontidae, Siganidae). Within the largest group
of reef fishes undergoing spawning migrations, several general patterns emerge:
(1) most species that migrate to traditional aggregation sites are pelagic spawners
(exceptions include Balistidae and Siganidae), (2) spawning sites usually occur, but
not always, on a submerged promontory at the outer edge of a reef, island, or shelf or
at the mouth of a channel, near deep water, (3) migration and spawning of resident
aggregations are often synchronized with tidal cycle and spawning tends to occur in
the late afternoon or at high slack tide just before outgoing tides are strongest, (4)
migration and spawning of transient aggregations are often synchronized around the
new or full moon and spawning tends to occur at dusk, and (5) seasonal spawning
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peaks often correspond to when water temperature is near its annual minimum and
oceanic currents are weakest.

While these patterns are synchronized with specific environmental cues and can
be highly predictable in space and time, very little is known about the levels of con-
nectivity in terms of the degree of larval dispersal or retention from spawning aggre-
gation sites or the trophic interactions of resident and transient aggregations during
migration and spawning. Using drifter vials, Domeier (2004) estimated that larvae
from a Lutjanus analis spawning aggregation site in the Dry Tortugas may disperse
over 500 km of coastline from the Florida Keys to Southeast Florida. Evidence for
larval retention is also increasing (Jones et al. 1999, Swearer et al. 1999, Paris and
Cowen 2004), but many questions still remain. For instance, to what extent do loca-
tion, timing, and duration of spawning aggregations determine annual reproductive
outputs and profiles of larval settlement events (Sadovy 1996)? More information
is needed on synchrony or coupling of spawning with the physical oceanographic
features at a spawning aggregation site (Nemeth et al. 2008) and the behaviors of
late-stage larvae under different hydrographic conditions (Cowen 2002).

The timing and duration of a spawning aggregation and the degree of connectiv-
ity among habitats will influence the impact of aggregating species on trophic inter-
actions at spawning sites and in areas through which they migrate. Reef fishes that
migrate from feeding grounds to spawning aggregation sites will connect spatially
distinct food webs across variable time scales. The level of interaction with these
local food webs will be a function of the migrating species’ trophic level and ecolog-
ical requirements during migration and spawning, and the length of time they reside
within the spawning aggregation area. Very little information exists on how other
non-aggregating resident species (either predators or prey) respond to the spatial and
temporal changes in trophic linkages caused by spawning aggregations. These gaps
in knowledge lead to a number of testable hypotheses. For example, highly mobile
predators may take advantage of spatial and temporal increases in prey abundance
at spawning aggregation sites (Sancho et al. 2000a, Heyman et al. 2001). Does the
feeding behavior of large predators, such as sharks, track the seasonal spawning
patterns of aggregating species? Does the abundance of egg-feeding planktivores
increase at spawning sites when spawning aggregations form? Alternatively, do prey
species, which reside at the spawning aggregation sites of groupers and snappers,
experience significantly higher mortality rates when aggregations are present than
at other times of the year? If so can these smaller prey species temporarily emigrate
away from spawning sites used by piscivorous species? The convergence of multiple
species at spawning aggregation sites increases the complexity of these interactions
and requires more detailed observations and new approaches. Is there a dominance
hierarchy at multi-species spawning aggregations sites with the more aggressive
species occupying higher-quality spawning habitat than subordinate species? At the
Gammanik Bank, US Virgin Islands, the dominance hierarchy, based on observed
interspecific aggression, seems to be as follows: Lutjanus cyanopterus > Myc-
teroperca venenosa = Epinephelus striatus > M. tigris (RS Nemeth pers. observ.).
The dominance hierarchy at a multi-species grouper spawning aggregation site in
Pohnpei, Micronesia, may be as follows: Plectropomus areolatus > Epinephelus
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fuscoguttatus > E. polyphekadion (Rhodes and Sadovy 2002), although inter-
specific acts of aggression may differ among locations (Robinson et al. 2008). More
extensive surveys and behavioral observations at spawning aggregation sites before,
during, and after spawning may reveal complex predator–prey dynamics and inter-
specific interactions that occur among aggregating species and resident and transient
fish populations.

The ecological role of local food webs to the functioning of spawning migrations
and aggregations is a completely unexplored area of research but is important for
understanding and managing coral reefs at the ecosystem level. For example, do
transient aggregations function more effectively and have greater reproductive out-
put in areas which contain robust and intact food webs versus areas where food webs
have been disrupted or prey populations depleted through fishing activity or habitat
loss? More detailed comparisons of fish and invertebrate assemblage structure and
food web linkages at aggregation and non-aggregation sites, and inside and outside
permanently or seasonally protected areas, would be beneficial to understanding the
role that trophic integrity has on population characteristics and reproductive success
of aggregating species (Molloy et al. 2008).

The short duration and concentrated site-specific nature of spawning aggrega-
tions makes them very vulnerable to even moderate fishing pressure (Sadovy and
Domeier 2005). Worldwide greater than 25% of all known spawning aggregations
have either disappeared or are in decline and the status of an equal number of
aggregations remains uncertain (Sadovy de Mitcheson et al. 2008). Declines in
catch per unit effort and fish size are some of the first signs of an aggregation in
decline (Beets and Friedlander 1992, Graham et al. 2008) and many aggregations
have been eliminated entirely (Olsen and LaPlace 1978, Sadovy 1997, Sadovy and
Eklund 1999, Sala et al. 2001, Aguilar-Perera 2006). Aggregation fishing contin-
ues throughout the world even though the benefits of protecting spawning aggre-
gations sites for rebuilding breeding populations and/or improving fisheries have
been documented for several reef fish species (Burton et al. 2005, Nemeth 2005).
In the US Virgin Islands, a 40 km2 Marine Conservation District was created to
protect an Epinephelus guttatus spawning aggregation site that showed evidence of
overfishing (Beets and Friedlander 1992). After 10 yrs of seasonal closure and 5
yrs of permanent protection, the E. guttatus spawning population showed signifi-
cant increases in fish length, biomass, and density, and improved sex ratios (Nemeth
2005), and now is more abundant in the local fishery than before the closure (Pickert
et al. 2006). Spawning sanctuaries and migration corridors have also been estab-
lished for female blue crabs at a number of locations in the southeastern USA, and
range in size from 18 to 2,400 km2 (Lipcius et al. 2003). The benefits of these pro-
tected areas for migrating decapod crustaceans have yet to be determined. Since
spawning aggregations may represent the primary source of reproductive effort for
aggregating species, eliminating an aggregation may severely deplete the local pop-
ulation, hinder its ability to recover, and disrupt potentially important connections
among coral reef habitats. Protecting spawning aggregations will require a detailed
understanding of the movement and habitat-use patterns associated with aggregating
species.
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As Appendices 4.1 and 4.2 illustrate, spawning aggregation research is still in
its infancy. The first step in filling some of these gaps is to establish well-designed
tagging studies. Tagging and releasing fish at spawning aggregation sites, and then
waiting for fishermen to recapture fish and return tags, is a useful way of deter-
mining migration distance and direction, finding resident habitats, and calculating
catchment and functional migration areas so long as two assumptions are met: (1)
fishermen provide accurate information on recapture location, and (2) enough time
elapsed to ensure that a tagged fish had reached its home site before it was recap-
tured. Two factors that reduce the reliability of this method are: (1) fishermen do not
participate in the study, and (2) most tag returns will be from locations where fishing
effort is greatest leaving potential gaps in the spatial data. Acoustic studies provide
more detailed information on frequency and timing of migration, small-scale move-
ment patterns, habitat use, and length of time an individual fish spends at a particular
site, and can contribute greatly to our understanding of a species functional migra-
tion area. However, determining directionality of movement can be difficult unless
an appropriate acoustic receiver array is established (Domeier 2005), and the high
cost of acoustic tags and receivers limits the number of fish that can be tagged and
the area of reef that can be covered. Despite the weaknesses of these two methods,
useful information can be obtained on the spatial and temporal aspects of migra-
tion which will be of great value for managing spawning aggregations (Rhodes and
Tupper 2008).

Although the approximate location of many spawning aggregations is known,
little information is available on the migration or movement patterns associated
with aggregating species or the area occupied by fishes during spawning, courtship,
or between spawning peaks (Nemeth 2009). This lack of information often results
in the boundaries of proposed closures being drawn arbitrarily on a chart. These
management initiatives are often rejected by local fishermen, who argue that the
size of the proposed protected area is inappropriate. Another benefit of a well-
designed acoustic tagging study is that the resulting spatial data can be used to
identify migration corridors and determine biologically-relevant marine protected
areas (Fig. 4.11), which maximize protection of aggregating species while mini-
mizing economic impact of artisanal and commercial fishers. Several useful and
inexpensive techniques and methodologies for mapping migration pathways and
spawning aggregation areas on bathymetric and benthic habitat maps have been
developed (Colin et al. 2003, Heyman et al. 2005). For deep reef or large geographic
areas more sophisticated and expensive side-scan sonar and multi-beam technolo-
gies need to be employed (Rivera et al. 2005). This information will be critical for
(1) identifying migration corridors and establishing boundaries of fishery protected
areas, (2) estimating functional migration areas, (3) delineating potential subpop-
ulations based on spawning aggregations, and (4) developing new ecosystem-level
management approaches. Finally, understanding the degree of dispersal and reten-
tion of gametes from spawning aggregations and subsequent recruitment patterns
(see Chapter 6) are essential for determining levels of connectivity among tropical
coastal ecosystems. Developing novel techniques and methodologies which exam-
ine the full life cycle of aggregating species will result in informed management
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decisions that will increase compliance and effectiveness of fishery regulations
while minimizing the economic impact on commercial fishers.
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Chapter 5
The Senses and Environmental Cues Used
by Marine Larvae of Fish and Decapod
Crustaceans to Find Tropical Coastal
Ecosystems

Michael Arvedlund and Kathryn Kavanagh

Abstract Almost all demersal tropical teleost fishes have pelagic larvae that may
disperse, in common with most tropical marine decapod larvae. The degree to which
behavior and sensory abilities of the larvae influence or control dispersal, and thus
the spatial scale of connectivity, is largely unknown, but emerging evidence indi-
cates that this influence is large. Until recently, the established opinion was that the
sensory abilities of tropical larval fishes and decapods were mainly irrelevant for
the location of the first benthic settlement habitat. However, an increasing number
of studies show that pre-settlement coral reef fishes are not only capable swim-
mers but also show directed swimming in relation to the location of nearby relevant
habitat. Many species of tropical decapod larvae and postlarvae also seem capable
of detecting environmental habitat cues and may use this ability to move toward a
suitable habitat. In this chapter, we review studies on the topics of senses and envi-
ronmental cues used by marine fish and decapod crustacean larvae to find tropical
coastal ecosystems.

Keywords Behavioral ecology · Settlement mechanisms ·Navigation ·Orientation ·
Sensory ecology

5.1 Introduction

Tropical marine demersal teleost fishes and decapod crustaceans typically have
complex life histories, beginning with a benthic or pelagic embryonic phase, fol-
lowed by a pelagic larval phase, and then a return to the benthos for a juvenile-adult
phase (Montgomery et al. 2001, Kingsford et al. 2002, Leis and McCormick 2002,
Jeffs et al. 2005, Anger 2006). Because the population-level connectivity between
tropical benthic habitats, e.g., coral reefs, estuaries, mangroves, and seagrass beds,
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depends to a large extent on pelagic larval movements between locations, research
on larval capabilities and environmental cues mediating the transition between
pelagic and benthic phases has received increasing attention in the past decade.
Many late-stage larvae are competent swimmers (Jeffs et al. 2005, Leis 2006,
2007). However, competent swimming is only effective for finding suitable habi-
tat if larvae also possess navigational capabilities. Evidence that fish and decapod
larvae actively orientate is rapidly emerging. Here we review some of the latest
research on orientation, early sensory development, and the role of specific envi-
ronmental cues in the recruitment process of fish and decapods in tropical marine
ecosystems.

Demographic connectivity is a key parameter in models of marine population
dynamics and, therefore, in the management of fisheries and marine parks (Cowen
et al. 2000, Kingsford et al. 2002, Leis and McCormick 2002, Jeffs et al. 2005, Leis
2006, 2007 and references therein). Making broad generalizations about larval capa-
bilities in these models would be a mistake, as there is a large range of sizes, ages,
and competence levels among settling fishes and decapods. For example, in decapod
larvae the pelagic phase may last from a few days (Bradbury and Snelgrove 2001)
up to as much as 18 months (Phillips and Sastry 1980). Likewise in fishes, pelagic
phases last from a week in anemonefishes (family Pomacentridae) to more than 120
days in some labrids (family Labridae) (Brothers et al. 1983, Wellington and Victor
1989, Leis and McCormick 2002) and at the extreme end, some porcupine fish (fam-
ily Diodontidae) have a juvenile pelagic phase of more than 64 weeks (Ogden and
Quinn 1984). Such differences have consequences on individual capabilities as well
as the geographic range of connectivity among sites, and as such, they call for using
taxon-specific rather than overarching generalizations about the abilities of pelagic
larvae when modeling connectivity.

The aim of this chapter is to provide a summary of studies on this topic since the
last reviews from 2001 to 2002 (Montgomery et al. 2001, Leis and McCormick
2002, Kingsford et al. 2002, Myrberg and Fuiman 2002). Sound as an orienta-
tion cue for the pelagic larvae of reef fishes and decapod crustaceans was recently
reviewed comprehensively by Montgomery et al. (2006), and therefore we review
this subject only briefly here. Likewise, because of Jeffs et al.’s (2005) review
on how spiny lobster (family Palinuridae) larvae (phyllosomes) and post-larvae
(pueruli) find the coast, we primarily discuss studies published after 2004 on
the use of environmental cues to find tropical ecosystems by crustacean decapod
larvae.

The main message of the last series of reviews from 2001 to 2002 was that
species from many taxa have senses that let them distinguish variation in water
chemistry, sound and vibration, white light gradients, polarized light, current direc-
tion, magnetism, and water pressure. It was reported that some aquatic organisms
can detect multiple cues, and sensory responses are probably widespread; however,
only the visual, olfactory, and auditory senses are known to be functional in the
few (mainly Indo-Pacific) reef fish larvae and decapod crustaceans ever examined.
Generally, the development of the senses of tropical coral reef fishes and decapod
crustaceans is poorly understood. Many potential settlers are efficient swimmers,
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and there is evidence for orientation to stimuli and navigation over short (centime-
ters to meters) and broad (tens of meters to kilometers) spatial scales in these two
groups (Montgomery et al. 2001, Leis and McCormick 2002, Kingsford et al. 2002,
Myrberg and Fuiman 2002).

Of other relevant previous reviews on the issues covered in this chapter, we would
like to mention: Atema et al. (1988) on the sensory biology of aquatic animals, and
Lenz et al. (1997) on the sensory ecology and physiology of zooplankton. Hadfield
and Paul (2001) published a comprehensive review on the issue of natural chemi-
cal cues for settlement and metamorphosis of marine invertebrate larvae. Collin and
Marshall (2003) focused on sensory processing in aquatic environments. A theme
review in the journal Marine Ecology Progress Series (2005) focused on marine sen-
sory biology and how to link the internal and external ecologies of marine organisms
(coordinated and initiated by M Weissburg and H Browman). We also recommend
Levin’s (2006) review on larval dispersal based on insights gained from physical
modeling, chemical tracking, and genetic approaches.

5.2 The Senses

The ability of organisms to use sensory cues at different spatial scales depends
on the presence of relevant sense organs, the sensitivity of those organs, the apti-
tude to decide direction, the behavioral responses to cues, and the mobility of larva
(Kingsford et al. 2002 and references therein). In this section, we review recent
progress of the morphology and neuroanatomy of the senses of tropical fish larvae,
and decapod crustacean zoea and megalopa (i.e., decapod crustacean larvae; see
Hadfield and Paul (2001, p. 435) and Anger (2006) for details about definitions of
decapod crustacean zoea and megalopa).

5.2.1 Olfaction

Olfaction, not taste, is normally involved in remote chemoreception tasks such as
navigation and orientation towards a suitable habitat (Basil et al. 2000). For detailed
information about the olfactory system in adult fish compared to crustaceans, see
Caprio and Derby (2008). For recent reviews on fish chemosenses see, e.g., Hara
(1992, 1994a,b) and Reutter and Kapoor (2005), and for decapod crustaceans see
Derby et al. (2001). In addition, we recommend Farbman’s (1992) comprehensive
review on cell biology of olfaction.

There are four components required for a functional olfactory system in fishes:
(1) olfactory receptor neurons lining the olfactory epithelium, (2) axons from
the olfactory receptor cells forming the olfactory nerve, (3) synaptic connec-
tions between the olfactory nerve fascicles and mitral cells in the olfactory bulb,
and finally (4) connections between mitral cells and the telencephalon (Hara and
Zielinski 1989, Farbman 1992). However, the presence of these four components
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does not say which kinds of odors can be detected and at what concentration. To
address these questions requires electrophysiological (e.g., Wright et al. 2005, 2008)
or behavioral bioassays (e.g., Murata et al. 1986, Kasumyan 2002).

The olfactory epithelium shapes a multi-lamellar olfactory rosette in many adult
teleosts. In Acanthopterygii, there are examples of olfactory epithelia that are flat,
single, double, or triple folded. The olfactory chamber is ventilated with a single
accessory nasal sac in most teleost taxa, whereas the presence of two sacs is con-
fined to species within the Acanthopterygii (Hansen and Zielinski 2005). Three
different types of olfactory receptor neurons are found in the olfactory epithe-
lium: ciliated, microvillous, and crypt. Each type is set with specialized receptors.
G-proteins can be found spread in an apparently overlapping construction in the
olfactory epithelium (Hamdani and Døving 2007). Each type of olfactory recep-
tor neuron expresses a particular class of odorant receptors. The ciliated olfactory
receptor neuron responds to bile salts (hypothetically of significance in fish migra-
tion) and to alarm substances secreted from fish skin, the crypt olfactory receptor
neuron respond to sex pheromones, and the microvillous olfactory receptor neuron
to food odors (Hamdani and Døving 2007). This list of biochemical compounds
to which these receptors respond is based on studies of salmons (Salmonidae),
pacific mackerels (Scomber scombrus, Scombridae), zebrafish (Brachydanio rerio,
Cyprinidae), and goldfish (Carassius auratus, Cyprinidae) (Hamdani and Døving
2007 and references therein).

The axons of the olfactory receptor neurons leave in three bundles via the olfac-
tory bulb to the telencephalon (Hamdani and Døving 2007). Studies in salmonids
(Salmonidae) and cyprinids (Cyprinidae) have shown that both ciliated olfactory
receptor neurons and microvillous olfactory receptor neurons respond to amino
acid odorants (Hansen and Zielinski 2005). Bile acids stimulate ciliated olfac-
tory receptor neurons, and nucleotides activate microvillous olfactory receptor
neurons. G-protein-coupled odorant receptor molecules (OR-, V1R-, and V2R-
types) have been identified in several teleost species (Hansen and Zielinski 2005).
Ciliated olfactory receptor neurons express the G-protein subunit G αolf/s, which
activates cyclic AMP during transduction. Localization of G-protein subunits G α0

and G αq/11 to microvillous or crypt olfactory receptor neurons varies among dif-
ferent species (Hansen and Zielinski 2005). All teleost species appear to have
microvillous and ciliated olfactory receptor neurons (examples of such receptors
in Figs. 5.1e, 5.2b, and 5.6b). The recently discovered crypt olfactory receptor neu-
ron (see Fig. 5.6c) is likewise found broadly (Hansen and Zielinski 2005), includ-
ing at least one species of coral reef fish (Paragobiodon xanthosomus, Gobiidae)
(Arvedlund et al. 2007). There is a surprising diversity of olfactory cell types dur-
ing ontogeny (i.e., some hours after fertilization and in the subsequent stages). In
some species, olfactory receptor neurons and supporting cells derive from placo-
dal cells; in others, supporting cells develop from epithelial (skin) cells. In some
species, epithelial cells covering the developing olfactory epithelium degenerate;
in others, these retract. Similarly, there are different mechanisms for nostril for-
mation (Hansen and Zielinski 2005). Olfactory receptor neurons in fish and crus-
taceans generally have low spontaneous spiking activity, which is more usually
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Fig. 5.1 (a) SEM of the embryonic development of the anemonefish Amphiprion melanopus:
view of whole embryo partly in chorion day seven post-fertilization. The arrow points to the olfac-
tory placode. Scale bar = 100 μm. (b) Embryo day six post-fertilization of the anemonefish A.
melanopus. The depression dominating in the image is a preliminary olfactory placode. Scale bar
= 10 μm. (c) SEM of the snout of the anemonefish A. melanopus day nine post-fertilization, 5 min
post-hatching. The arrow points to the olfactory placode. Scale bar = 100 μm. (d) SEM close-up
of the olfactory placode in (c). Scale bar = 50 μm. (e) Transmission electron microscopy (TEM)
of the same type olfactory receptor neuron as shown in Fig. 5.2b. Scale bar = 4 μm. (f) TEM
overview of neuron bundle from the olfactory placode to the olfactoric bulb next to the forebrain.
Scale bar = 250 μm. OB = olfactoric bulb, ON = olfactoric neuron bundle, OP = olfactory pla-
code. Images from Arvedlund et al. (2000a), with kind permission from the Journal of the Marine
Biological Association of the United Kingdom
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(a)

(c)

(d)

(b)

Fig. 5.2 (a) SEM of larval anemonefish Amphiprion clarkii day six post-hatching. The arrow
points to the olfactory inlet (at the front of the snout) and to the outlet (a little further back).
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increased but sometimes decreased by chemical stimulation (Caprio and Derby
2008). The population of olfactory receptor neurons on an olfactory organ responds
to many chemicals, with small nitrogenous compounds, such as amino acids,
amines, and nucleotides being the most effective. However, individual olfactory
receptor neurons differ in their response specificities, which can be quite narrow
(Caprio and Derby 2008). The response of olfactory receptor neurons increases in
a concentration-dependent manner. Crustacean olfactory receptor neurons can fol-
low pulses of chemicals up to at least four to five per second (Caprio and Derby
2008).

Although the nasal olfactory organs of some fish taxa have been studied for more
than 100 years (reviews in, e.g., Døving et al. 1977, Yamamoto 1982, Hara and
Zielinski 1989, Zeiske et al. 1992, Hara 1994a, b, Hansen and Reutter 2004, Hansen
and Zielinski 2005), in only few taxa have there been studies of their embryoge-
nesis and of their developmental state in larvae and juvenile stages. Apart from a
very brief description of the gross morphology of the olfactory organs in larvae of
the tropical marine milkfish Chanos chanos (Kawamura 1984) there were no pub-
lished morphological studies, to our knowledge, of the olfactory senses of any stages
of tropical shallow-water coral reef fishes until 2000 (Leis and McCormick 2002,
Myrberg and Fuiman 2002).

At least some coral reef fish develop their olfactory organs soon after fertil-
ization (Arvedlund et al. 2000b, Kavanagh and Alford 2003, Lara 2008) almost
as fast as (captive-reared) zebrafish Brachydanio rerio (Cyprinidae) (Whitlock and
Westerfield 2000, Hansen and Zeiske 1993). Embryos of captive-reared anemone-
fish Amphiprion melanopus (Pomacentridae) at day six post-fertilization possess a
preliminary olfactory placode, although without any olfactory receptor neurons vis-
ible by the aid of scanning electron microscopy (SEM) (Arvedlund et al. 2000b,
Figs. 5.1a, b). Right after hatching A. melanopus larvae possess two olfactory pla-
codes, one on each side of the snout (Figs. 5.1c, d) with ciliated olfactory receptor
neurons lining the epithelium among non-sensory cilia (Fig. 5.1e). Neuronal axons
project from the placodes into the olfactory bulb in newly hatched A. melanopus
larvae (Fig. 5.1f) and neuron bundles can be found in the deeper part of the olfac-
tory placode near the basal lamina (Arvedlund et al. 2000b). From another study
with rainbow trout (Salmonidae: Oncorhynchus mykiss), we know that an olfac-
tory organ at this stage of development is likely to be functional (Zielinski and

�
Fig. 5.2 (continued) Scale bar = 2 mm. (b) SEM close-up of an olfactory receptor neuron with
stiff cilia of larval anemonefish A. clarkii day eight post-hatching. Scale bar = 2 μm. (c) SEM
of a part of the olfactory placode of the anemonefish A. melanopus day ten post-fertilization, i.e.,
the day of settling and metamorphosis. Notice several immature olfactory receptor neurons with
stiff cilia in the lower part of the image. At the upper half of the image, shading over some of
the immature olfactory receptor neurons, there are several long slender non-sensory cilia. Scale
bar = 10 μm. (d) SEM overview of the damselfish Chrysiptera cyanea, 5 min post-hatching,
with a visible olfactory placode, indicated by the arrow. Images by Michael Arvedlund, with kind
permission from Reef Consultants



142 M. Arvedlund and K. Kavanagh

Hara 1988). The functional olfactory placode enables newly-hatched A. melano-
pus larvae to use chemical cues for orientation, away from the coral reef, as they
also are able to swim (speed: 12.4 body lengths-1, Bellwood and Fisher 2001),
and to imprint to chemical cues secreted from the host sea anemone of their par-
ents (Murata et al. 1986, Arvedlund and Nielsen 1996, Arvedlund et al. 1999).
In captive-reared larval anemonefish A. clarkii, day six post-hatching, there is an
olfactory inlet leading into the olfactory placode with an outlet nearby further pos-
terior (Arvedlund unpubl. data; Fig. 5.2a). Olfactory receptor neurons are present in
A. clarkii from hatching (Figs. 5.2b, c). Some damselfishes (Pomacentridae) other
than anemonefishes also possess well-developed olfactory placodes at hatching
(Fig. 5.2d).

It is currently poorly understood whether species that have a slow larval develop-
ment also develop their olfactory organs slowly, compared to, for example, the fast
developing damselfishes. However, a preliminary study of the slow developing nurs-
ery species, the spangled emperor Lethrinus nebulosus (Lethrinidae) was recently
conducted (Arvedlund unpubl. data). In L. nebulosus, the mouth does not open
until several days after hatching, contrary to damselfishes, and the larval phase is
longer (six weeks) than for damselfishes (from a few days to 1–2 weeks). However,
at hatching the L. nebulosus larvae have olfactory placodes with ciliated olfactory
receptor neurons in the olfactory epithelium (Arvedlund unpubl. data), suggesting
an early functioning olfactory system despite delayed development in other systems.
Since the olfactory system is functional even prior to the larvae needing to find prey
(i.e., the mouth is not open), one might speculate that early olfaction may be needed
for another purpose, such as orientation towards a suitable habitat.

Kavanagh and Alford (2003) conducted a comparative study of rates of growth
and development of captive-reared larvae of four coral reef damselfishes (Fig. 5.3):
Chromis atripectoralis, Pomacentrus amboinensis, Premnas biaculeatus, and Acan-
thochromis polyacanthus (all Pomacentridae). They found that the rate of olfac-
tory development (Fig. 5.4) was remarkably consistent among species that settled
at very different ages and sizes, suggesting olfaction capability is not tightly cor-
related with settlement or any particular habitat. The clear exception was Premnas
biaculeatus, an anemonefish whose olfactory development started earlier and devel-
oped at an intrinsically faster rate the other three damselfishes (Figs. 5.4, 5.8). The
authors suggested that this exceptionally early olfactory development may be an
adaptation to facilitate the host-imprinting phenomenon of newly hatched anemone-
fishes (Arvedlund and Nielsen 1996, Arvedlund et al. 1999, Arvedlund et al.
2000a, b).

Recently, Lara (2008) examined the peripheral olfactory system of wild-caught
late-stage larvae, early juveniles, and some adults of 14 species of Caribbean wrasse
(Labridae), parrotfishes (Scaridae), and damselfish (Pomacentridae) by the aid of
SEM. The separation of the anterior and posterior nares occurred before settlement
in the labrids but, in some specimens of scarids, this separation was not complete
by the time of settlement. It is generally believed that the olfactory receptor sites
in fishes are located on the membranes of olfactory cilia (Hara 1994b). There-
fore, an increase in the density of receptors, and/or of the total area covered by
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(c)
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Fig. 5.3 Hatchlings of four Pomacentridae species displaying the range of variability in develop-
mental stage at hatching within the family: (a) Chromis atripectoralis, (b) Pomacentrus amboinen-
sis, (c) Premnas biaculeatus, and (d) Acanthochromis polyacanthus. The egg stage durations of
these species are (in order) 2, 4, 7, and 16 days at 28 ◦C. From Kavanagh and Alford (2003), with
kind permission from Wiley-Blackwell Publishing

receptors increases the total receptive area of the olfactory epithelium. Densities of
ciliated receptor cells in several reef fish (Labridae) larvae studied by Lara (2008)
ranged from 0.389 μm-2 in juvenile Thalassoma bifasciatum to 0.0057 μm-2 in
juvenile Bodianus rufus, and of microvillous receptor cells from 0.038 μm-2 in
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Fig. 5.4 Developmental rates of the olfactory systems of four pomacentrid species from fer-
tilization until settlement. Linear regression lines are shown for each species. Age = days after
fertilization. Embryos and larvae were reared in the laboratory at 28 ◦C. Stages for each develop-
mental measure are based on the following external morphological traits: 1. Thin row of cilia, 2.
Broad stripe of cilia, 3. Round patch of cilia, 4. Pit formation starts, 5. Shallow single pit, 6. Deep
single pit, 7. Elongation of pit, 8. Pit division starts ‘pinching in’, 9. Nares divided, suture visible,
10. Nares cleanly divided, 11. Asymmetry, one opening enlarges. Figure modified from Kavanagh
and Alford (2003), with kind permission from Wiley-Blackwell Publishing

a Clepticus parrae juvenile to 0.266 μm-2 in a juvenile Doratonotus megalepis.
In comparison, fishes known to be highly sensitive to olfactory cues, such as the
European eel Anguilla anguilla (Anguillidae) have an olfactory receptor density of
0.075 μm-2. The cherry salmon Oncorhyncus masou (Salmonidae), known for their
migratory long distance navigational abilities involving olfactory senses, have an
olfactory receptor density of 0.110 μm-2 (Yamamoto 1982). The labrid larvae have
even higher densities of olfactory receptors than these highly sensitive taxa, and
Lara (2008) concluded that the olfactory organ in labrids is well developed prior to
settlement and is comparable to that of adults.

Late stage pelagic larvae and newly-settled reef fishes have well-developed olfac-
tory organs (Atema et al. 2002, Arvedlund and Takemura 2006, Arvedlund et al.
2007, Figs. 5.2, 5.5, 5.6). Atema et al. (2002) conducted a comprehensive study
that, among other results, showed that wild-caught, late-stage, pelagic larvae of the
cardinalfishes Apogon guamensis (10 and 11 mm standard length (SL)) and A. doed-
erleini (10.5 and 12 mm SL) (Apogonidae) contain well-developed noses with in-
and outflow nares and accessory sacs typical for efficient nose ventilation. The olfac-
tory rosette consists of 2–3 lamellae covered with sensory epithelium, innervated by
olfactory nerves connecting them to prominent olfactory bulbs, rostral-ventral to the
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(a)

(b)

Fig. 5.5 (a) SEM of the
intact snout of a newly
metamorphosed juvenile
Paragobiodon xanthosomus.
OC = olfactory chambers,
E = eye, M = mouth,
CLLS = cephalic lateral line
system. Scale bar = 500 μm.
(b) SEM of the inlet (I) and
outlet (O) to the nasal cavity.
Scale bar = 200 μm.
Classification of the inlet and
the outlet is based on
morphology of other fish
species (Zeiske et al. 1992).
Images from Arvedlund et al.
(2007), with kind permission
from Elsevier

telencephalon. By micropipetting small dye clouds near an inflow naris of unanaes-
thetized apogonids (Apogon sp. 12–15 mm SL), Atema et al. (2002) showed that the
cardinalfish larvae inhale continuously: puffs of dye emerged from the outflow naris
synchronous with 3–4 Hz gill ventilation movements.

Arvedlund and Takemura (2006) examined the morphology and neuroanatomy
of the olfactory organs of captive-reared spangled emperors Lethrinus nebulosus
(Lethrinidae) at day 53 post-hatching, i.e., one week after metamorphosis. L. nebu-
losus exhibited a well-developed pair of nasal olfactory organs, positioned in nares
on the dorsal side of the head. These organs were elliptical radial rosettes, one in
each of the olfactory chambers, each comprising 12 lamellae, six on each side of
a midline raphe, which were totally covered with sensory and non-sensory cilia,
except for the margins. This type of cilia distribution is thought to indicate an acute
sense of olfaction (Yamamoto 1982).
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(a)

(b) (c)

Fig. 5.6 (a) Light
microscopy of the snout of a
newly metamorphosed
juvenile Paragobiodon
xanthosomus. OP = olfactory
placode, S = snout, FB =
forebrain. Magnification =
×40. (b) TEM of parts of the
olfactory placode. MV =
olfactory receptor neuron
with microvilli attached to the
dendritic knob, CI =
olfactory receptor neuron
with cilia attached to the
dendritic knob. Scale bar =
2 μm. (c) TEM of a crypt
olfactory chemoreceptor
(CORN). Scale bar = 2 μm.
Images from Arvedlund et al.
(2007), with kind permission
from Elsevier

Arvedlund et al. (2007) examined the peripheral olfactory organ in newly meta-
morphosed coral-dwelling gobies Paragobiodon xanthosomus (Gobiidae) (SL ±
standard deviation = 5.8 ± 0.8 mm, N = 15) by the aid of electron microcopy
(scanning and transmission) and light microscopy (Figs. 5.5, 5.6). Two bilateral
olfactory placodes were present in each fish. They were oval-shaped and located
medio-ventrally, one in each of the olfactory chambers. Each placode had a contin-
uous cover of cilia. The placode epithelium contained three different types of olfac-
tory receptor neurons: ciliated, microvillous, and crypt cells. The latter type was
rare. After a pelagic larval phase, P. xanthosomus settle to the reef and form an obli-
gate association with one species of coral, Seriatopora hystrix. Based on the field
studies by Sweatman (1985) and Elliott et al. (1995), which showed that some dam-
selfish recruits can detect and orientate towards their microhabitat at short distances
(less than ten meters: Elliott et al. 1995) by the aid of conspecific or microhabitat
olfactory cues, and a recent study by Arvedlund (unpubl. data) of the morphol-
ogy of the olfactory organs of anemonefish larvae (Fig. 5.2a–c), the well-developed
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olfactory organs of P. xanthosomus likely enable larvae to detect chemical cues on
short distances (<10 m) and may assist in navigating towards and selecting appro-
priate coral habitat at settlement.

In summary, recent studies show that coral reef fish larvae develop their olfac-
tory organs rapidly (including olfactory receptor neurons). This developmental pat-
tern includes both species with a short larval phase (i.e., from 1 to 2 weeks)
such as anemonefishes (Pomacentridae) and coral gobies (Gobiidae) as well as
some species with a prolonged larval phase (i.e., >2 weeks) such as emper-
ors (Lethrinidae) and wrasses (Labridae). However, this conclusion is based on
few studies and includes studies of captive-reared rather than wild-caught fishes.
Captive-reared larval fishes may hypothetically develop deformed olfactory organs:
Mana and Kawamura (2002) found that captive-reared red sea bream Pagrus major
and black sea bream Acanthopagrus schlegelii (Sparidae), developed an abnormal
nasal opening and irregularities in the distribution patterns of the olfactory receptor
neurons.

Methodological bias in studying such delicate organ development must be con-
sidered in future studies. For example, SEM does not always reveal every olfac-
tory receptor neuron, with some remaining hidden underneath the numerous long
non-sensory cilia (Arvedlund unpubl. data, see also Fig. 5.2c). Studies using trans-
mission electron microscopy and immunocytochemistry against olfactory-receptor-
coupled G-proteins should be included (Belanger et al. 2003) in order to reveal
precisely which types of receptors are present in what densities, and subsequently
what type of chemical compounds a fish may be able to detect. To determine whether
one specific receptor density makes one fish species more sensitive to olfactory cues
than another fish species with a lower receptor density, the ultrastructural methods
used by Belanger et al. (2003) or by Hansen and Zeiske (1998) should be cou-
pled with electrophysiological (e.g., Wright 2005) or behavioral bioassays (e.g.,
Kasumyan 2002).

Last, but not least, a challenge in morphological studies of wild-caught reef fish
larvae, compared to captive-reared specimens, is the time of transportation from a
collection site to a laboratory with appropriate facilities for analysis. Samples for
morphological and ultrastructural studies must be examined within few weeks (best
within days) from collection, to avoid possible artifacts (Arvedlund unpubl. data,
Hayat 2000). Artifacts can appear after just one month of sample storage (Arvedlund
unpubl. data). One possible solution is to carry out morphological studies on field
stations equipped with histological and electron microscopy facilities.

Decapod crustaceans have chemosensory receptors over most of their body.
These receptors play a key role in settlement to the benthic habitat (see recent
reviews in Derby et al. 2001, Jeffs et al. 2005, Caprio and Derby 2008 and refer-
ences therein). Decapod crustaceans have an exoskeleton (see Fig. 5.9), and con-
sequently, their chemosensory neurons are packaged into thin extensions of the
cuticle, called setae or sensilla (Caprio and Derby 2007). The first antennae, or
antennules, of decapod crustaceans are major chemosensory organs and considered
a functional unit that acts as a ‘compound nose’ (Derby et al. 2001). Aesthetascs are
the most thoroughly studied antennular chemoreceptor sensilla (Derby et al. 2001).
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Aesthetascs are located on the paired first antennae (antennules) but only on the dis-
tal end of the lateral flagellum of the antennule. Chemical stimuli pass through the
porous cuticle of the aesthetascs and bind to receptor sites on the olfactory recep-
tor neuron dendrites (Caprio and Derby 2007). The olfactory receptor neurons of
the aesthetascs project ipsilaterally to the paired olfactory lobes (OL). The OLs are
thought to receive input almost exclusively from aesthetasc olfactory receptor neu-
rons. The OLs have a glomerular organization generally similar to first-order olfac-
tory neuropils of other animals (Caprio and Derby 2007). For more details see Derby
et al. (2001) and Caprio and Derby (2007). Integumentary sensory structures are
common and numerous on the entire body surface of decapod larvae (Anger 2001).
Many decapod larvae have specific chemosensors, but most sensors are bimodal,
i.e., also mechanochemoreceptors as well as chemosensors (Anger 2001). There is
an almost continuous array of pinnate setae along the flagella of the antennae of
both the larval phase called pueruli in spiny lobsters and in early juveniles, but these
are absent from late stage larvae. Similar arrays of chemosensory setae are seen in
other decapods without a shoreward migrating lifecycle phase (Jeffs et al. 2005).
The dorsal surface of megalopa of decapod crustaceans (but not in adults) bears a
unique organ, arranged in the shape of a central aperture with four pits and nipples,
called the ‘dorsal organ’ (Laverack 1988 and references therein). The function is
unknown but believed to be involved with chemoreception (Laverack 1988). Keller
et al. (2003) found that adult blue crabs Callinectes sapidus (Portunidae; presum-
ably adult, no size class was mentioned) use both cephalic and thoracic appendages
for olfactory-mediated orientation. Because blue crab larvae use olfactory cues for
orientation when settling to the first benthic habitat (e.g., Forward et al. 2003)
it may be possible that they use both cephalic and thoracic appendages for this
behavior.

In summary, the morphology and neuroanatomy of the olfactory senses in the
early phases of tropical decapod crustaceans are poorly understood (C Derby, Geor-
gia State University, pers. comm.), but indirect behavioral evidence indicates that
olfactory senses are clearly present in several species (e.g., Forward et al. 2001,
2003). Until further progress on larval stages is available, we recommend readers to
see Grünert and Ache (1988) on the ultrastructure of the aesthetasc (olfactory) sen-
silla of the (adult) spiny lobster Panulirus argus (Palinuridae), Hallberg et al. (1992)
on the aesthetasc concept, that is, structural variations of putative olfactory receptor
cell complexes in Crustacea, and Hallberg et al. (1997) on olfactory sensilla in crus-
taceans, covering morphology, sexual dimorphism, and distribution patterns. Other
useful references include Derby et al. (2001) on the functional and morphological
development of the compound nose in spiny lobsters, Derby et al. (2003) which
conducted a comparative study of turnover in the olfactory organ of the early juve-
nile and adult stages of Caribbean spiny lobsters, Laverack (1988) on the diversity
of chemoreceptors, including crustacean receptors, Anger (2001) on the biology of
crustacean larvae, Caprio and Derby (2007) on the olfactory system in adult fish
compared to crustaceans, Kennedy and Cronin (2007) on the biology of the blue
crab, Phillips (2006) on lobster biology, and Lavalli and Spanier (2007) on the biol-
ogy and fisheries of the slipper lobster. The last three references contain, among
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other topics, reviews on the general morphology of the early stages. Santos et al.
(2004) described the complete larval development of the captive-reared subtropical
partner shrimp Periclimenes sagittifer (Palaemonidae).

5.2.2 Auditory Senses

Our current understanding of the auditory senses in teleosts was reviewed in detail
by Popper and Fay (1999) and Popper et al. (2003). The auditory senses in crus-
taceans were reviewed by Popper et al. (2001) and by Montgomery et al. (2006).
The latter reference is a comprehensive review comparing fish and decapod crus-
tacean larval ability to use sound for detecting tropical ecosystems. Montgomery
et al. (2006) concluded that sound cues are available for orientation, and that fishes
and crustaceans hear sound and orient to it in a manner that is consistent with their
use of sound to guide settlement onto reefs.

Teleost fishes have a pair of inner ears that lie inside the cranium on either side
of the head at approximately the level of the hindbrain (Popper et al. 2003, Popper
and Fay 1999). The fish inner ear consists of three semicircular canals and their
associated sensory epithelium or cristae, and three otolith organs (for examples of
otolith organs in coral reef fishes, see Fig. 5.7). The sensory epithelium in all these
organs is composed of mechanosensory hair cells and support cells (Popper et al.
2003, Popper and Fay 1999). The presence of a swim bladder, or other gas filled
compartments, may provide such fishes with an ability to detect sound pressure in
water (Popper et al. 2003, Popper and Fay 1999).

Embryonic anemonefishes (Pomacentridae: Amphiprion ephippium and A.
rubrocinctus) can detect sound (Simpson et al. 2005b). The frequency range of
detected sounds and the sensitivity of the response both increase through the embry-
onic period. This means that at least some reef fishes develop hearing abilities early,
i.e., they must be present already during embryogenesis (Simpson et al. 2005b).
Damselfishes and anemonefishes use sound extensively in courtship and agonis-
tic and territorial behaviors, with some species even developing regional dialects
(Parmentier et al. 2005) and thus these reef fishes have evolved auditory receptive
ability for these functions in addition to the possibility of sound use for locating
suitable settlement habitat.

Recently Gagliano et al. (2008) showed that tropical coral reef fish larvae with
asymmetrical ears not only encountered greater difficulties in detecting suitable set-
tlement habitats, but suffered significantly higher rates of mortality. Further, they
demonstrated that ear asymmetries arising early in the embryonic stage were not
corrected by any compensatory growth mechanism in the larval stage.

There are considerably more studies on the sensory morphology and physiology
of fishes than crustaceans, and therefore our understanding of hearing in crustaceans
is presently rather poor (Montgomery et al. 2006). Receptors have been identified
that may be able to respond to underwater sound such as hydrodynamic flows, parti-
cle motion, and pressure changes, however, their operation, sensory thresholds, and
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Fig. 5.7 Auditory senses in coral reef fishes. (a) Otoliths (arrows) partly dissected from a juvenile
cardinalfish Apogon cyanosoma 25 mm SL (Apogonidae). Scale bar = 5 mm. (b) Otoliths sepa-
rated from the cardinalfish A. cyanosoma in (a). Scale bar = 5 mm. Images by Michael Arvedlund
with kind permission from Reef Consultants. (c) Otolith, transverse, thin-sectioned and polished,
from an adult damselfish Pomacentrus moluccensis (Pomacentridae). Annual growth rings are vis-
ible. Scale bar = 3 mm. Image by Thea Marie Brolund with kind permission

range of sensitivity are not well defined (Popper et al. 2001). In at least some trop-
ical fish larvae auditory sensory structures are present, because several species of
reef fishes in the pelagic phase are more attracted to light traps that are enhanced
with reef biosound (Montgomery et al. 2006). In addition, Wright et al. (2005,
2008) showed that pre- and post-settlement stages of the damselfish Pomacentrus
nagasakiensis (Pomacentridae) and settlement-stage larvae of the coral trout Plec-
tropomus leopardus (Serranidae) could detect sounds at several frequencies.
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Fig. 5.8 Vertical histological sections, by the aid of light microscopy, through eyes of seven-day-
old larvae or embryos of three species of pomacentrids demonstrating variation in developmental
rate of retinae. The layers of photoreceptor cell nuclei increase (arrows), as do the external and
internal nuclear layers (located below arrows). Pomacanthus amboinensis (a) has a thin layer
of cone cell nuclei, while Premnas biaculeatus (b) has a thicker layer of cone cell nuclei, and
Amphiprion polyacanthus (c) has a double layer of cone cell nuclei developing, even at this
young age. Figure from Kavanagh and Alford (2003), with kind permission from Wiley-Blackwell
Publishing

5.2.3 Vision

In fish larvae, while vision is clearly an important sense for prey detection and preda-
tor avoidance, it is the least likely to be important in larval orientation towards a
reef from any large distance. That is, the use of vision directly in orientation toward
reefs from a distance of kilometers, or even 100 meters, seems unreasonable, with
the possible exception of celestial or sun orientation, as observed in sea turtles but as
yet undiscovered in tropical fish larvae. However, the highly successful use of light
traps, in which a light inside a transparent box is hung offshore at night (Doherty
1987), to specifically attract pre-settlement reef fish larvae indicates that these set-
tling larva are at least phototactic at this stage.

As larvae approach the reef environment, however, vision becomes increasingly
useful for detecting appropriate habitat for settlement and for eliciting species-
specific behaviors such as schooling. In adults, because of the clarity of the waters
around reefs, visual cues in this environment have evolved greater importance than
in other habitats (Myrberg and Fuiman 2002). Furthermore, while reef fish species
vary substantially in the age or size at which they settle to the reef, in nearly every
case, the retina undergoes significant morphological and functional changes corre-
lated quite precisely with settlement, indicating evolutionary adaptation of vision to
this shift from pelagic to benthic environment. Here we review recent advances in
our understanding of visual development of reef fish and decapod larvae.

The basic developmental trajectory of retinal development is fairly well stereo-
typed in all reef fishes thus far examined. Eyes of reef fish larvae develop early,
become functional within a few days of fertilization, and initially have retinae con-
sisting solely of cones. As they approach settlement or metamorphosis, they begin to
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Fig. 5.9 Some typical crustacean larvae. (a–c) Larvae of dendrobranchiate shrimps: (a) Farfan-
tepenaeus brasiliensis, nauplius stages I and V, (b) Penaeus esculentus, protozoeal stages I-III,
and (c) F. brasiliensis, mysis stages I and III. (d) Larvae of a brachyuran crab, Uca thayeri, zoeal
stages I-V, megalopa; all drawings after Anger (2006) with kind permission from Balaban Science
Publishers

develop rods, cone density and diversity increases, the cone mosaic becomes more
organized, and larvae obtain the ability to light-adapt their eye by moving the pig-
ment layer (Kavanagh and Alford 2003). The rate of retinal development is known
to vary among related coral reef fish species, correlating with life history differ-
ences (Kavanagh and Alford 2003). Below we review several recent studies which
measure in late-stage reef fish larvae (1) visual acuity or resolving power, (2) spec-
tral sensitivity, including color and UV wavelengths, and (3) ability to see polarized
light.

Recent studies have measured the visual acuity, or resolving power, of reef fish
larval retinae, and its changes with development, by both anatomical and behavioral
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means. Anatomical studies of the retina by Lara (2001) calculated minimum sepa-
rable angles (MSA) based on cone density and focal length as a measure of acuity
in 12 coral reef labrid and scarid species over the pre- to post-settlement period.
Her study indicated that labroids and especially scarids have comparatively low
acuity compared with other species at settlement. However, she estimates that a
settling labrid larva has sufficient acuity to distinguish a 30 cm coral head from a
distance of 12–30 m in daylight (Lara 2001). Calculated MSA for the anemone-
fish Premnas biaculeatus indicate an unusually high visual acuity compared with
other larvae (Job and Bellwood 1996, Lara 2001). In addition to these anatomical
measures, several different types of behavioral tests of acuity have been reported.
Job and Bellwood (1996) used video-recorded measurements of reactive distances
to prey, and determined that Premnas only react to prey at 1–2 body lengths of dis-
tance. They argue from their laboratory study that the acuity estimate based on eye
anatomy significantly overestimates the realized visual acuity in larvae (e.g., Lara’s
estimate above). However, contrasting results from a behavioral study in the field
(Lecchini et al. 2005c) indicate that damselfish (Chromis viridis) larvae can detect
suitable habitat, even when olfactory capabilities are impaired, at a distance of up
to 375 cm. The presence of conspecifics may be significant for visual as well as
olfactory sensory detection. These highly contrasting conclusions about the realized
visual capabilities of reef fish larvae call for additional carefully designed studies
to determine the relationship between anatomical and behavioral acuity, and what
level of acuity is needed to detect important habitat characteristics.

Ontogenetic changes in spectral sensitivity, or the ability to see different colors
or wavelengths of light, have been investigated by several researchers recently. In
young larvae the first photoreceptors to develop are single cones, yet Shand et al.
(2002) found in a study of an estuarine-dwelling species that different opsin pro-
teins in single cones allowed sensitivity in two wavelengths peaks, 425 and 534 nm
in retinae of black bream Acanthopagrus butcheri. The larvae then developed dou-
ble cones and sensitivity increased with age, shifting upwards in range. Ultraviolet
(UV) light is more likely to be important in clear (rather than turbid) tropical waters
where the short wavelengths can penetrate into the water column. Although UV-
sensitive pigments have been found in young larvae of a wide range of northern and
temperate marine fishes (Britt et al. 2001, Loew et al. 1997), UV-sensitive photore-
ceptors have not been found in young larvae of tropical reef fishes, but have been
found in juveniles and adults (Hawryshyn et al. 2003, McFarland and Loew 1994).
Concordant with the morphological data on reef fishes, behavioral evidence sup-
ports the idea that younger larvae cannot use UV light while older pre-settlement
larvae can. Job and Shand (2001) showed in laboratory behavioral tests that gen-
eral spectral sensitivity increases with age and size, and in a comparison of three
coral reef fish species (Apogon compressus, Pomacentrus amboinensis, Premnas
biaculeatus), concluded that late-stage larvae, but not young larvae, can feed in UV
light (365 nm). They also concluded that larvae from all three species have average
spectral sensitivity in a similar range (493–507 nm), despite some species living
at greater depths than others. In another study on the same three species, Job and
Bellwood (2007) found again that older larvae could feed successfully in solely
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UV-A wavelength light (365 nm), but younger larvae fed only in wavelengths of
400 nm or greater. They conducted a field experiment using UV versus white light
in light traps, which demonstrated the wide taxonomic range of pre-settlement reef
fishes that detect and move toward UV light in the field. The traps with UV light
collected 16 families of reef fishes (as well as unidentified crustaceans), while the
white light trap collected 21 families. Although UV light is clearly useful on the
reef (Losey et al. 1999), there is a hypothesized tradeoff where, on the one hand,
retinal sensitivity to UV light can give enhanced ability to distinguish prey against
background, but on the other hand, allowing UV light to penetrate the eye can cause
tissue damage (Siebeck and Marshall 2007). Siebeck and Marshall (2007) examined
the transmission properties of ocular media to see if UV light could pass through
the media to the retina in larvae and adults of a large range of reef fish species
or, alternatively, if UV light was blocked during transmission. They found that UV
light could pass through ocular media in about half the species examined (the cutoff
transmission wavelength varied), and that there was a significant difference among
families in the pattern of ontogenetic change in UV transmission through ocular
media. For example, in some fish taxa, UV was allowed in only the larvae and not
the adults, and in other taxa, UV was allowed only in adults and not in larvae. Fur-
ther comparative analysis of taxonomic variability in UV sensitivity may be insight-
ful in understanding its functional significance. In summary, the morphological and
behavioral evidence to date suggests that UV light is not used by young pelagic
larvae, but as larvae approach settlement, many species develop the ability to see
UV light. It would be interesting as an ‘evolutionary test’ to assess the ability of the
hatchlings of the coral reef pomacentrid Acanthochromis polyacanthus to detect UV
light, as they lack pelagic stages, hatch directly on the reef, and are known to have
accelerated eye development (Kavanagh and Alford 2003, Pankhurst and Pankhurst
2002, see retinal sections of coral reef fishes in Fig. 5.8). One would expect them
to have accelerated UV sensitivity to coincide with hatching if habitat is driving the
difference between larvae and adults.

The ability to use polarized light is also potentially useful in clear tropical waters,
as it eliminates the cloudiness that can occur by scattered light in shallow water.
Juvenile damselfishes have been found to have 3 and 4-channel polarization, the
most complex polarization sensitivity recorded for any vertebrate (Hawryshyn et al.
2003). Decapods have 2-channel polarization ability (see below). More research is
needed in this area to see if this capability may be useful for orientation or naviga-
tion, and whether it is found in fish larvae in addition to adults.

Decapod crustaceans are similar to fishes in their bipartite life history, but
undergo a more complete metamorphosis through several larval and juvenile stages
(Fig. 5.9). Larval and adult decapods both have compound eyes, but they change
the relative position of the eyes on the head as they undergo metamorphosis. Sev-
eral studies have analyzed the ontogenetic change from appositional eyes in larvae
to superpositional eyes in adult decapods, with suggestions regarding functional
changes (Douglas and Forward 1989, Mishra et al. 2006). Decapod larval vision
has been presumed to be important for vertical orientation in the water column and
avoidance of predators (Cronin and Jinks 2001, Huang et al. 2005). A comparison of
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several decapod crustaceans provided evidence of conservation among taxa in early
larval development of eyes (Harzsch et al. 1999) presumably because they all live
in open pelagic waters and are subject to similar environments. However, as meta-
morphosis approaches, differences in eye development among species become more
obvious and reflect their divergent habitats (Cronin and Jinks 2001). Compound eyes
of crustaceans have small compact retinae, and, in the larvae of any given species,
only a single class of photoreceptor has been found (maximum absorption between
450–500 nm); however, behavioral studies have suggested that UV receptors may
be active as well as those in the green/blue spectrum (Cronin and Jinks 2001).

The ability to use polarized light is found widely in decapod adults and larvae.
Polarized light was found to affect the dorsal light reflex of the crayfish in a manner
somewhat similar to that of the ‘sun compass’ used by grass shrimp for determin-
ing the direction of deeper water (Glantz and Schroeter 2007) although it has not
been tested specifically in orientation. Mishra et al. (2006) suggests that the eye of
the phyllosoma larva of the spiny lobster Jasus edwardsii is capable of e-vector dis-
crimination and thus can be useful in orientation. These studies suggest that decapod
crustacean larvae may have navigational abilities requiring vision.

Finally, local migrations of benthic adults may account for some connectivity
among adjacent tropical habitats and may involve vision for guidance. Recent evi-
dence from behavioral experiments on adult benthic decapods suggests that visual
cues are important for adult host- or shelter-seeking behavior in symbiotic shrimp
and crabs (Huang et al. 2005, Baeza and Stotz 2003).

In summary, vision is likely to be most useful in local habitat choice or navi-
gation rather than navigation across large distances. Measures of visual acuity are
highly variable depending on the method of measurement. Settlement-age larvae of
both tropical fish and decapods use at least colors in the green/blue spectrum and
often use short-wavelength UV light too, with increasing evidence coming from
morphological and behavioral analyses. The ability to detect polarized light has
been observed in adults of some decapods and damselfish, but needs to be tested
in younger stages.

5.2.4 Lateral Line and Electroreception

The lateral line organ is a superficial sensory system found in amphibians and fishes,
similar to the mechanoreceptor system in decapod crustaceans, which detects near-
field water movement relative to the skin’s surface (Maruska 2001). Because the
lateral line can detect movement only in the near field, it is unlikely to be of any use
over scales of >10 m. However, the mechanoreceptor system plays a major role in
rheotaxis possibly facilitating detection of the first benthic habitat during settlement
of reef fish and decapod larvae (Baker and Montgomery 1999, Coombs et al. 2001).

In fishes this system consists of solitary sensory units, neuromasts, which are
scattered over most areas of the body of the fish. Some neuromasts are freestanding,
while others are embedded in lateral line canals. A neuromast consists of a group of
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sensory hair cells that respond to the deflection of their cilia. Neuromasts therefore
provide information about the local water flow (Ghysen and Dambly-Chaudière
2007). The ciliary bundles of lateral line hair-cells project into a gelatinous cupula,
which has a flat, ribbon- or rod-like shape (Mogdans and Bleckmann 2001). The
differing morphological designs of the peripheral lateral line are hypothesized to
be adaptations to the hydrodynamic conditions in the habitat of a given species.
The general physiology, however, is remarkably similar in different species of
fish (recent reviews in Coombs et al. 1988, 1989, Mogdans and Bleckmann 2001,
Myrberg and Fuiman 2002 (focusing entirely on coral reef fish senses), Mogdans
et al. 2004, Ghysen and Dambly-Chaudière 2007). For a review on the function of
the free neuromasts of marine teleost larvae see Blaxter and Fuiman (1989). These
organs are divided classically into two main different types, ordinary and special-
ized, whose functions are mechanoreceptive and electroreceptive, respectively (see
review in Cernuda-Cernuda and Garcı́-Fernández 1996 for details on the structural
diversity of these two receptor types).

Lateral line receptors develop from six pairs of placodes (Fuiman 2004 and ref-
erences therein). Although the lateral line system has been studied in many species
of fish from several taxa (e.g., Coombs et al. 1989), at the time of writing there are
no published studies on the morphology of the lateral line system of tropical teleost
reef fish larvae (JF Webb, University of Rhode Island, pers. comm.). Recent reviews
on the ontogeny of the lateral line system in fishes are Webb (1999), Northcutt et al.
(2000), and Fuiman (2004).

Diaz et al. (2003a) examined the development of the lateral line system in the
temperate/subtropical European sea bass Dicentrarchus labrax (family Moronidae)
from embryo to adult, and in the absence of detailed studies of tropical species
its development may be a useful guide to further studies. Using light and electron
microscopy, Diaz et al. (2003b) found that the first free neuromasts appeared on the
head shortly before hatching and multiplied during the larval stage. Free neuromasts
were aligned on the head and trunk in a pattern that corresponded to the location
of future canals. The transition to the juvenile stage marked the start of important
anatomical changes during which head and trunk canals were formed successively.

Lateral line canals are not present in young fish larvae; e.g., they were never
observed in larvae of the anemonefishes Amphiprion melanopus and A. clarkii, when
examined by SEM (Arvedlund unpubl. data, Fig. 5.10b). However, the cephalic lat-
eral line system was clearly present in newly-metamorphosed coral gobies of the
species Paragobiodon xanthosomus (Gobiidae; Fig. 5.5a) (Arvedlund et al. 2007)
and in spangled emperors Lethrinus nebulosus (Lethrinidae) about six days before
metamorphosis, i.e., day 38 post-hatching (Fig. 5.10a). Lara (1999) examined, by
the aid of SEM, the cephalic lateral line neuromasts and canals of settlement-stage
larvae and early juveniles of several species of Caribbean labrids (Labridae) from
the genera Halichoeres, Clepticus, Doratonotus, Xyrichtys, and Thalassoma, and
some species of scarids (Scaridae). She found that canals develop around a line of
free neuromasts, which lie in the position of the future canal. Canal pores start to
appear at one or both ends of the neuromast line. After the canal encloses these
free neuromasts, pores continue to be added along the canal at least through the
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(a)

(b)

Fig. 5.10 Differences in the
development of the cephalic
lateral line system in reef fish
larvae. (a) The snout of a
nursery reef fish, Lethrinus
nebulosus, 38 days after
hatching, about six days
before metamorphosis (day
43–44). At this stage L.
nebulosus has a
well-developed cephalic
lateral line system. CLLS =
cephalic lateral line system,
OC = olfactory chamber, E =
eye, M = mouth. (b) The
snout of an anemonefish
larva, Amphiprion clarkii, six
days after hatching, and about
four days before
metamorphosis. A. clarkii has
no cephalic lateral line
system at this stage. Images
by Michael Arvedlund with
kind permission from Reef
Consultants

juvenile stage. Newly formed pores often appear wider than pores in older juveniles
and adults. Earlier stages have fewer, wider pores in their canals and more canals or
portions of canals still composed of exposed neuromasts. Later stages have a higher
proportion of their canals completely enclosed, with more and smaller pores than
seen in the earlier stages. The labrid Halichoeres maculipinna appeared to be the
most developed of the labrid species studied at the time of settlement: settlement-
stage Halichoeres maculipinna possessed the most enclosed canals and the largest
number of pores in those canals at this stage. The remaining Halichoeres, Clepticus,
and Doratonotus reached a similar state of development at settlement and all were
slightly less developed than H. maculipinna. Xyrichtys and Thalassoma appeared
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slightly paedomorphic at settlement, resembling earlier stages of the other labrid
species. Thalassoma settles before the preoperculum is fully formed, the orbit of
the eye is indistinct in this species at settlement, and the epithelium of settlement-
stage larvae of Xyrichtys lack free neuromasts, though post-settlement juveniles
possess them. The scarid larvae appeared to be much less developed than any of
the labrid species. Scarids were smaller at settlement than any species of settlement
stage labrid collected. Settlement-stage scarids have indistinct orbits, few lateral line
pores and an incompletely formed olfactory organ in the case of Scarus sp. These
studies suggests that many tropical marine teleost larvae have no lateral line system
at hatching and through the early larval stage, but only free neuromasts for a tactile
sense. Some species develop lateral lines during the pelagic phase. However, more
comparative studies are needed before any general conclusions can be drawn about
lateral line development in tropical teleosts.

Mechanoreceptors in decapod crustaceans can be divided into at least two types:
vibration receptors and touch receptors. The mechanosensory cells are believed
to be very similar, and both types are generally recognized by five distinct ultra-
structural characteristics, which separate them from chemosensory cells (Garm and
Høegh 2006 and references therein).

Most of the work on mechanoreception in decapods has been done with species
from temperate waters (AG Jeffs, University of Auckland, pers. comm.). We are
not aware of published results on the morphology of mechanoreceptors in tropical
decapod crustaceans since 2001. A study on the external morphology and distri-
bution of the integumental organs of the final-stage phyllosoma of the rock lobster
Jasus edwardsii was conducted by Nishida and Kittaka (1992). A comparison of the
morphology of these organs with the sense organs of other decapods with known
function suggests that the dorsal surface of the body trunk is one of the major sites of
reception of near-field water movement in Jasus phyllosoma. Seven types of organs
were recognized on the integument of the body trunk, antennules, and antennae:
(1) plumose setae, (2) simple setae, (3) porous setae, (4) aesthetasc setae, (5) sim-
ple pores, (6) dorsal cuticular organs, and (7) dome-shaped structures. The plumose
setae and simple pores were abundant on the dorsal surface of the cephalosome,
abdomen, and telson. The dorsal cuticular organs were present only on the dorsal
surface of the cephalosome, and the aesthetasc setae were restricted to the antennule.

Electroreception occurs in most non-teleost fishes, especially Agnatha, Elasmo-
branchii, Holocephali, Chondrostei, Polypteri, and Dipnoi, and in four orders of
teleosts: the siluriforms (catfishes), the gymnotiforms (knifefishes), the mormyri-
forms (elephant nose fishes), and in one subfamily (Xenomystinae) of the osteoglos-
siforms (Zupanc and Bullock 2005 and references therein). For a comprehensive
recent review covering all aspects of electroreception see Bullock et al. (2005). In
addition, see also Myrberg and Fuiman (2002, pp. 140–143) who summarize pub-
lished results on coral reef fish electroreception until 2001. There is no evidence for
the presence of electroreception in marine invertebrates (Jeffs et al. 2005).

The perception of electric signals is mediated by two distinct classes of spe-
cific electroreceptor neurons: ampullary and tuberous. The first type is found in
most non-teleost fishes (except in Myxiniformes and Holostei), and in four orders
of Teleostei. Tuberous receptors have only been identified in two teleostean order,
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the Gymnotiformes and the Mormyriformes (Zupanc and Bullock 2005 and refer-
ences therein). At the time of writing we are not aware of any published results since
2001 on the issue of electroreceptors in larvae of tropical fishes. For a recent review
on the early development of electroreceptors see Northcutt (2005).

5.2.5 Magnetic, Thermal, and Other Senses

From conditioning and orientation experiments ex situ, evidence exists that some
teleost fishes, as well as spiny lobsters, have a magnetic sense. In marine animals
three types of detection of magnetic fields are currently known to exist: 1) mag-
netic field detection based on magnetite particles, 2) based on photopigments, and
3) based on electrical induction (see reviews by Walker and Dennis 2005, Cain et al.
2005 and references therein). For a summary on the physical principles of magnetic
orientation see Kalmijn (2003). At the time of writing we are not aware of pub-
lished results on the use of magnetic senses in larvae of tropical fishes and decapod
crustaceans.

While it has long been established that fish and decapods can detect and respond
to local temperature differences (e.g., Doudoroff 1938), the use of a thermal sense
for orientation or navigation toward suitable habitat in tropical environments has
not been studied. However, the large-scale ocean gradients in temperature relative
to coastal regions (Fig. 5.11) suggest that this is a potential navigational cue and
should be investigated.

Salinity gradients are another possibility for navigational cues for oceanic teleost
and decapod larvae over a wide range of distances. It was recently shown that poly-
valent cation receptor proteins (CaRs) act as salinity sensors in fish (Nearing et al.
2002). CaRs allow fish to sense and respond to alterations in water salinity based
on changes in Ca2+, Mg2+, and Na2+ concentrations found in freshwater, brackish
water, and seawater. Likewise, changes in plasma Ca2+, Mg2+, and Na2+ occur when
fish move from freshwater to seawater, and probably serve as salinity sensing cues
for CaRs positioned within fish internal organs (Nearing et al. 2002).

Dufort et al. (2001) found that the primary receptors responsible for detecting
reductions in salinity in adult lobsters Homarus americanus (family Nephropidae)
are located within or near the branchial chambers and are primarily sensitive to
chloride ions.

5.3 The Cues

The use of the multiple sensory systems described above for navigation requires
the presence of environmental cues to guide larvae to benthic habitats. Below we
discuss recent progress in understanding what cues are available for teleost and
decapod larvae in this context.
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Fig. 5.11 Sea surface temperatures in the southern Caribbean, showing large scale gradients as
potential cues. Image provided with kind permission by the SeaWiFS Project, NASA/Goddard
Space Flight Center and GeoEye

5.3.1 Olfactory Cues

Coral reef fish and decapod larvae appear to use gradients of olfactory environmen-
tal cues when settling to the first benthic habitat. For tropical fish larvae, see the
recent reviews by Leis and McCormick (2002) and Montgomery et al. (2001). For
decapod larvae, see Forward et al. (2001) and Gebauer et al. (2003a). For a review
that covers both tropical fish and invertebrates see Kingsford et al. (2002).

Atema et al. (2002) provided the first evidence that wild-caught larval reef fish
(primarily cardinalfishes, Apogonidae) near the time of settlement to the first ben-
thic habitat prefer lagoon water over ocean water. They described ebb tide plumes
of lagoon water that extend several kilometers from reefs, providing olfactory cues
for dispersal and settlement of larvae of tropical fish and decapod crustaceans.
Atema et al. (2002) argue that their result provides support for the reef fish chem-
ical habitat imprinting hypothesis (Arvedlund and Nielsen 1996, Arvedlund et al.
1999, 2000a, b), which proposes that fishes as embryos or early larvae may imprint
to reef odors (secreted from, e.g., cnidarians) and that this could facilitate both
retention near the natal reef and navigation toward reefs from greater distances.
Hypothetically, imprinting to conspecifics may also be a possibility for some reef
fishes (Atema et al. 2002, Gerlach et al. 2007): some apogonids are mouth brood-
ers (Job and Bellwood 2000) with the male carrying the fertilized eggs and later
hatched embryos. This close contact during embryogenesis may enable such species
to imprint to conspecific cues.
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Isolation and identification of a chemical conspecific cue used by reef fish juve-
niles of the damselfish species Chromis viridis (Pomacentridae) was conducted
by Lecchini et al. (2005a). By applying high performance liquid chromatography
(HPLC) analyses of seawater containing C. viridis juveniles and isolating high con-
centrations of several organic compounds to be used in subsequent laboratory trials,
they demonstrated that C. viridis larvae responded positively to only one of sev-
eral organic compounds. This compound was characterized by a weak polarity and
was detected at 230 nm with a 31-min retention time in HPLC. The same year,
Wright et al. (2005) succeeded in pinpointing the olfactory abilities of pre- and
post-settlement stages of the damselfish Pomacentrus nagasakiensis, by aid of the
electro-olfactogram (EOG). No difference in olfactory ability was found between
the two developmental stages: both showed olfactory responses to conspecific chem-
ical cues as well as L-alanine. Therefore, the olfactory sense has similar capabilities
in both ontogenetic stages. These results show that larvae of P. nagasakiensis that
are ready to settle to the first benthic habitat can smell biochemical coral reef cues,
but it is unclear as to what extent these fish larvae use such cues when locating set-
tlement sites. Lecchini et al. (2005c) also conducted a series of ex and in situ tests
using larvae of the coral reef fish Chromis viridis to determine ecological deter-
minants of settlement choice (conspecifics versus heterospecifics versus coral sub-
strates), sensory mechanisms (visual, acoustic/vibratory, olfactory) underlying set-
tlement choice, and sensory abilities (effective detection distances of habitat) under
field conditions. C. viridis larvae responded positively to visual, acoustic/vibratory,
and olfactory cues expressed by conspecifics. Overall, larvae chose compartments
of experimental arenas containing conspecifics in 75% of trials, and failed to
show any significant directional responses to heterospecifics or coral substrates.
In field trials, C. viridis larvae detected reefs containing conspecifics using visual
and/or acoustic/vibratory cues at distances <75 cm; detection distances increased
to <375 cm when olfactory capacity was present (particularly for reefs located
up-current).

The first short-range evidence showing that a tropical seagrass-settling fish can
use chemical environmental cues in selecting its first benthic habitat was provided
by Arvedlund and Takemura (2006) in their study of the spangled emperor Lethrinus
nebulosus (Lethrinidae). Huijbers et al. (2008) found a similar olfactory ability with
juvenile french grunts (Haemulon flavolineatum, Haemulidae). H. flavolineatum is
also strongly associated with mangroves and seagrass beds during the juvenile life
stage.

It is unknown what type of chemical cues emitted from seagrass bed habitats
are used for habitat detection by settling L. nebulosus and H. flavolineatum. In their
experimental scenario Arvedlund and Takemura (2006) used pieces of complete
seagrass bed habitat that included seagrass, sand and, possibly, algae, bacteria, and
silent organisms (i.e., with no biosound). Chemical cues could stem from any one of
these components of the seagrass bed habitat in both of these experiments, in addi-
tion to chemicals from plant tannins and related phenolic substances, which are pro-
duced by submerged vascular plants, emergent saltmarsh vegetation and mangroves,
and brown algae (Arnold and Targett 2002). These molecules have many secondary
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roles, such as antimicrobial agents, herbivore deterrents/attractants, digestion reduc-
ers, and defense-related messengers (Arnold and Targett 2002), but in addition
we now consider they may provide chemical cues that enable settling fishes to
find a seagrass bed. Murata et al. (1986) showed that some chemical cues attract-
ing settling anemonefish may be secreted by the sea anemone host (amphikuemin
and analogs), but that others, also significant although weaker, can be secreted by
dinoflagellates found in the sea anemone epithelium. As such, dinoflagellates in sea-
grass beds may also provide chemical cues to settling fishes and decapods (Arved-
lund and Takemura 2006).

In addition to plants and microorganisms, chemical cues may also stem from prey
organisms, which secrete amino acids. It is known that dissolved amino acids com-
monly provide fish with chemical cues to food (Ishida and Kobayashi 1992) and thus
the same cues could be used to find appropriate habitat. Wright et al. (2005) showed
that damselfish Pomacentrus nagasakiensis individuals were able to detect the odors
of amino acids, both before and after they settled. Other chemical cue sources pos-
sibly used by fish and decapod larvae to find a suitable habitat are biogenic trace
gases such as dimethyl sulphide (DMS), organohalogens, and non-methane hydro-
carbons that may function as oceanic chemical signals for some plankton organisms.
Several functions of DMS have been described, including a role as a chemosensory
attractant and deterrent (Steinke et al. 2002 and references therein). The olfactory
response of settlement stage larvae of the coral trout Plectropomus leopardus (Ser-
ranidae) to amino acids was tested electrophysiologically (Wright et al. 2008). The
response was similar for the two amino acids tested and for the water conditioned
by conspecifics. The authors concluded that the olfactory abilities of P. leopardus
are well developed at settlement stage and apparently sufficient to detect olfactory
cues from reefs.

Recently, several studies have shown that some coral reef fishes ‘home’ to their
natal reef when settling to the first benthic habitat (Jones et al. 1999, Swearer et al.
1999, Robertson 2001, Jones et al. 2005, Almany et al. 2007, Gerlach et al. 2007)
perhaps similar to salmon homing (e.g., Stabell 1984, 1992, Dittman and Quinn
1996). Although entirely a speculation, chemical imprinting to habitat cues (i.e.,
ecological imprinting; for a definition of ecological and other types of imprinting
see Immelmann 1975a, 1975bb), or conspecific cues, may play a role for species
that have homing patterns when settling to the first benthic habitat.

There are several examples of decapod crustaceans whose settlement and/or
metamorphosis (see further below in this section) is aided by chemical cues. Such
a mechanism may also exist in coral reef fish (McCormick 1999). Presettlement
larvae of the manini Acanthurus triostegus (Acanthuridae) are capable of delaying
metamorphosis in the absence of proximity to a benthic environment (McCormick
1999). Because of the ability of reef fish to distinguish between lagoon and oceanic
water (e.g., Atema et al. 2002), it should be investigated whether the metamorphosis
of pre-settlement manini larvae is influenced specifically by the presence of chemi-
cal environmental or conspecific cues or the presence of visual cues.

Burgess et al. (2007) recently identified the presence of eddies at One Tree Island,
Southern Great Barrier Reef, East Australia. They sampled pre-settlement fishes in
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surface waters based on the presence or absence of eddies as predicted from a cali-
brated hydrodynamic model of the Capricorn-Bunker region. Higher concentrations
of pre-settlement fishes, mostly mullids (goatfishes) were found close to the reef in
locations where eddies were known to form rather than in locations without eddies,
and this was consistent among days and tidal cycles and in varying wind conditions.
Locations where eddies were not predicted to form consistently had low concentra-
tions of pre-settlement fishes. There was evidence for an effect of the windward side
of the reef, but areas with eddies maintained high concentrations even when on the
leeward side. Higher concentrations were not necessarily found in the eddy itself;
rather, they occurred at locations where eddies were predicted to form on the flood
or ebb tide. Eddies increase the probability that pre-settlement fishes will stay near
reefs through retention, in some cases their natal reef. Burgess et al. (2007) finally
concluded that eddies may also increase behavioral interactions among marine ani-
mals and assist in the detection of reefs that may elicit settlement behavior.

In summary, contemporary studies show that larvae of several coral reef fish
species use chemical cues for settling to the first benthic habitat, including species
that settle into nursery habitats such as mangroves and seagrass beds. In addition,
some reef fishes may use chemical (or visual) cues for inducement of the metamor-
phosis from pelagic larvae to benthic juvenile. However, these conclusions are based
on very few studies.

The interesting findings of possible ‘homing’ in some species of coral reef fish
should be investigated further to determine whether the larvae demonstrate homing
in the traditional sense, where individuals are transported away and then find their
way back to the starting point, or whether larvae simply remain close to the reef.
In fact, there is no evidence that the self-recruited larvae ever moved away from
the immediate vicinity of the natal reef. New technology could help address this
question by the aid of remote controlled underwater miniature submarines equipped
with a camera and an eddy current sensor probe (the MIDAS submarine, Sjo et al.
1988) or the submarine designed by Bokser et al. (2004). Such vehicles may be able
to follow fish or decapod larvae in situ for many hours or even days.

When settling to the benthic habitat, many species of decapod crustaceans, par-
ticularly crabs, are known to use chemical cues that are usually linked to the adult
habitat or to the presence of conspecific adults (Forward et al. 2001, Gebauer et al.
2003b, Keller et al. 2003, Jeffs et al. 2005 and references therein). Gebauer et al.
(2002) studied the impact of intra- and interspecific chemical settlement cues from
adults in captivity-reared larvae of the semi-terrestrial tropical saltmarsh/mangrove
crab Sesarma curacaoense (Sesarmidae). They showed that the presence of sub-
strate did not significantly influence the time to metamorphosis, but did reduce the
mortality rate. Development was consistently fastest when larvae were put in water
conditioned with conspecific adult odor, and also responded significantly to water
conditioned with adults of congeneric crab species. These response patterns suggest
that chemically similar factors (presumably pheromones) are produced by closely
related species (Gebauer et al. 2002). Forward et al. (2003) found that chemical
cues from seagrass beds could provide cues that allow orientation to nursery habitat
for premoult megalopae of the blue crab Callinectes sapidus. van Montfrans et al.
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(2003) found that initial non-random distribution of blue crabs in Chesapeake Bay
may be deterministic and due to active habitat-selection behavior by megalopae.
Moksnes and Heck (2006) found additional supporting evidence for these ideas,
showing that the habitat-specific distribution of juvenile blue crab is dictated by
active habitat selection in blue crab megalopae and early juveniles.

When environmental cues are absent, ‘competent’ invertebrate larvae (i.e., those
being physiologically and morphologically ready for settlement and metamorpho-
sis) may delay the initiation of these developmental processes, remaining as plank-
ton for an extended period. In the tropical semi-terrestrial crab, Sesarma cura-
caoense, this mechanism is limited to exposure approximately during days 4–6 of
the molting cycle. This may be crucial as a temporal window of receptivity for the
cue as this period coincides with the transition between intermoult and premoult
(Gebauer et al. 2005). In relation to induced settlement and metamorphosis, Had-
field and Paul (2001) discuss whether settlement and metamorphosis are induced by
the same compound or by two separate compounds. Settlement and metamorphosis
are usually considered separately (Hadfield and Paul 2001). Settlement is defined
as the behavioral performance of pelagic larvae leaving the plankton, approaching
the benthos, and moving upon a substratum with or without attachment to the latter
(Hadfield and Paul 2001). Metamorphosis includes loss of larva-specific organs and
emergence of juvenile/adult-specific structures. Hadfield and Paul (2001) concluded
that there are examples of both one and two separate cues inducing these processes
within marine invertebrates, but this topic remains largely unexplored.

Remote chemicals can act as habitat cues for pelagic larvae of benthic inver-
tebrates by stimulating settlement and metamorphosis. To test whether chemical
cue effectiveness declines with increasing distance from the source, O’Connor and
Judge (2004) examined whether the ability of seawater to stimulate metamorphosis
(molting) of the tropical fiddler crab Uca minax megalopae is restricted to water
overlying saltmarshes. The results showed that chemical cues for molting of fid-
dler crab megalopae originate in marshes and decline in effectiveness within a short
(<15 m) distance from the marsh habitat.

O’Connor and Van (2006) showed that adult-associated chemical cues can stim-
ulate settlement and metamorphosis of invertebrate larvae into habitats with an
enhanced likelihood of juvenile and adult survival. For example, sediments from
adult fiddler crab habitat stimulate fiddler crab megalopae to metamorphose (molt)
sooner than sediments without adult cues. A similar stimulation of molting occurs
after exposure to waterborne chemical cues from adult habitats and to exudates and
extracts of adult crabs. They tested whether sediments from habitats without adult
Uca pugnax, which do not stimulate molting of their megalopae, could become
stimulatory through brief exposure to adult crabs. Results suggest that the chemi-
cal cues that adult crabs release are retained by sediments and consequently stim-
ulate molting of megalopae, regardless of the nature of the sediments themselves.
O’Connor and Van (2006) concluded that the absence of chemical cues may delay
colonization of newly created or heavily disturbed habitats that are otherwise suit-
able settlement and adult habitat. Support for O’Connor and Van’s results (2006)
came from a study conducted by Diele and Simith (2007) which showed that the
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megalopa of the semi-terrestrial mangrove crab Ucides cordatus, mainly settle in
areas populated by conspecific crabs and/or muddy habitats. Chemical cues from
conspecifics for settling may also override salinity stress. An experimental labo-
ratory study with the megalopa stage of Armases roberti, a freshwater inhabiting
species of crab from the Caribbean region, combined the effects of odors from con-
specific adults and of stepwise salinity reductions. The duration of development
to metamorphosis was significantly (by about 25%) shortened, when odors from
conspecific adult crabs were present, regardless of the salinity conditions. Such
results indicate that the metamorphosis-stimulating effect of chemical cues from
an adult population of A. roberti is far stronger than the potentially retarding effect
of increasing hypo-osmotic stress (Anger et al. 2006).

The overall conclusion from these studies is that chemical cues from conspecifics
seem to play a major role for decapod crustaceans settling to the first benthic habitat.
Although based on few studies, evidence is accumulating for a similar effect in reef
fishes.

5.3.2 Auditory Cues

Sound is available as an orientation cue in the ocean. The physical properties of
sound in water differ from sound in air, with sound waves traveling faster and prop-
agating farther in water, creating a noisy background against which to detect a direc-
tional signal. Despite this potential problem, evidence is accumulating that larvae of
fishes and crustaceans do hear sound and orient to sound in a way that is consistent
with their use of sound to guide settlement onto reefs. Recent field experiments,
including improvement of light trap catches by replayed reef sound, in situ obser-
vations of behavior, and sound-enhanced settlement rate on patch reefs, together
show that sound is used as a navigation and settlement cue for at least some late
larval stages (Montgomery et al. 2006; see this reference and Popper et al. (2001)
for a recent comprehensive review on sound as a settlement cue for fish and decapod
larvae).

The question of what sound frequencies might be used for navigation has been
addressed by several recent studies. By using the electrophysiological method of
auditory brainstem response, a technique originally used in mammalian audition
studies and later adapted for audition studies on fishes (Corwin et al. 1982, Kenyon
et al. 1998), Wright et al. (2005) tested pre- and post-settlement larvae of the dam-
selfish Pomacentrus nagasakiensis (Pomacentridae) for their hearing abilities of reef
sound cues. For both pre- and post-settlement fish, the sensitivity was greatest at
100 Hz, followed by 200 and 600 Hz. The auditory threshold for both pre- and
post-settlement fish increased from 100 Hz to 400 and 500 Hz, and then dropped
at 600 Hz. Thereafter, thresholds increased with increasing frequency from 700 Hz
to 2,000 Hz. The hearing of post-settlement fish was significantly more sensitive
than their pre-settlement counterparts at only two frequencies: 100 Hz and 600 Hz.
Thresholds of post-settlement fish were 8 dB lower than thresholds of pre-settlement
fish at these two frequencies.
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Wright et al. (2008) examined the auditory abilities of settlement-stage larvae of
the coral trout Plectropomus leopardus (Serranidae) electrophysiologically to deter-
mine if these senses are sufficiently developed to aid larvae in detection of settlement
habitats on coral reefs. P. leopardus larvae detected sounds from 100 to 2,000 Hz
with hearing most sensitive at the frequencies of 100, 200, and 600 Hz. Wright et al.
(2008) concluded that the auditory abilities of P. leopardus are well developed at
settlement stage and apparently sufficient to detect auditory cues from reefs.

Damselfishes (Pomacentridae) and cardinalfishes (Apogonidae) in particular
may use sound for orientation to the first benthic habitat, as shown by Simpson
et al. (2005a) in a field experiment using patch reef enhanced with biosound at
Lizard Island, Great Barrier Reef. This result is important because Simpson et al.
(2005a) did not use light traps enhanced with biosound as some similar past studies
did (e.g., Tolimieri et al. 2000). Light traps may create biased results on a taxo-
nomic basis because they are highly selective in which species that are caught (Leis
and McCormick 2002 and references therein). Later, Simpson et al. (2008) used
light traps to measure the response of a diverse range of settlement-stage fishes to
the filtered ‘high’ (570–2,000 Hz) and ‘low’ (<570 Hz) frequency components of
reef noise, and compared these catches with those from control ‘silent’ traps. Of
the seven families represented by >10 individuals, four (Pomacentridae, Apogo-
nidae, Lethrinidae, and Gobiidae) were caught in significantly greater numbers in
the high frequency traps than either the low frequency or the silent traps. The Syng-
nathidae preferred high to low frequency traps, while the Blenniidae preferred high
frequency to silent traps. The remaining family (Siganidae) showed no preference
between any of the sound treatments. The results of this study suggest that many
settlement-stage fishes may select the higher frequency audible component of reef
noise, which is produced mainly by marine invertebrates, as a means of selectively
orienting toward suitable settlement habitats. Combined with the auditory brainstem
response studies by Wright et al. (2005, 2008), it suggests that the ‘best frequencies’
are those between 570 and 1,000 Hz, because sensitivity is very poor at >1,000 Hz.

Egner and Mann (2005) found that the damselfish Abudefduf saxatilis has poor
hearing sensitivity in comparison to other hearing generalists including other species
of pomacentrids. They used the auditory brainstem response technique to measure
hearing of the sergeant major damselfish A. saxatilis of a size range between 11
and 121 mm. Significant effects of standard length on hearing thresholds at 100
and 200 Hz were detected. At these lower frequencies, thresholds increased with an
increase in size. All fish were most sensitive to the lower frequencies (100–400 Hz).
The frequency range over which fish could detect sounds was dependent upon the
size of the fish; the larger fish (>50 mm) were more likely to respond to higher
frequencies (1,000–1,600 Hz). Egner and Mann (2005) concluded that because of
the high hearing thresholds found in their study in comparison to recorded ambi-
ent reef noise, it is unlikely that sound plays a significant role in the navigation
of the pelagic larvae of sergeant majors returning to the reef from long distances
(>1 km), but it may play a role in short-range orientation (<1 km). This conclusion
was supported by the result by Mann et al. (2007), which showed that larval fishes
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in acoustically unbounded habitats most probably cannot detect the ambient noise
of particle motion at distances >1 km.

Many recent studies point in the direction that underwater sound can provide
important environmental cues for the pelagic stages of decapod crustaceans when
settling to the first benthic habitat (Jeffs et al. 2005, Montgomery et al. 2006). How-
ever, experimental evidence for the orientation of larvae to underwater sound has
been hard to secure due to the difficulties of conducting field experiments, and of
controlling sound in experimental aquaria. Radford et al. (2007) developed an effec-
tive method for using a binary choice chamber coupled with an artificial source of
underwater sound to conduct in situ behavioral experiments on crab postlarvae, at
night in coastal waters of Omaha Bay, New Zealand. Postlarvae of five common
coastal crabs from around New Zealand were used: Notomithrax ursus (Majidae),
Plagusia chabrus, Cyclograpsus lavauxi, Hemigrapsus edwardsii (Grapsidae), and
Pagurus sp. (Paguridae). The postlarvae of all five crab species showed an orienta-
tion response towards the sound source confirming that the binary choice chamber
can be used as a reliable experimental tool for determining directional swimming
behavior of postlarvae in response to sound cues. Radford et al. (2007) concluded
that orientation to a sound cue is widespread among crab species and that this behav-
ior could be of considerable ecological importance in influencing the settlement
success of coastal crustaceans.

5.3.3 Visual Cues

It is unknown whether marine larvae use visual cues to orientate from the open ocean
to appropriate benthic habitats. Light attracts pre-settlement reef fish larvae to light
traps (Doherty 1987), but the adaptive reason for such a phototactic response is not
known. In decapod crustaceans, phototaxis is also associated with vertical migra-
tion, which may be an adaptation to take advantage of stratified tidal currents bring-
ing larvae towards estuarine habitats (Forward et al. 2007, but see Webley and Con-
nolly 2007). A more likely use for visual cues in environmental selection involves
microhabitat choice when settling larvae are already close to the substrate. For this
situation, several studies have concluded that using visual cues to identify specific
habitat type or conspecifics can facilitate finding appropriate habitat (Lecchini et al.
2005a, b, 2007b). Certainly the close correlation between retinal developmental
changes and settlement to the substrate, where the spectral environment is very dif-
ferent than that of the open ocean, suggests that vision is a key adaptive sense for life
on the bottom. However, visual acuity is broadly useful in feeding, avoiding preda-
tors, and many other functions, and as such the specific adaptive link between visual
characteristics and choosing habitat is difficult to isolate. Marshall et al. (2006) ana-
lyzed the visual signals from colorful reef fishes as they would be received by other
reef fish retinae, and concluded that the dichromatism of the retinal pigments of
most reef fishes aids in discrimination and contrast of fish against background.
This communication between fishes may be useful for settling larvae to detect
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appropriate habitat, but that is still an untested hypothesis. Lecchini conducted a
series of studies examining the use of particular senses in the specific periods when
returning larvae are selecting microhabitats on the reef. Lecchini et al. (2007b)
found in laboratory experiments that visual cues (as well as other cues; see other
sections in this chapter) were useful in detecting and moving toward conspecifics,
but only in post-settlement wrasses, not in presettlers. In field experiments, settling
larvae chose habitats with conspecifics from a moderate distance of 75–375 cm,
even when the olfactory system was ablated (Lecchini et al. 2005c). Thus, the color
patterns or behavior of conspecifics seem to act as a visual cue aiding the choice of
habitat once a reef fish is settled. A detailed analysis of the visual environment of
the coral reef and the visual systems of adult reef fishes is found in a series of papers
(Losey et al. 2003, Marshall et al. 2003a, b, 2006). Such details are not reported for
other tropical habitats or for settling decapods.

5.3.4 Rheotactic and Electric Cues

New results suggest that rheotactic cues are used in conjunction with other cues.
Consequently, this is discussed in Section 5.3.6 (the use of two or more cues). At
the time of writing we are not aware of published studies on the use of electric cues
in larvae of tropical fishes and decapod crustaceans.

5.3.5 Solar, Magnetic, Wave, Thermal, Salinity, and Other Cues

The only evidence so far that tropical marine fish larvae use a solar compass
comes from a field study of larval behavior during different weather conditions.
Leis and Carson-Ewart (2003) studied in situ orientation, in daylight hours, of
settlement-stage reef-fish larvae and younger reef-fish larvae. Larvae were taken
100–1,000 m offshore from coral reefs in water 10–40 m deep, at Lizard Island,
Great Barrier Reef, then released and observed by divers. Depending on area,
time, and species, 80–100% of larvae swam directionally. For example, three
species (Chromis atripectoralis, Neopomacentrus cyanomos, and Pomacentrus lep-
idogenys) were observed in morning and late afternoon at the leeward area, and all
swam in a more westerly direction in the late afternoon. Also, in the afternoon, C.
atripectoralis larvae were highly directional in sunny conditions, but nondirectional
and individually more variable in cloudy conditions. These correlations suggest that
damselfish larvae utilized a solar compass, but controlled field and laboratory exper-
iments to further evaluate these results are needed.

Leis and Carson-Ewart (2003) also demonstrated generally that many species
of reef fish larvae can detect the direction of the island’s reefs by an unspecified
cue, and that currents did not influence their orientation. For example, two species
of butterflyfishes Chaetodon plebeius and Chaetodon aureofasciatus (Chaetodon-
tidae) consistently swam away from the island, indicating that they could detect
the island’s reefs. Caesio cuning (Caesionidae) and Pomacentrus lepidogenys was
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non-directional overall, but their swimming direction differed with distance from
the reef, implying the reef was detected by these species. Net movement by larvae
of six of the seven species differed from that of currents in either direction or speed,
demonstrating that larval behavior can result in non-passive dispersal, at least near
the end of the pelagic phase. A similar experimental method using young (11–15
days), small (8–10 mm) larvae of Amblyglyphidodon curacao found that even lar-
vae of this early stage appear to orient directionally in relation to the reef (Leis et al.
2007).

The use of magnetic fields as a navigational cue for tropical marine fish or
decapod larvae is completely unknown, but has been explored in adult tropical
decapods. Recent experiments (Boles and Lohmann 2003) have confirmed a study
by Creaser and Travis (1950), that (adult) spiny lobsters (Panulirus argus) ori-
ent consistently toward capture areas when displaced to unfamiliar sites, even
when deprived of all known orientation cues en route (Boles and Lohmann 2003).
To test the hypothesis that lobsters exploit positional information in the Earth’s
magnetic field, they were exposed to fields replicating those that exist at specific
locations in their environment. Lobsters tested in a field that exists north of the
capture site oriented southward, whereas those tested in a field like one that exists
south of the capture site oriented northward (Boles and Lohmann 2003). These
results parallel those with turtles and provide evidence that spiny lobsters pos-
sess a magnetic map which facilitates navigation toward specific habitats. Whether
larvae of spiny lobsters possess the same ability is a question that remains to be
addressed.

Many other cues are possibilities, but have not been explored in any specific
study. The direction of ocean swell presents one potentially useful orientation cue
(Lewis 1979, cited in Montgomery et al. 2006). The vertebrate inner ear is capable
of sensing wave direction in the ocean through the detection of the orbital motion
of the wave (Montgomery et al. 2006). Salinity or temperature gradients are also
potentially useful cues for orientation toward a suitable habitat (Fig. 5.11). In fact
these large-scale gradients should be explored as a long-distance cue for naviga-
tion toward coastal regions in general. For example, it would be a useful research
program to explore larval ability to detect salinity gradients in coastal water near
riverine output, or lagoon water which may be hypersaline due to evaporation, as
well as temperature variation coming from eddies or lagoon water on outgoing tides,
or temperature changes correlated with depth and major currents. However, to our
knowledge, there are no published results on those cues at the time of writing.

5.3.6 The Use of Two or More Cues

Given the availability of so many potential cues, it seems likely that multiple
cues are used by settling larvae. Recent studies have indeed demonstrated that
some reef fish larvae can use a range of sensory mechanisms effective over dif-
ferent (small, i.e., a few meters) spatial scales to detect and choose settlement
sites (Lecchini et al. 2005b). This finding supports previous hypotheses of multiple
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sensory use by settling reef fishes, suggested by Montgomery et al. (2001), Leis and
McCormick (2002), Kingsford et al. (2002), and Lara (2001). Specifically, Lecchini
et al. (2005b) conducted experiments ex situ. Larvae were captured with crest nets
and were then introduced into experimental tanks that allowed testing of each type
of cue separately (visual, chemical, or mechanical cues). Among the 18 species
studied, 13 chose their settlement habitat due to the presence of conspecifics and
not based on the characteristics of coral habitat, and five species did not move
toward their settlement habitat (e.g., Scorpaenodes parvipinnis (Scorpaenidae) and
Apogon novemfasciatus (Apogonidae)). Among the different sensory cues tested,
two species used three types of cues (i.e., Parupeneus barberinus (Mullidae) and
Ctenochaetus striatus (Acanthuridae): visual, chemical, and mechanical cues), six
species used two types of cues (e.g., Myripristis pralinia (Holocentridae): visual
and chemical cues; Naso unicornis (Acanthuridae): visual and mechanical cues),
and five species used one type of cue (e.g., Chrysiptera leucopoma (Pomacentri-
dae): visual cues; Pomacentrus pavo (Pomacentridae): chemical cues). Thus, the
results regarding multiple cue use, even in a controlled, short-range environment, are
complex and underscore the difficulties in predicting larval navigation even among
closely-related species.

Gardiner and Atema (2007) in a study of multiple cues for orientation (in the
shark Mustelus canis from temperate waters) pointed out that there are several differ-
ent types of rheotaxis: (1) orientation to the large-scale flow field (olfaction, vision,
and superficial lateral line), (2) eddy chemotaxis: tracking the trail of small-scale
and (3) odor-flavored turbulence (olfaction and lateral line canals), and (4) pin-
pointing the source of the plume (lateral line canals and olfaction). ‘Odor-gated
rheotaxis’, combining olfaction and mechanoreception, has been useful in studies
of other reef invertebrates (Pasternak et al. 2004). Experimental designs such as
these, employed by researchers exploring similar questions in other taxa, may help
in designing studies for tropical marine larval fishes and decapods.

5.4 Future Directions

When reviewing unresolved problems and suggestions for future research direc-
tions in the last series of reviews (Montgomery et al. 2001, Myrberg and Fuiman
2002, Kingsford et al. 2002, Leis and McCormick 2002, Collin and Marshall 2003,
Jeffs et al. 2005, Montgomery et al. 2006), it is clear that many questions from
those reviews remain to be addressed. In addition, new questions have appeared
due to an improved understanding of the mechanisms of settlement in tropical fish
and decapod larvae. Indeed, at present there appear to be more papers speculating
about the functional development of tropical reef fish and decapod senses and what
cues are used to find a suitable habitat, than there are actual experimental studies.
Below, we list a number of selected unresolved problems to help guide future
research.
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(1) Clearly, in order to progress in this field, experimental and descriptive studies
of the morphology, neuroanatomy, and functional development of all senses,
from fertilization to the adult stage, of tropical fish and Decapoda are highly
warranted.

(2) There has been recent research progress on a few of the environmental cues,
such as olfactory and auditory cues, but studies need to expand to other poten-
tially important senses and cues. In particular, we believe potential long-range
cues such as magnetism, and temperature and salinity gradients are worth
exploring.

(3) Recent results showed, somewhat surprisingly, that various reef fishes may
‘home’ to their natal habitat. If substantiated, the impact of such a find-
ing could be highly influential, and, as such, we believe the phenomenon of
imprinting to habitat or conspecific cues in reef fish or decapod species is
worth exploring. Using salmonid homing as a model may be a good place to
start. It is important to address the question of whether reef fish that are said to
be ‘homing’ are actually leaving the reef and returning, or whether they have
been retained in the immediate vicinity of the natal reef.

(4) Studies ex situ of the use of environmental chemical cues in tropical decapods
have been executed under both apparent darkness (red light) and in daylight
(e.g., Dı́az et al. 2003). Nocturnal studies of tropical reef fishes of the same
sort are uncommon but highly desirable because in nature, settlement often
happens at night. Leis and McCormick (2002) also indicate the importance of
finding ‘innovative means’ to study the behavior of larvae at night.

(5) The scales, from meters to kilometers, at which individual cues may be
detected (see Fig. 5.13) are poorly understood. Knowing these limits will help
with eventual modeling of larval movements.

(6) The settlement mechanisms, particularly the use of environmental cues when
settling to the first benthic habitat, are poorly understood for nursery fishes,
i.e., fishes that settle into seagrass or mangrove after the pelagic larvae phase
before moving later to the coral reef.

(7) Similarly, the senses and cues used by fishes and decapods that live in, or on,
corals, sponges, or other animals are not known. As specialists, these species
may employ different mechanisms.

(8) In many marine invertebrate larvae, environmental cues associated with the
adult habitat can induce metamorphosis and settlement, however, such a mech-
anism is not known in coral reef fishes. Previous work demonstrated that
pre-settlement larvae of the manini Acanthurus triostegus (Acanthuridae) are
capable of delaying metamorphosis in the absence of proximity to a benthic
environment (McCormick 1999). However, not all individuals in this study
delayed metamorphosis, and so there may be a minimum threshold level of cue
necessary to trigger metamorphosis. McCormick’s experiment must have been
close to this level. This developmental response, combined with the ability
of some reef fishes to distinguish between lagoon and oceanic water by the
aid of chemical cues (Atema et al. 2002), suggests an experiment to test (for
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example) whether pre-settlement manini larvae metamorphose because of the
presence of particular chemical cues as opposed to visual or other cues.

(9) Mana and Kawamura (2002) found that captive-reared subtropical sea bream
Acanthopagrus schlegeli (Sparidae) developed an abnormal nasal opening and
irregularities in the distribution patterns of the olfactory receptor neurons.
Thus, the morphology and ultrastructure of the olfactory organs of captive-
reared tropical coral reef fishes and crustacean decapods may differ from
those of their wild counterparts. However, this hypothesis has not been specif-
ically tested. Another hypothesis that must be examined is whether captive-
rearing of fish and decapods has any impact on the functionality of the senses.
Whether senses in general develop abnormally in captive-reared tropical fish
and decapod crustaceans compared to wild species is unknown. Because sev-
eral captive-reared species are released in large numbers into the wild, e.g.,
the spangled emperor Lethrinus nebulosus (Arvedlund and Takemura 2006, p.
120), their survival may be compromised by poor sensory function.

(10) The capacity to distinguish chemical cues from preferred habitat is anticipated
to be particularly well-developed among fish species that associate closely
with specific habitat types (‘habitat specialists’). For example, larvae of the
anemonefishes Amphiprion ocellaris and A. melanopus remember the odor
secreted by their species of host sea anemone during the embryonic stage. The
larvae may use these chemical cues for orientation when selecting to the first
benthic microhabitat (Arvedlund and Nielsen 1996, Arvedlund et al. 1999,
2000a, b). This host imprinting hypothesis should be tested with additional
species (Atema et al. 2002, Jones et al. 2005, Gerlach et al. 2007) including
mouth brooders such as apogonids (Job and Bellwood 2000). Here, it may
be of help to apply similar methods used by Hasler, Scholtz, Wisby, and co-
workers (Scholtz et al. 1976, but see also review in Dittman and Quinn 1996),
which showed that salmon imprint to chemical cues. Scholtz et al. (1976) suc-
ceeded in artificial imprinting of salmon to morpholine and p-alcohol. Can
anemonefishes (and other relevant candidate species) imprint to those com-
pounds? Electrophysiological studies similar to Wright et al. (2005), or behav-
ioral bioassays similar to Kasumyan (2002) are also needed. Last but not least,
it will be strong support for the imprinting hypothesis if labeled chemical cues
from the host can be shown to attach to olfactory receptors in anemonefish
embryos.

(11) Murata et al. (1986) identified and described, and Konno et al. (1990)
synthesized, the molecular structure of the pyridinium compound named
amphikuemin (and analogs), that initiates symbiosis between the anemone-
fish Amphiprion perideraion and the sea anemone Heteractis crispa. Many
more similar compounds secreted from tropical cnidarians may exist. The iso-
lation and (partial) identification of a chemical conspecific cue used by reef
fish juveniles of the damselfish Chromis viridis (Lecchini et al. 2005c) also
suggests more similar conspecific compounds exists. Identifying these specific
compounds would be a great advance.
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(12) Each morphological type of sensory neuron expresses a particular class of
odorant receptors (Hamdani and Døving 2007). Ciliated olfactory receptor
neurons respond to bile salts and alarm substances found in the skin, the crypt
cell olfactory receptor neurons respond to sex pheromones, and the microvil-
lous olfactory receptor neurons to food odors (Hamdani and Døving 2007).
To which olfactory receptor neuron type does a chemical compound like
amphikuemin, the cnidarian symbiosis chemical (Murata et al. 1986, Konno
et al. 1990), affiliate to?

(13) Environmental chemical contamination is now affecting every ecosystem.
Ward et al. (2008) recently showed that acute exposure to low, environ-
mentally relevant dosages of the ubiquitous contaminant 4-nonylphenol
(found in rivers and estuaries throughout the world), can seriously affect
social recognition and ultimately social organization in fishes. A one-hour
0.5 μg.l−1 dose was sufficient to alter the response of members of a shoal-
ing fish species (juvenile banded killifish, Fundulus diaphanus) to conspe-
cific chemical cues. Dosages of 1–2 μg.l−1 caused killifish to orient away
from dosed conspecifics, in both a flow channel and an arena. What impact
does 4-nonylphenol and similar compounds have on tropical reef fish and
decapod crustacean’s ability to use environmental cues to detect tropical
ecosystems?

(14) To better understand the distances over which larval fishes can detect sounds
from reefs, more studies on larval fish hearing and reef noise are needed. Lar-
val fish hearing measurements need to independently distinguish sensitivities
to particle motion and acoustic pressure. Likewise, independent measurements
of particle motion around reefs are required (Mann et al. 2007).

(15) Simpson et al. (2005b) demonstrated that in embryonic anemonefishes
(Amphiprion ephippium and A. rubrocinctus) the heart rate is influenced by
sound. However, this detection of sound waves was not necessarily via the
ears, and therefore, the sensory system used in the response may not have
been hearing in the conventional sense: the state of development of the ears at
this stage is unknown. Additional tests are needed to validate this hypothesis
of early embryonic imprinting of sounds, and to determine the developmental
and functional capabilities of auditory systems at these early stages.

(16) The vast difference in conclusions stemming from anatomical versus behav-
ioral measures of visual acuity indicates a need to resolve how to measure
visual acuity accurately and appropriately for a given question. Furthermore,
future studies must also consider the use to which vision is put—‘acuity’ mea-
sured by feeding behavior may be very different from that measured for avoid-
ing predators, or finding a settlement site.

(17) Studies are needed to understand the importance of ultraviolet light discrimi-
nation in larval environments, in both fish and decapod larvae.

(18) The ability to use polarized light is a potentially useful adaptation in clear
tropical waters, and known to occur in adults. Studies are needed to ascertain
whether larvae of fish or decapods have the ability to detect polarized light.
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5.5 Final Thoughts

Since the recognition that pelagic larvae may possess the capability to orientate
toward and very specifically choose benthic settlement habitat, significant progress
has been made in understanding sensory abilities and the potential environmental
cues that might guide larvae. Despite this, the entire field can be considered to be
still in its infancy; we are quite far from having any practical level of predictabil-
ity about the use of a given cue by a marine larva at a given time and place. To
move toward this goal, we need to expand sensory studies to include a broader
range of taxa, more early life stages, more wild-caught specimens, and additional
senses, especially those sensing potential long-range cues. Functional considera-
tions should include establishing cue thresholds, cue sensitivity differences among
taxa (e.g., specialists versus generalists), and use of combined cues. Environmen-
tal factors in need of further analysis include time of day (especially night-time),
the scale at which a given cue is useful, less-studied habitats (e.g., seagrass, man-
groves), and other cues that have not been studied in this context (e.g., temperature,
salinity gradients). The use of new technologies is needed to overcome major bar-
riers in studying navigation in such tiny oceanic organisms. For example, remotely
operated vehicles able to observe such small larvae in situ could provide behavioral
information otherwise unavailable, and DNA fingerprinting to identify wild-caught
larvae could help with understanding species-level differences.

The marine environment is rife with potential cues and gradients for larvae to
detect and follow, and those cues differ substantially from the primary cues used
by animals (including humans) in the terrestrial environment. Gerlach et al. (2007)
state the idea in this way: ‘Only olfaction can provide information on the identity
of the water mass encountered. Compare navigating the New York subway system
with no external frame of reference: it works only when one knows what train to
take. Humans’ trains are labeled with visual signs whereas the water currents are
labeled with olfactory signals.’ Our human perspective may have biased the initial
level of concentration on some types of cues (e.g., vision and hearing) versus others
that may be more important from a marine larva’s perspective. For example, while
humans would rarely use temperature as a navigational cue, small ectotherms would
be highly sensitive to temperature gradients. Thus, broadening the range of possible
cues in our investigations will be important. It is also worth restating that larvae
may use multiple cues at any given time and/or a series of different cues as they
move among different areas of the ocean environment, or from offshore to onshore
(Fig. 5.12). The limit of usefulness of each of these cues is also very much still open
for debate.

Finally, we now know adaptive evolutionary change can happen quickly even
in large marine populations (Conover and Present 1990) and so we should be cog-
nizant of the possibility of local adaptation of sensory developmental rates and/or
cue usage in different regions, even among populations. Indeed, one might reason-
ably argue that adaptive lability of such a selectively advantageous capability is
likely. Taking this idea of local adaptation and system lability further, we might
predict some level of coordination between sensory system developmental patterns
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offshore current

onshore current

high temperature
fast growth/development
early sensory competence

low temperature
slow growth/development
late sensory competence

low temperature
slow growth/development
late sensory competence

high temperature
fast growth/development
early sensory competence

= medium- to long-
range cues

= long-range cues

= close-range cues

= close- to medium-
range cues

Fig. 5.12 Why larvae might need competence in multiple senses in early life. Simple changes in
current direction and temperature can create different scenarios of larval developmental environ-
ments that require use of different types of cues. For example, young larvae encountering a cold
offshore current would develop their sensory systems more slowly while being dispersed farther
offshore from the natal habitat. Under these conditions, the larvae may need to detect long-range
cues in order to return to or find suitable habitat. On the other hand, in a scenario with a warm
onshore current, larvae would develop sensory competence quickly and would be retained close to
shore. In this case, they may only need close-range cues to find suitable habitat

Fig. 5.13 Associations between sensory stimuli and the spatial scales over which they are likely
to be detected
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and the importance of a given cue at a given stage/time. On the other hand, the
stochasticity inherent in the system—that is, in the possible locations where a given
larva might end up—is large, and might mean that a better strategy is to generally
develop sensory capabilities for all possible cues (Figs. 5.12, 5.13). Phenotypic plas-
ticity in developmental pattern and rates of sensory development in the presence of a
given environmental cue is another possibility for dealing with stochastic variation,
but this phenomenon has not been documented in tropical marine fish or decapod
larvae. Perhaps the ‘rearing artifacts’ mentioned above may give a clue to sensory
system developmental variation.

In summary, like any phenotypic trait, larval sensory systems are subject to
adaptive ecological and evolutionary pressures from their environment. The ever-
present limitation in studies of marine larvae is the difficulty in obtaining good
quality, identified larvae of known age and developmental environment (either wild-
caught or captive-reared) for analysis. Many exciting discoveries are yet to be
made in this field. We have been surprised over and over again when it comes
to tropical marine animals and their ecology. Most likely we are in for more
surprises.
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Chapter 6
Mechanisms Affecting Recruitment Patterns
of Fish and Decapods in Tropical
Coastal Ecosystems

Aaron J. Adams and John P. Ebersole

Abstract The early benthic life history of fishes and decapods in tropical coastal
ecosystem can be partitioned into three main stages—settlement, post-settlement
transition, post-settlement stage—which culminate in recruitment. Although most
species go through these early life history stages, not all species follow the same
strategy. Life history strategies occur in three general categories: habitat specialists,
habitat generalists, and ontogenetic shifters. Despite this variation in life history
strategy, common processes affect the early life history stages of tropical marine
fishes and decapods. The life history transition from planktonic larva to benthic post-
larva connects oceanic and coastal habitats. However, benthic features and benthic
processes affect early life history stages so that settlement and post-settlement dis-
tributions are not perfect reflections of larval supply patterns. The abundances and
distributions of settlement and post-settlement life history stages result from com-
plex interactions of larval supply, larval behavior, and the interactions of early set-
tlers with the benthic environment. Since much of the very high mortality that occurs
during settlement and early post-settlement appears to be due to predation, the direct
effects of predators may be the most important factors acting on these early life his-
tory stages. Habitat selection, priority effects, predator avoidance, inter- and intra-
specific competition, and aggression during and after settlement are also important
influences on abundances and distributions of settlement and post-settlement fishes
and decapods. The connection between nursery habitat availability and adult popu-
lation abundances has been demonstrated, so it is likely that these other interactions
of early life history stages with the benthic environment have demographic implica-
tions that are not yet understood.
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6.1 Introduction

Some three decades ago, tropical marine ecologists were struck with the fact that
profound ignorance of recruitment mechanisms hampered understanding of popu-
lation dynamics and community ecology in tropical ecosystems. Knowledge of the
processes affecting larval-through-juvenile life stages still lags well behind knowl-
edge of adults, but much has been learned. Through a review of this knowledge,
we can begin to discern some of the patterns of recruitment, surmise some underly-
ing processes, and think of how the focus of future research might be sharpened on
critical recruitment issues.

The transition from larval to benthic life history phase connects oceanic and
coastal habitats. The distribution of settlers in benthic habitats depends on the
distribution of larvae in oceanic habitats, but benthic distributions are not a simple
reflection of oceanic distributions. Distributions of settlers reflect a complex inter-
action of larval supply, larval behavior, and the interactions of early settlers with
benthic features. In addition, the condition of settling larvae during the planktonic
phase influences post-settlement growth and survival, further connecting oceanic
and benthic processes. Oceanic and early benthic processes have demographic con-
sequences because unsuccessful individuals will not join adult populations. Finally,
different benthic habitats are often connected as early life history stages undergo
ontogenetic habitat shifts. Thus, recruitment-associated ontogenetic processes
connect the habitat mosaic of nearshore tropical systems, with habitat-associated
features of coastal tropical systems having a powerful influence on recruitment.

6.2 Defining Recruitment

Since definitions of early life history stages of fish and decapods have been ambigu-
ous in the peer-reviewed literature, some of the conflicting results among studies
may be simply semantic. Here we provide a distinct definition of the early life his-
tory stages that culminate in recruitment. Recruitment occurs at the end of the post-
settlement stage, and incorporates effects of larval, settlement, and post-settlement
processes. Recruitment is characterized by entrance into a period of lower mortality,
and marks the first record of an individual in the juvenile stage. Thus, it is the early
juvenile stage when many recruitment surveys occur (references for and definitions
of pre-recruitment stages are in Table 6.1).

Most tropical marine fishes and invertebrates have a two-phase life cycle that
decouples local reproduction from recruitment into the local population. For these
species, larvae are planktonic, and juveniles and adults are demersal. As a general
rule, fertilization for these species is external and eggs are buoyant. Duration of the
planktonic period varies among species, and also depends on environmental condi-
tions. At the end of the planktonic phase, larvae search for appropriate settlement
habitats and enter the demersal portion of their life history, many undergoing meta-
morphosis as they settle out of the water column. The processes affecting the transi-
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Table 6.1 Summary of early life history stage definitions, adapted from Adams et al. (2006).
Source citations are the references from which these definitions were derived

Term Definition Source citations

Settlement The initial establishment of larvae onto a benthic
substrate. Includes only larval processes.
Important factors include larval condition and
size.

Calinski and Lyons (1983),
Kaufman et al. (1992),
Guttierez (1998)

Post-settlement
transition

Occurs during and immediately following
settlement. Late stage larvae explore and
evaluate benthic habitats (and may re-enter the
pelagic environment several times), undergo
metamorphosis, and join the benthic
population. Priority effects∗ are especially
important during this stage.

Kaufman et al. (1992),
McCormick and Makey
(1997), Sancho et al.
(1997)

Post-settlement
stage

Time period directly after metamorphosis. A
period of high benthic mortality. Duration of
this stage varies among species, in part due to
different susceptibility to predation. Important
factors include density-dependent mortality
and competition, modified by habitat
complexity.

Doherty and Sale (1985),
Sogard (1997), Almany
(2004), Almany and
Webster (2004)

Recruitment Occurs at the end of the post-settlement stage,
and incorporates effects of larval and
post-settlement processes. Characterized by
entrance into a period of lower mortality. First
record of an individual in the juvenile stage.
Stage when many recruitment surveys occur.

Doherty and Sale (1985),
Kaufman et al. (1992),
Booth and Brosnan
(1995), Guttierez (1998),
McCormick and Hoey
(2004)

∗ Priority effect: the process by which the presence of one species in a habitat decreases the prob-
ability of invasion by another. One species can lower the recruitment of another via competition
(adult and subadult residents or settling juveniles can interfere with larval settlement; i.e., interfer-
ence competition), or preempting resources, or predation (predatory adult and subadult residents
can decrease settlement directly by preying on settlers or indirectly by inducing settlers to choose
other sites, or predatory juveniles can prevent settlement by prey species; Shulman et al. 1983)

tion from larva to juvenile, and the early period of the juvenile stage have important
demographic implications that could be critical to population regulation.

Knowledge of the early life history of a species is critical to understanding the
mechanisms affecting recruitment. To some extent, the comparative importance of
these mechanisms remains unclear because the literature often does not sufficiently
partition the early life history stages of fishes and invertebrates. In many cases, for
example, the term ‘juvenile’ is used to refer to all life stages after larval settlement
and before maturity (e.g., St. John 1999), even though recent research has shown
that the relative importance of different mechanisms influencing early life histories
changes as individuals grow (Jones 1991). Predation is typically most important
within 48 hrs of settlement (Almany 2004b, Almany and Webster 2004), whereas
competition may be more important in later stages (Risk 1998).

Research would benefit from a clearly delineated nomenclature describing early
life history of fishes and decapods. Common use of terms will clarify discussion,
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promote testing of findings and formulation of predictions, and provide a frame-
work for applying these results on a larger scale. Moreover, a common delineation
of early life history stages will help bring about a common structure to future dis-
cussion and research. It is the overall structure proposed here, rather than the early
life history delineations themselves, that is new. Heretofore, each definition of an
early life history stage has, for the most part, stood alone, independent of the con-
text of other early stages. For our discussion on recruitment, we follow a structure
assembled from four definitions proposed by Adams et al. (2006), since it provides
a clear and convenient breakdown of the life history stages that contribute to fish
and decapod recruitment in tropical ecosystems (Table 6.1).

6.3 Defining Early Life History Strategies

Within the general and ubiquitous life history strategy of planktonic larvae and dem-
ersal juveniles and adults are three categories based on the patterns of habitat use
by the demersal juvenile and adult life stages (Table 6.2). In Strategy I, habitat
specialists, planktonic larvae settle into the same location they will remain through-
out their demersal life stages. In Strategy II, habitat generalists, larvae can stay, or
move among, numerous habitats, and are not site attached. In Strategy III, ontoge-
netic shifters, larvae tend to settle in habitats and locations different from those used
by adults, and undergo ontogenetic transitions to the adult life stage habitat.

This categorization of early life history strategies underscores the limitations of
applying species-specific research findings at the community level. For example,
much early research on the implications of early life history processes focused on
the lottery hypothesis (Sale 1977, 1978), which emphasized the chanciness of lar-
val settlement, and postulated that natural selection must produce habitat general-
ists to maximize the probability of finding appropriate settlement sites. To a great
extent, the lottery hypothesis was based upon the prevalence of research on site-
attached species, such as territorial pomacentrids (e.g., Doherty 1983). Since that
time, research has shown extreme variation among species in habitat use during
early life stages (reviewed in Adams et al. 2006), plasticity in early life stage habi-
tat use within species (reviewed in Adams et al. 2006), and previously undetected
changes in habitat use by pre-recruitment fishes (e.g., Kaufman et al. 1992). In addi-
tion, habitat variability greatly modifies species interactions such as competition and
predation (e.g., Anderson 2001, Almany 2004a).

Given the categorization of life history strategies, and the need to find general
patterns that apply within these categories, it is useful to first determine which
species fall into which categories. Unfortunately, the strategy used does not appear
to be phylogenetically constrained, in that life history category can vary within
the family, and even the genus level, so species-specific data are needed. Among
eight species of labrids studied by Green (1996), two exhibited ontogenetic shifter
patterns, whereas six species were habitat generalists. Similarly, McGehee (1995)
found that three species (Stegastes planifrons, S. variabilis, and S. partitus) of poma-
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Table 6.2 Summary of life history strategies. Strategy definitions adapted from Adams et al.
(2006). Example citations are studies that focus on species that fit this strategy category, and are
listed by family

Term Definition Example citations

Habitat
specialists

Larval settlement and the juvenile and
adult benthic stages occur in the same
location.

These species tend to be site-attached
(e.g., Pomacentridae).

Ontogenetic shifts that may occur are
relatively minor, likely microhabitat
changes (e.g., juveniles use
microhabitats within adult habitats).

Microhabitat shifts may occur to occupy
areas of different complexity to reduce
predation, but they occur within the
same site.

Alpheidae: Knowlton and Keller
(1986)

Palaemonidae: Preston and
Doherty (1990)

Pomacentridae: Doherty (1983),
Bergman et al. (2000), Lirman
(1994), Nemeth (1998), Schmitt
and Holbrook (1999b)

Habitat
generalists

Larval settlement and the juvenile and
adult benthic stages of an individual
may occur in the same location, but the
species is able to settle and stay, or
move among, numerous habitat types
(e.g., Halichoeres bivittatus)

Species are generally not site-attached
(but see McGehee 1995 – species
site-attached but can use and move
among many habitat types).

To the extent that ontogenetic shifts occur,
they do not follow a well-defined
pattern and/or are minor compared to
ontogenetic shifters (e.g., Labridae).

Xanthidae: Beck (1995, 1997)
Labridae: Green (1996)

Ontogenetic
shifters

These species exhibit complex habitat,
behavioral, and diet shifts during
transitions from settlement through late
juvenile stages, and again into adult.

Larvae tend to settle into habitats distinct
from adults and undergo notable
ontogenetic shifts

Larval settlement areas may differ from
juvenile habitats

Panuliridae: Herrnkind et al.
(1994), Childress and Herrnkind
(2001); Labridae: Green (1996);
Serranidae: Eggleston (1995),
Dahlgren and Eggleston (2000),
St. John (1999); Acanthuridae:
Robertson (1988), Risk (1997,
1998), Adams and Ebersole
(2002, 2004), Parrish (1989)

centrids exhibited high site fidelity (habitat specialists), while the fourth species
(S. leucostictus) showed poor site fidelity (habitat generalist). One method that may
be useful in predicting life history strategy is to use patterns of larval metamor-
phosis as predictors (McCormick and Makey 1997), which can be done via larval
collection and laboratory observations.

At the community level, Gratwicke et al. (2006) determined that 47% of species
surveyed in a study of non-estuarine lagoons and adjacent reefs in the Caribbean
exhibited habitat use patterns indicative of ontogenetic habitat shifts. Similarly,
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Nagelkerken and van der Velde (2002) found evidence for ontogenetic shifter strat-
egy for 21 of the 50 (42%) most common reef species. In a survey of juvenile and
adult densities of 17 species of nocturnal reef fishes at Moorea Island, Lecchini
(2006) found that 47% showed ontogenetic habitat shifts. In contrast, when Adams
and Ebersole (2002), working in the Caribbean, examined all fishes within lagoon
and backreef habitats, they found clear ontogenetic lagoon (juvenile)—reef (adult)
division for only 22 of 96 (23%) species. Differences in these estimates were due
largely to the suite of species surveyed, but also to assignment of different size
classes to ontogenetic stages.

Characterizing the life history stages of a species can be difficult. For many
species the early life history stages are not clearly defined (but see Shulman and
Ogden 1987 for a clear depiction of ontogeny by size class for Haemulon flavolin-
eatum). When ontogeny is inadequately represented by defining life history stages
only by size or characterizing all immature fishes as juveniles, the inference that a
given habitat is a nursery for some species may be incorrect. More research eluci-
dating early life history is needed to better evaluate factors affecting recruitment.

The following sections review the growing knowledge base of fish and decapod
recruitment, set in a framework that follows the definitions set forth above. We hope
that this review will contribute to a synthesis of research already completed and help
focus the design of future research.

6.4 Larval Settlement (Departure from the Pelagic Environment
and Entrance into Benthic Habitats)

Oceanographic processes influence settlement of coral reef fishes and decapods by
transporting and influencing the survival of larvae (Choat et al. 1988, Acosta and
Butler 1999). That larval settlement patterns can be temporally consistent across
space at multiple scales (e.g., Fowler et al. 1992, Caselle and Warner 1996, Acosta
and Butler 1997, Tolimieri et al. 1998, Vigliola et al. 1998, Schmitt and Holbrook
1999b) demonstrates the important impact of oceanographic processes on larval
supply. In Barbados, the occurrence of late stage larvae in light traps corresponded
with the first appearance of juveniles of these species on reefs, suggesting that
larval supply was a good indicator of settlement (Sponaugle and Cowen 1996).
Moreover, larvae of some fishes (e.g., Stegastes partitus and Acanthurus bahianus)
were consistently associated spatially and temporally, suggesting these species were
influenced similarly by oceanographic processes such as prevailing currents, tidal
currents, wind-induced water flow, and large-scale externally forced events. Simi-
larly, appearance of post-larval spiny lobsters in the Florida Keys, USA, is strongly
related to tides, and less strongly related to favorable winds (Acosta and Butler 1997,
Eggleston et al. 1998). Post-larvae of brachyuran crabs in Barbados also responded
to tidal influences, generally producing the greatest supply of post-larvae at third-
quarter moons with minimal tidal amplitude (Reyns and Sponaugle 1999).
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6.4.1 Modification of Larval Supply

Patterns of larval supply established by oceanographic processes can not be
expected to persist through settlement. Butler and Herrnkind (1992) found that
spatial patterns of benthic settlement for spiny lobster (Panulirus argus), for
example, differed from abundance patterns of planktonic larvae at local scales
in Florida Bay and in the Florida Keys, USA (though the patterns sometimes
agreed at regional scales). Settling larvae begin to interact with the bottom well
before they actually reach it (Choat et al. 1988). Attacks of benthic-dwelling
predators provide but one example of how benthic-associated processes may
directly influence the abundance of settling larvae (Choat et al. 1988, Fowler
et al. 1992, Booth and Beretta 1994, Gibson 1994, Booth and Brosnan 1995,
Tolimieri 1998a, Tolimieri et al. 1998). Behavioral responses to such features by
settlement-phase fishes and decapods also serve to modify the pattern of larval
supply (for fishes, see Sweatman 1988, Booth and Beretta 1994, Fernandez et al.
1994, Elliot et al. 1995, Shanks 1995, Leis and Carson-Ewart 1999, Almany 2003,
Garpe and Ohman 2007; for decapods, see Forward 1974, 1976, Knowlton 1974,
Forward and Hettler 1992, Welch et al. 1997, Gimenez et al. 2004, Gimenez
2006). Overall, complex interactions of larval supply, larval behavior, and ben-
thic features ultimately determine patterns of settlement. Furthermore, consis-
tency in spatial patterns of larval settlement is usually not the case for fishes or
decapods (e.g., Fowler et al. 1992, Green 1998, Tolimieri et al. 1998, Vigliola
et al. 1998, Montgomery and Craig 2005) because the relative importance of
oceanographic vs. benthic processes varies among species, among locations,
and over time.

Habitat dispersion interacts with larval behavior to influence the distribution
of settlers. Larvae are not passive particles. Fish (e.g., Stobutzki and Bellwood
1997, Stobutzki 1998, Leis and Carson-Ewart 1999) and decapod (e.g., Fernandez
et al. 1994, Shanks 1995) larvae are capable of active swimming for considerable
distances. Swimming ability, however, differs among species (e.g., Stobutzki and
Bellwood 1997, Stobutzki 1998), and their behavior influences timing and loca-
tion of settlement. Furthermore, competent larvae are capable of active searching
for appropriate settlement habitats based on a variety of criteria (for fishes, see
Sweatman 1988, Booth and Beretta 1994, Elliot et al. 1995, Leis et al. 2002, Almany
2003, Leis and Lockett 2005, Garpe and Ohman 2007; for decapods, see Knowlton
1974, Welch et al. 1997, Gimenez et al. 2004, Gimenez 2006). The combination
of larval supply, larval behavior, and availability of settlement habitats determines
patterns of settlement.

Recent research has shown that settlement-stage larvae of many species use a
variety of cues to find reefs and appropriate settlement habitats. Sound is impor-
tant for finding reefs (e.g., Tolimieri et al. 2000, reviewed in Montgomery et al.
2001, Leis and Lockett 2005), whereas olfactory senses are important for settlement
site selection (e.g., Sweatman 1988, Butler and Herrnkind 1991, Elliot et al. 1995,
Harvey 1996, reviewed in Montgomery et al. 2001, Atema et al. 2002, Horner et al.
2006). Settlement cues are discussed in detail in Chapter 5.
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6.4.2 Behavior of Settlement-stage Larvae

Regardless of the mechanisms used by larvae to find suitable settlement habitats,
larval behavior during the settlement process modifies patterns of settlement so that
they differ from patterns of offshore larval distribution (e.g., Sponaugle and Cowen
1996, Cruz et al. 2007). Settlement patterns can be used to make strong inferences
about settlement behavior. For example, working in French Polynesia, Schmitt and
Holbrook (1999b) found consistent patterns of settlement by three species of Das-
cyllus (all habitat specialists): at the island scale, one species settled primarily on
the north end of the island, whereas the other two species tended to settle toward
the south end of the island. At the lagoon scale, they found that D. trimaculatus set-
tled throughout the lagoon, whereas D. aruanus settled on habitats in the nearshore,
and D. flavicaudus in the offshore, portions of the lagoon. Since they used standard-
ized, initially empty, settlement habitats specific to each species, habitat availability
was not a factor. The implications are clear: for D. trimaculatus, finding suitable
settlement habitats was highly likely because of the widespread pattern of settle-
ment. However, for the other two species, larval behavior and habitat availability
likely limit the extent to which settlement would be successful—if suitable habitats
are not present in nearshore (D. aruanus) or offshore (D. flavicaudus) areas, these
species will be absent regardless of larval supply. Working in Hawaii, Kobayashi
(1989) also found species-specific differences in larval behavior. Larvae of two gob-
iid species used visual cues to remain near reef settlement habitats, whereas larvae
of Foa brachygramma (Apogonidae—cardinalfishes) and Encrasicholina purpurea
(Engraulidae—anchovies) were most abundant at off-reef sample stations. Similar
effects of larval behavior are evident at the community level, where, overall, more
species settle on offshore than nearshore areas (Planes et al. 1993, Hamilton et al.
2006).

Although cues used at settlement by ontogenetic shifters and habitat generalists
have not been examined as closely as in habitat-specialist damselfishes, consistent
settlement patterns suggest active settlement site selection. In the Caribbean, for
example, larvae of many reef fishes (Acanthurus spp., Adams and Ebersole 2002,
2004; Epinephelus striatus, Eggleston 1995, Dahlgren and Eggleston 2000; Haemu-
lon flavolineatum, McFarland 1980, Shulman 1985a) and decapod crustaceans (e.g.,
Panuliridae—spiny lobsters, Acosta and Butler 1999) pass over reef habitats to reach
lagoon habitats, which suggests that these larvae are using some cue to find these
habitats, and olfactory differentiation of lagoonal versus oceanic water has been
shown for some fishes (Atema et al. 2002, Huijbers et al. 2008).

Active habitat selection also implies that non-reef habitats provide advantages
toward successful recruitment that compensate for the fitness costs of additional
energy expenditure and predation risk experienced by the incoming larvae, and by
the juveniles that must later move again to adult habitats on the reef. Moreover, it
is likely that many species use the rather large target of non-reef benthic habitats as
settlement habitat, and then move to more suitable post-settlement micro-habitats
within the lagoon (e.g., Herrnkind 1980, McFarland 1980, Marx and Herrnkind
1985a, 1985b, Herrnkind and Butler 1986, Robertson 1988, reviewed in Parrish
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1989, Adams and Ebersole 2004). Gratwicke et al. (2006) found that 67% of the
fishes of reefs and non-estuarine lagoons in the British Virgin Islands exhibited pat-
terns of ontogenetic habitat partitioning between lagoon and reef habitats, so such a
strategy may be widespread.

6.4.3 Mortality and Larval Condition

Mortality is extremely high during larval settlement (and post-settlement
transition—see Section 6.5). For example, Doherty et al. (2004) estimated that 61%
of the nocturnally settling fish larvae entering their study area in Moorea Island
(French Polynesia) were lost by morning. Similarly high rates of predation on set-
tling and recently-settled spiny lobsters have been found by Acosta and Butler
(1999) in the Florida Keys, USA. Although the high mortality rate continues for
days (or longer, depending on species), mortality during settlement makes a signifi-
cant contribution to overall mortality of the recruitment phase.

Since mortality is extremely high during the settlement and post-settlement
process (Almany 2004a, Almany and Webster 2004, Doherty et al. 2004), any
advantage provided by good condition has survival implications. For example, in
a laboratory experiment, McCormick and Molony (1992) found that reef fish larvae
at their study site near Lizard Island, Great Barrier Reef, Australia, receiving more
food were larger and in better condition, so were able to settle faster than were low
condition fish. They conjectured that these advantages would provide greater flexi-
bility in the timing of settlement and hence increased opportunity to select habitat
at settlement. Lower condition larvae were able to recover rapidly, feeding at rates
similar to those in the high feed treatment and settling soon after, but it is unclear
whether this compensatory ability would offset advantages of reduced exposure to
predation in the water column and larger size at settlement that the well-fed larvae
experienced.

Does high lipid content translate directly to high larval fitness (Sponaugle and
Grorud-Colvert 2006)? Settlement-stage larvae with greater lipid stores are able
to swim greater distances (Stobutzki 1998), enabling them to search more widely
for suitable settlement habitat. Positive connections between nutritional condition,
larval growth, and juvenile survival have also been established for decapod crus-
taceans (Knowlton 1974, Gimenez et al. 2004, Gimenez 2006). Larvae entering
the recruitment process in poor condition are more likely to be preyed upon (Hoey
and McCormick 2004, McCormick and Hoey 2004), though this is not always the
case: in some cases increased aggression (Jones 1987) or size-selective predation
(Sogard 1997) is focused on the largest individuals. Even small-scale variation in
larval growth and condition can be important (McCormick 1994).

The degree to which larval size and condition are environmentally versus genet-
ically controlled is unclear. In the Caribbean/western Atlantic, Sponaugle and
Grorud-Colvert (2006) and Sponaugle et al. (2006) used growth as a proxy for con-
dition (condition traditionally measured by physiological metrics such as the amount
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of lipid stores), and found that environmental variability affected growth (and thus
implied condition) of bluehead wrasse (Thalassoma bifasciatum) larvae, and that
these larval characteristics influenced survival. In the Florida Keys, USA, Sponaugle
et al. (2006) examined otoliths of post-settlement bluehead wrasse to examine the
effect of water temperature on larval growth, pelagic larval duration, and other
factors, and the effect of these factors on size-at-settlement. Size-at-settlement, a
function of larval growth and pelagic larval duration, was greatest at intermedi-
ate temperatures. They concluded that larvae grow fastest at metabolically optimal
temperatures. Perhaps most important, larval growth was positively correlated with
early juvenile growth (Fig. 6.1 also in Vigliola and Meekan 2002, Nemeth 2005),
and mortality was lower for fish with good larval condition and high early juvenile
growth (Sponaugle and Grorud-Colvert 2006), which likely increased survival.

Although they worked on post-settlement stages, Vigliola et al.’s (2007) results
from western Australia are also applicable here. They suggest that some of the vari-
ation in traits exhibited by settlement-stage larvae may be inherited. They found
size-selective post-settlement mortality, with smaller, slower-growing individuals
suffering highest mortalities in all cohorts they examined. This size-selective mor-
tality was so severe, in fact, that it affected the genetic composition of juvenile
populations as measured by mtDNA haplotypes. To the extent that these traits were
linked to the condition and size of settling larvae, their results have both demo-
graphic and population-level genetic effects because of the apparent links between
larval condition at settlement and subsequent juvenile survival. To the extent that
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larval growth rate is a heritable trait, these factors are especially important to exam-
ining effects of settlement-stage larval condition on juvenile survival because coral
reef fishes invest in rapid growth as an opportunistic bet hedging strategy to achieve
a selective advantage in the highly competitive and structurally complex coral reef
environments (Fonseca and Cabral 2007).

Larval size at settlement is not always a good indicator of condition. McCormick
and Molony (1993) found a poor correlation between condition and fish length for a
tropical goatfish (Upeneus tragula) in Australia, and age at settlement was not corre-
lated with standard measures of condition (carbohydrate content, lipid content, burst
swimming speed). Their results indicate that a multi-faceted analysis of settlement-
stage larval condition is necessary to make predictions on post-settlement survival
and recruitment. In addition, in some cases increased aggression (Jones 1987) or
size-selective predation (Sogard 1997) can be focused on the largest individual.
So bigger is not always better, which underscores the need to examine species
individually.

6.5 Post-settlement Transition (A Distinct Behavioral Phase
During Which Individuals are Associated with the Benthos
but are not yet Functioning as Juveniles)

6.5.1 Delayed Metamorphosis

During the post-settlement transition, larvae of many species are able to re-enter
the pelagic phase to search for better habitat (Kaufman et al. 1992). Reviewing
observations of larval settlement behaviors by others, Kaufman et al. (1992) esti-
mated that the post-settlement transition phase applied to 68 species of coral reef
fishes in the US Virgin Islands, showing the phenomenon to be widespread. Tran-
sitional individuals often have specialized behavioral and morphological character-
istics particular to this phase. The post-settlement transitional phase may last hours
to weeks (McCormick and Makey 1997) depending on the species, and metamor-
phosis may occur before, during, or after the post-settlement transition (Kaufman
et al. 1992). In general, transition individuals differ in appearance from larval and
juvenile conspecifics.

The ability to delay or accelerate metamorphosis associated with settlement
appears to be common in fishes and decapods, and this may influence post-
settlement processes. For example, Butler and Herrnkind (1991) have shown that
pueruli larvae of spiny lobster (Panulirus argus) of the Caribbean and western
Atlantic accelerate metamorphosis slightly when exposed to the red alga that is
the preferred settlement habitat. In a laboratory study of three Florida hermit crabs
(Pagurus maclaughlinae, Paguristes tortugae, and Clibanarius guttatus), Harvey
(1996) found that exposure to water previously inhabited by conspecific adults
inhabiting shells accelerated metamorphosis in two species, and all three species
delayed metamorphosis in the absence of empty shells. Kaufman et al. (1992)
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observed a four-fold difference in size of post-settlement Acanthurus larvae in the
Caribbean, which they attributed to the species’ ability to delay metamorphosis. The
largest individual initially settled, but then re-entered the water column, presumably
to continue searching for a settlement site. Using cages to place settlement-stage
Acanthurus triostegus larvae on the benthos or suspended in the upper water column
in French Polynesia, McCormick (1999) showed that many of the pelagic-caged
larvae were able to delay metamorphosis, whereas all of the benthic-caged fish
completed metamorphosis within five days. However, the individuals that delayed
metamorphosis still deposited a settlement mark on their otoliths, indicating com-
petency to settle. It is unclear whether this settlement mark is deposited for other
species that delay settlement, and the extent to which this might influence estimates
of post-settlement growth rates. Leis and Carson-Ewart (1999) captured settlement-
stage larvae of the coral trout (Plectropomus leopardus) at night, and observed their
swimming behavior during daylight hours. Many of the released larvae (26–32%)
exhibited their ability to delay metamorphosis and swam toward open water away
from the reef, presumably to attempt settlement the next night. Other larvae searched
for settlement locations on the reef.

6.5.2 Habitat Selection

A post-settlement transitional phase implies that selective settlement is occurring,
but does it occur in many species? Though spiny lobster pueruli tend to stick with
the Laurencia algae clump where they first settled if that clump is isolated, they
rapidly emigrate from the clump when other clumps form a more continuous mat,
and are especially likely to leave when food is scarce on the first clump (Marx and
Herrnkind 1985b; Chapter 7). Sancho et al. (1997) observed transitional surgeon-
fish (acanthurid) larvae (Ctenochaetus strigosus) swimming upcurrent in search of
suitable settlement habitat. When the habitats explored were not suitable or already
occupied, the transitional larvae resumed swimming upcurrent. During their obser-
vations of coral trout larvae (Plectropomus leopardus, Serranidae—sea basses) at
Lizard Island, Great Barrier Reef, Leis and Carson-Ewart (1999) noted active swim-
ming to search for settlement sites, with avoidance of areas with predators, but no
selection of specific settlement habitats.

Given that finding appropriate settlement habitat is challenging, species with
less restrictive settlement habitat requirements may have an initial advantage. For
example, Robertson (1988) and Parrish (1989) suggested that lagoon seagrass, algal
plain, and other common non-reef habitats provide large target areas for larval set-
tlement, with subsequent movement to nearby suitable recruit and juvenile habitats
such as rubble, patch reef, mangroves, or back-reef. This settle-and-move strategy
would allow post-settlement fishes to respond to benthic processes such as priority
effects, competition, and predation. Priority effects refer to the process by which
the presence of one species in a habitat decreases the probability of colonization
by another. One species can reduce recruitment of another via interference com-
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petition (adult and subadult residents or settling juveniles can interfere with larval
settlement), or preemption of resources, or predation (predatory adult and subadult
residents can decrease local settlement directly by preying on settlers, or indirectly
by inducing settlers to choose other sites (Shulman et al. 1983)). Adams and Eber-
sole (2004) conjectured that observed juvenile abundance patterns in St. Croix, US
Virgin Islands for the surgeonfish Acanthurus chirurgus and grunts (Haemulon spp.)
may have resulted from this settlement strategy. Use of this ‘settle and move’ strat-
egy is also suggested by the patterns of habitat use by the early juveniles of spiny
lobsters (Panulirus argus; reviewed in Lipcius and Eggleston 2000) and Nassau
groupers (Epinephelus striatus; Eggleston 1995).

A likely reason for use of non-reef habitats by juveniles of species with reef-
associated adults is reduced inter-specific interactions, especially reduced preda-
tion. In tethering experiments, Acosta and Butler (1999) found much higher preda-
tion on recently-settled transparent larvae and pigmented post-larvae of Caribbean
spiny lobsters on coral reefs than on inshore vegetated habitats (Fig. 6.2). The plant
stems inhabited by post-larval brown shrimp (Penaeus aztecus) protect them from
predators (Minello and Zimmerman 1983a, 1983b, Zimmerman and Minello 1984,
Zimmerman et al. 1984, Minello and Zimmerman 1985).

Predation on juvenile French grunts (Haemulon flavolineatum) in the US Vir-
gin Islands in seagrass beds decreased with distance from the backreef (Shulman
1985a). Similarly, predator encounter rates for juvenile surgeonfish (Acanthurus
chirurgus) in seagrass beds in the Caribbean decreased with distance from patch
reefs, as did aggression from territorial herbivores (Sweatman and Robertson 1994).
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Moreover, effects of predators, and the suite of predators that impact recruits,
change with degree of patch reef isolation (Overholtzer-McCleod 2006). Marx and
Herrnkind (1985b) concluded that recently-settled spiny lobsters in Florida (USA)
choose to live in clumps of Laurencia algae because this habitat provides both
food and protection from predators, and the predation experienced by newly set-
tled Caribbean lobsters in the mangrove prop roots they choose is less than they
would encounter with coral shelter (Acosta and Butler 1997); microhabitat (shel-
ter size) and habitat location continue to be important to survival of juvenile spiny
lobsters (Eggleston and Lipcius 1992, Mintz et al. 1994).

Searches for suitable habitats by post-settlement transition individuals may be
influenced by saturation of habitats (Shulman et al. 1983, Forrester 1995, 1999,
Schmitt and Holbrook 1999b). In comparisons of juvenile abundance on lagoon and
back-reef habitats of the US Virgin Islands, Adams and Ebersole (2002) suggested
that suitable juvenile habitats on the back-reef became saturated early during the
summer (high settlement season), so that later-arriving fishes settle on lagoon habi-
tats that are not yet saturated. In this scenario, lagoon habitats attracted more settlers
in summer because resources (food, shelter, and space) were more available than on
the back-reef, which is crowded with fish of all ages competing for these resources.
In winter, when the density of fishes is lowest, incoming larvae may settle on the
first appropriate habitat they encounter, which is the back-reef. These findings were
similar to those of Munro et al. (1973) and Shulman (1985a). In this scenario, post-
settlement transition individuals seek out alternative habitats where fish densities
are lower, evening out the per capita use of resources among habitats.

Much of the habitat selection by settlement-stage larvae likely takes place dur-
ing the post-settlement transition. During this period, larvae are associated with the
benthos, but have not yet taken on full occupancy of benthic habitats or juvenile
behaviors, so individuals may be able to make additional assessments of potential
settlement sites. The post-settlement transition is also when most priority effects
(e.g., Shulman et al. 1983, Almany 2003, 2004b) take place. Post-settlement often
involves competitive and aggressive interactions (Booth and Brosnan 1995), but
how these interactions act to modify patterns established at settlement varies among
species (Almany 2003, 2004a). For example, Caribbean post-larval spiny lobsters in
the ‘algal’ phase (so-named because clumps of red Laurencia are a preferred habitat
at this stage) are solitary and fiercely agonistic toward conspecifics (Andree 1981,
Marx 1983, Marx and Herrnkind 1986). Sancho et al. (1997) observed that transi-
tional individuals of the Pacific surgeonfish Ctenochaetus strigosus were rebuffed
by conspecifics as they explored potential settlement sites at Johnston Atoll, Central
Pacific. Moreover, this competitive/aggressive priority effect likely had an indirect
effect on survival, since predation on schools of transitional C. strigosus search-
ing for settlement sites was also observed. Territorial damselfishes (pomacentrids)
are particularly prone to using aggression to inhibit settlement of hetero- and con-
specifics (e.g., Shulman et al. 1983, Sweatman 1985, Risk 1998). For example, in
an experiment that manipulated the presence of adults on experimental reefs in the
Caribbean, Almany (2003) found that adult beaugregory (Stegastes leucostictus)
reduced conspecific recruitment. Settlement and post-settlement persistence of sur-



6 Mechanisms Affecting Recruitment Patterns of Fish and Decapods 199

geonfishes (Acanthurus spp.) was reduced by the presence of the beaugregory dam-
selfish (S. leucostictus) (Shulman et al. 1983, Risk 1998). Priority effects such as
these may be strictly hierarchical, as in the consistent exclusion of post-settlement
Acanthurus surgeonfishes by beaugregory damselfishes (Shulman et al. 1983) or
the consistent effects imposed by interspecific competition among Dascyllus dam-
selfishes found by Schmitt and Holbrook (1999b). In contrast, Munday (2004a)
found no competitive hierarchy between two coral-dwelling gobies in the Pacific.

6.5.3 Predation

Predation is often a strong influence on recruitment, especially during the first 48
hrs of settlement (Webster 2002, Almany 2004b, Almany and Webster 2004, see
Chapter 7 for details on Decapoda), which is well within the post-settlement tran-
sition window for many species (e.g., Acanthurus triostegus post-settlement meta-
morphosis takes up to five days; McCormick 1999). Almany (2003) manipulated the
presence of resident piscivores, and found that piscivores reduced settlement of the
beaugregory damselfish (Stegastes leucostictus). However, on reefs where adults of
other damselfish species were also present, the piscivores had no effect on recruit-
ment, suggesting that interspecific aggression was indirectly influencing settlement.
The effects of resident piscivores on recruitment of another pomacentrid (S. parti-
tus) were similar, but were not significant because of overall low larval supply. In the
same study, Almany (2003) found that resident piscivores also reduced recruitment
of the surgeonfish A. coeruleus.

Almany’s (2003) study is especially pertinent because he surveyed his exper-
imental reefs on a daily basis, so he was able to observe post-settlement transi-
tional individuals. Although Almany concluded that his results could be explained
by post-settlement mortality, with much of this mortality occurring within hours of
settlement (often before his daily visual censuses), his visual censuses included new
settlers and post-settlement individuals, and so mixed settlement (site selection by
larvae) and post-settlement effects. Shulman et al. (1983) and Tupper and Juanes
(1999) found that settlement of Caribbean grunts (Haemulon spp.) was lower where
juveniles of predatory fishes such as snappers (lutjanids) had already settled, sug-
gesting that some species select settlement sites to avoid potential future predation.
Webster (2002) and Almany (2004b) found similar results on the Great Barrier Reef,
where presence of resident piscivores reduced recruitment of most fishes, with losses
occurring mostly during the first 48 hrs after settlement. However, as with Almany’s
(2003) findings in the Caribbean, the relative effects of resident piscivores on
recruitment varied among fish species. Some species (e.g., the damselfish Pomacen-
trus amboinensis) experienced density-dependent mortality, whereas others (e.g.,
the damselfish Neopomacentrus cyanomos) experienced density-independent mor-
tality. Density-independent mortality resulted in recruitment that reflected larval
supply, but density-dependent mortality modified patterns of larval supply.

The examples listed above on differences in settlement site selection suggest
that caution must be used when applying findings across species and families of
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fishes and decapods. The community-level effects of differential predation on post-
settlement fishes are underscored in a study by Almany and Webster (2004). They
censused post-settlement fishes of 20 species on the Great Barrier Reef, and 15
species in the Bahamas, on reefs with and without predators. The predators were
serranids (sea basses) and pseudochromids (dottybacks) in Australia, and serranids
and muraenids (morays) in the Bahamas. The species they surveyed for recruit-
ment represented Acanthuridae (surgeonfishes), Chaetodontidae (butterflyfishes),
Labridae (wrasses), Pomacentridae (damselfishes), Pomacanthidae (angelfishes),
and Siganidae (rabbitfishes). Using rarefaction analysis to examine whether preda-
tor effects on recruitment directionally changed fish community composition, they
found that recruitment species richness was higher on reefs without piscivores,
predators had a greater effect on relatively rare species, and some species were
present only on reefs without predators. Although they acknowledged that their
study did not discriminate between settler avoidance of reefs with piscivores versus
predation of post-settlers, they cited previous research (Almany 2003) which used
caged piscivores to demonstrate that piscivore presence did not effect settlement
(i.e., effects were due to post-settlement predation). Although they measured effects
over a period of 44–50 days, most settlement modification via predation occurred
within the 48 hrs of settlement that generally includes the post-settlement transition.

6.6 Post-settlement Stage (Time Period Directly
After Metamorphosis, and One of Total Benthic
Association—a Period of High Benthic Mortality)

The post-settlement transition merges into the post-settlement stage, with the rate
of progress varying among species. Post-settlement stage fishes and decapods are
entirely benthic-oriented, yet remain within the high mortality period extending
from settlement. As stated in previous sections, the first days of association with
benthic habitats are a period of extreme mortality (e.g., Acosta and Butler 1999,
Minello et al. 1989, Webster 2002, Almany 2004a, Almany and Webster 2004,
McCormick and Hoey 2004, Doherty et al. 2004; see Chapter 7 for details on
Decapoda).

6.6.1 Mortality

Predation is a primary cause of mortality for post-settlement fishes and decapods,
but effects vary among species. Following cohorts of post-larval and juvenile brown
shrimp (Penaeus aztecus) inside and outside predator-exclusion cages allowed
Minello et al. (1989) to determine that high mortality in these stages in coastal Texas
is due almost entirely to predation, with declines in mortality as the shrimp grow
older and larger.
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Doherty et al. (2004) followed cohorts of settling unicornfish (Naso unicornis) to
determine mortality rates over time on coral reefs of Moorea. Initial mortality rates
of approximately 61% during the first night of settlement were density-independent,
and the density-dependent loss of post-settlement fishes on the first day after set-
tlement ranged from only 9–20%, depending on post-settler abundance. Since fish
were censused on all available habitats throughout the entire lagoon, all the mor-
tality could be attributed to predation, rather than emigration or re-settlement away
from the study area.

Webster (2002) also manipulated resident predators to examine effects of preda-
tion on post-settlement mortality of seven species and three family groups at Lizard
Island, Great Barrier Reef. In predator-absent treatments, mortality was density-
independent. Resident predators negatively affected survival of all species, primar-
ily within two days of settlement, and in contrast with predator-absent treatments,
mortality was density-dependent for most species (Fig. 6.3). Although the inten-
sity of predator impacts varied among species, mortality rates ranged from 1.1–3.7
times higher than in treatments without predators, with predators causing complete
recruitment failure for some rarer species (e.g., Chaetodontidae—butterflyfishes).

The influence of post-settlement density-dependent mortality (presumably due
to predation) may even vary among cohorts of a single species in a single reef sys-
tem. Schmitt and Holbrook (1999c) found that the majority of mortality occurred
very soon after settlement, but density-dependent mortality was not evident in all
cohorts in French Polynesia. Rather, earlier-arriving cohorts experienced density-
independent mortality, but their presence induced density-dependent mortality in
later-arriving cohorts. These results demonstrate the need to incorporate time and
space into studies of post-settlement processes to include inherent variability both
within (e.g., Schmitt and Holbrook 1999c) and among (Webster 2002) species.

Density-dependent mortality probably has its greatest impact during the post-
settlement stage (Hixon and Webster 2002), although density-dependence may not
be apparent (Osenberg et al. 2002). Although their research occurred over a longer
time period than recruitment, Hixon and Jones (2005), building upon previous
experimentation, showed that competition and predation interacted to cause density-
dependent mortality of fishes at Lizard Island, Great Barrier Reef. Although com-
petition generally did not appear to cause mortality directly, the eventual result of
competitive exploitation and aggression was predation (Fig. 6.4).

6.6.2 Competition

Competition leading to slower growth rates may be a particular problem for late
arriving settlers, since small size is likely to place them lower in competitive hier-
archies than earlier-arriving conspecifics. High densities of post-settlement individ-
uals also create competition for resources, and may decrease growth rates (Jones
1991). Such competition may result in predation since slower growth rates often
result in higher mortality (Jones 1991), but this is not always the case. For example,
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taxonomic families. ∅ indicates that net per capita mortality values could not be calculated due
to insufficient data. Figure reproduced from Webster (2002), with kind permission from Springer
Science+Business Media

Forrester (1990) found that although growth rates were lower at high densities
because food was less available, this did not influence survival. Moreover, since
some predation is selective toward a particular size (Sogard 1997), rapid growth
rates resulting in larger individuals may not be a universally positive trait.

The importance of competition probably increases greatly in the post-settlement
stage. During settlement, selecting structurally suitable microhabitat is generally
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refuges determines the source of density-dependent mortality in demersal marine fishes. Figure
reproduced from Hixon and Jones (2005), with kind permission from the Ecological Society of
America

more important than avoiding competition (Jones 1991). During the post-settlement
transition, and continuing into the post-settlement phase, competition for space—
either among settlers or between settlers and occupants—becomes important. The
change in relative importance of competition with progressing life phases is exem-
plified by the tropical Atlantic surgeonfish Acanthurus bahianus. Initial settlement
of A. bahianus is higher in the presence of conspecifics, but post-settlement individ-
uals later compete for limited nocturnal shelter (Risk 1998).

Fishes and decapods fare better when they use shelter appropriate to their body
size. Beets (1997) and Hixon and Beets (1993), for example, found that survival
of post-settlement Caribbean fishes was lower on artificial reefs with shelter holes
large enough for predators, and that survival increased on reefs with shelter holes
sized appropriately for post-settlement fishes. Similarly, Nemeth (1998) found that
survival of juvenile bi-colored damselfish (Stegastes partitus) was higher in habitats
with more and smaller crevices they could use as shelter. Since the main source of
mortality was encounters with predators, appropriate-size shelters were probably a
limiting resource.
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Competition for appropriate-sized shelter likely leads to increased mortality,
mainly due to predation (Hixon and Menge 1991, Eggleston and Lipcius 1992,
Friedlander and Parrish 1998). Competition for suitable shelter is important in shap-
ing post-settlement abundances. Settlement of two Dascyllus damselfishes in French
Polynesia, for example, was suppressed 80–90% by insufficient supply of suitable
microhabitats (Schmitt and Holbrook 2000), and post-settlement intra- and inter-
specific competition for shelter strongly influenced juvenile abundance (Schmitt and
Holbrook 1999b). Aggressive interactions between adult and juvenile damselfishes
can make the juveniles more susceptible to predation (Holbrook and Schmitt 2002,
Almany 2003). In numerous site-attached species, ontogenetic partitioning of habi-
tat reduces competition between life stages, and enables settlement. For example,
juvenile three-spot damselfish (Stegastes planifrons) escaped competition for space
from territorial adults by settling in dead coral heads (primarily Agaricia tenuifolia),
and avoiding the adults that were mostly in live A. tenuifolia (Lirman 1994). Sim-
ilarly, Pomacentrus sulfureus appeared to undergo ontogenetic microhabitat shifts
(Bergman et al. 2000). Juveniles were associated with branching corals, and were
mostly associated with the benthos. In contrast, adult abundance was negatively
related to substrate diversity, indicating more general habitat requirements. In addi-
tion, adults spent most of their time in the water column.

The appropriate shelter size changes with body size. In the Bahamas, habitat
complexity was not a factor in mortality of the damselfish Stegastes leucostictus
during and immediately after settlement: resident predators (i.e., Serranidae—sea
basses, Muraenidae—morays) and competitors (i.e., territorial adult damselfishes
S. leucostictus and S. partitus) negatively affected survival on both high and low
habitat complexity reefs (Almany 2004a). This was attributed to the ability of com-
petitors and small predators to access the shelter holes available to post-settlers.
Over time, as post-settlers grew, survival became higher on reefs with higher
complexity.

6.6.3 Movement Among Habitats

Type of predator and habitat dispersion can interact to influence the effects of preda-
tion. Overholtzer-McLeod (2006) experimentally examined the effect of habitat dis-
persion on interactions between predators and juveniles on the damselfish Stegastes
leucostictus and the wrasse Halichoeres garnoti in the Bahamas. Both species expe-
rienced density-dependent mortality on spatially-dispersed patch reefs (separated by
50 m), and density-independent mortality on aggregated patch reefs (separated by
5 m). She attributed high (nearly 100%) mortality on aggregated reefs to visits by
transient predators that occurred independent of prey densities. In contrast, most of
the predation on spatially-dispersed reefs was caused by resident predators (primar-
ily the small grouper Cephalopholis fulva). Although the resident predators were
also present on the aggregated reefs, their impact on mortality was swamped by the
transient predators that generally ate all juveniles present.
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Unfortunately, Overholtzer-McCleod (2006) discounted movement among reefs
by Stegastes leucostictus as an effect on mortality estimates—this damselfish shows
relatively low site fidelity (McGehee 1995) and the ability to colonize apparently
isolated habitats during all benthic life phases (Adams and Ebersole 2002)—but
her results reflect an emerging view that the interaction between species vagility
and habitat contiguity has community-level effects (Ault and Johnson 1998). The
importance of contiguous habitats to community-level processes was emphasized
by Ault and Johnson (1998). They found that vagile fishes are able to move among
isolated habitats in response to resource availability, whereas more sedentary species
seem to require contiguous habitats for larger scale movement. Habitat contiguity,
in conjunction with predator behavior, may also facilitate an aggregative response
by predators (e.g., Anderson 2001), with subsequent increases in post-settlement
mortality.

6.7 Recruitment (Occurs at the End of the Post-settlement Stage,
and Incorporates Effects of Larval and Post-settlement
Processes)

The recruitment phase of early life history of fishes and decapods, when individuals
can properly be called juveniles, is generally when most surveys occur or begin, so
much of the information we have on recruitment has been gathered during this stage.
Depending on the species and locations, it has been argued that post-recruitment sur-
veys may provide accurate assessments of larval supply (reviewed in Jones 1991).
As seen in previous sections, however, more recent evidence points to very strong
modification of abundances from initial larval supply due to settlement through post-
settlement processes, which would negate the use of post-recruitment surveys as
assessments of larval supply. Although recruitment is characterized by entry into a
period of lower mortality compared to that of the settlement through post-settlement
stages, some of the same factors influencing those earlier stages—predation, com-
petition for shelter and food resources, and aggression—are also influential for juve-
niles in the recruitment phase.

Habitat quality and individual condition may interact to influence recruit condi-
tion and growth rates of recruits, and subsequently affect density-dependent mor-
tality. In other words, processes observed in recruits are connected backward to the
larval settlement stage. A series of studies on recruitment of Thalassoma hardwicke
in French Polynesia suggested that individual traits (as measured by growth and
lipid content) and habitat quality have synergistic effects on survival. Condition (as
measured by lipid content) and growth rates of individuals were high at high qual-
ity habitats, and these habitats also had more strongly density-dependent mortality
(Shima et al. 2006). The combination of higher settlement and condition at higher
quality sites and density-dependent synergy of habitat quality produce extra high
recruitment, which may be augmented further by the reduced predation associated
with good condition (Booth and Hixon 1999). The overall recruitment patterns that



206 A.J. Adams and J.P. Ebersole

result are complex, however, and the extent to which habitat quality and individual
intrinsic traits contribute to differences in density-dependent mortality and survival
remains unclear.

6.7.1 Growth and Shelter Size

Survival also depends on growth, especially during the recruitment phase. In a study
of the planktivorous damselfish Neopomacentrus filamentosus in western Australia
from settlement to three months after settlement, faster growing recruits had higher
survival, with size-selective mortality (presumably due to predation) causing the
loss of the smallest and slowest growing recruits (Vigliola et al. 2007). Moreover,
the intensity of this size-selective mortality was higher in the more numerous of
two sequential cohorts, indicating density-dependent mortality. This intense natu-
ral selection for large size is indicated by the genetic differences between settlers
and recruits that resulted from the intense size-selective mortality. Genetic differ-
ences were less evident for a second, less numerous cohort (20% the size of the first
cohort), suggesting that natural selection was reduced at the lower density. Alterna-
tively, size-selective mortality in the second, less numerous cohort may have been
hard to detect because the mortality rates were so low (Sogard 1997). In any event,
the ultimate effect of such size-selective mortality on evolutionary trajectories is
unclear.

Changes in habitat requirements with recruit size underscore the importance of
appropriately-sized shelter. Small crevices that were suitable for post-settlement
individuals become too small to provide shelter as the individuals grow. The need for
size-specific shelter means that several different life stages may be forced through
population bottlenecks. By providing more shelters, Shervette et al. (2004) identi-
fied such a bottleneck for juvenile stone crabs (Menippe adina) of coastal Missis-
sippi. In bays of coastal Florida, USA, Beck (1995) found that larger stone crabs
(M. mercenaria) grew slowly, molted infrequently, and were slow to produce eggs
when appropriately sized shelter holes were not available.

Post-settlement Caribbean spiny lobster (Panulirus argus) use structurally com-
plex microhabitats, such as macro-algae, and move as juveniles to larger, less
complex crevice habitats in sponges, soft corals, coralline algae, seagrass, and rock-
rubble habitats as they grow too large for the shelter provided by the macro-algae
(reviewed in Lipcius et al. 1998 and Chapter 7). Aggregation becomes part of
the anti-predator defense of crevice-dwelling juveniles, since detection of preda-
tors and repulsion by antenna-lashing are more effectively accomplished by groups
(Eggleston and Lipcius 1992), and juveniles use olfactory cues to find crevices with
conspecifics (Nevitt et al. 2000). This association of body size with crevice size con-
tinues in later stages, as older juveniles and adults utilize ever-larger crevice-type
habitats for shelter. Within the context of this early life history ontogeny, Lipcius
et al. (1998) tethered juvenile lobsters of two size classes in experimental plots
of varying algal biomass (their proxy for habitat structure) in seagrass beds, and
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derived a habitat-survival function (HSF) to describe the effect of habitat structure
and size on juvenile lobster survival. There was a large increase in survival of both
large and small juvenile lobster associated with moderate increases in algal biomass,
until an asymptote was attained as algal biomass increased further. Notably, sur-
vival of small juveniles was significantly higher than survival of large juveniles.
The authors conjectured that this inverted size effect resulted from habitat-body size
scaling, such that the algal habitat did not provide appropriate refuge for large juve-
niles, and the functional habitat area diminishes as individuals grow larger.

Changes in habitat requirements with body size were also evident in an exam-
ination of tradeoffs between growth and predation for juvenile Nassau grouper
(Epinephelus striatus) in the Caribbean. Eggleston and colleagues (Eggleston 1995,
Eggleston et al. 1998, Grover et al. 1998, Dahlgren and Eggleston 2001) docu-
mented ontogenetic habitat and diet shifts for Nassau grouper from post-settlement
to late juvenile stages. In a study that compared habitats in shallow, protected areas
that received grouper larvae, Eggleston (1995) identified previously undocumented
juvenile habitats: grouper settled exclusively in clumps of macroalgae and not in
seagrass or on sand, post-settlement fish (25–35 mm Total Length) resided within
the algae clumps, early juveniles (60–150 mm TL) resided adjacent to the algae, and
juveniles >150 mm TL colonized natural and artificial patch reefs in areas appar-
ently removed from the post-settlement and early juvenile habitat. Adult Nassau
groupers are associated with deeper, high-relief reefs (Sluka et al. 1998).

With ontogenetic habitat and diet shifts as a foundation, Dahlgren and Eggleston
(2000) used caging and tethering to examine the tradeoffs between growth and pre-
dation that might underlie the observed habitat use patterns. They found a dynamic
trade-off between predation risk and growth, where the relative costs and bene-
fits changed over time; overall, minimal predation risk with maximal growth was
achieved through ontogenetic shifting of habitat. Although their research focused on
ontogenetic shifts of later-stage juveniles, their findings should be generally applica-
ble to examining habitat-growth interactions for earlier life stages and other species
(Fig. 6.5).

6.7.2 Competition

Interspecific competition may become more important as individuals reach the
recruit phase. Shervette et al. (2004) found that stone crabs in the Mississippi Sound
faced competition from mud crabs (Eurypanopeus depressus and Panopeus simp-
soni) for available shelter. The intensity of competitive relationships may change
with competitor size. For example, the aggression elicited by intruders from the
territorial damselfish Stegastes leucostictus is directly related to their potential to
consume algal food resources, so that larger intruders tend to elicit a stronger aggres-
sive reaction (Ebersole 1977). In a more focused study, Risk (1998) found that
aggression from S. leucostictus toward intruding juvenile Acanthurus bahianus was
greatest for the largest intruders, and this aggression was sufficient to decrease the
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Fig. 6.5 Habitat-specific
values of the mortality-risk/
growth-rate ratio calculated
for each size class of Nassau
grouper (Epinephelus
striatus). Figure reproduced
from Dahlgren and Eggleston
(2000), with kind permission
from the Ecological Society
of America

persistence of juvenile A. bahianus in S. leucostictus territories. Territorial pomacen-
trids have similar negative effects on recruits of many herbivorous species (Almany
2003).

Overholtzer and Motta (1999) observed inter- and intraspecific aggressive
behavior in mixed species aggregations of juvenile parrotfishes (Scaridae) in the
Caribbean, focusing on Scarus iserti, Sparisoma aurofrenatum, and Sparisoma
viride. Interspecific aggression occurred among the focal species, and between the
focal species and damselfishes (Pomacentridae), grunts (Haemulidae), and wrasses
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Fig. 6.6 The effects of interspecific competition on the population growth of Dascyllus flavicaudus
and D. aruanus. The figure shows the results of a field experiment where the presence and absence
of the congener were manipulated among different coral heads. The data are mean (± standard
error) change in population size over 72 days for D. flavicaudus (solid circle) and D. aruanus (open
circle). The horizontal dashed line denotes no net change in population size. Figure reproduced
from Schmitt and Holbrook (1999b), with kind permission from Springer Science+Business Media

(Labridae). They concluded that the aggressive interactions would likely have impli-
cations for later life stages because these interactions would act as precursors to ter-
ritoriality as adults. This is an example of the potential demographic implications
of mechanisms occurring during recruitment (i.e., connectivity between recruitment
and adult populations).

The effects of interspecific interactions on the abundance and distribution of juve-
niles may not be reciprocal. Manipulating presence/absence of congeneric plank-
tivorous damselfishes to examine effects of competition on abundance of recruits,
Schmitt and Holbrook (1999b) found that groups of Dascyllus aruanus that would
show a 50% increase in numbers over three months in the absence of D. flavicaudus
experienced a 55% decline when the congeneric competitor was present. However,
this strong negative impact of D. flavicauda on D. aruanus recruits was entirely
one-sided; the presence of D. aruanus had no discernible effect on the population
growth rates of D. flavicaudus groups (Fig. 6.6). Accordingly, the modification of
larval settlement pattern to recruitment pattern in abundance and distribution were
greater for D. aruanus than D. flavicaudus.

6.8 Use of Reef and Non-reef Areas as Recruitment Habitats

As summarized in preceding sections of this chapter, individual fish and decapod
larvae, post-settlers, and recruits are capable of selecting habitat and moving among
habitats. Ontogenetic shifters, especially, undergo directional habitat selections
and movements, using multiple habitats to maximize survival to adulthood. Until
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recently, few researchers had examined use of multiple lagoon and reef habitats,
despite the observed presence of juvenile fishes and decapods in multiple habitats.
Such studies are needed to determine the importance of reef and non-reef habitats as
essential nursery habitats (Beck et al. 2001) or effective juvenile habitats (Dahlgren
et al. 2006).

6.8.1 Habitat Mosaics

Dispersion of habitat types within coastal tropical ecosystems is an important habi-
tat component, affecting habitat selection as well as survival and growth of early life
stages. Habitat dispersion is the spatial distribution of habitat types within a defined
area, and includes the entire habitat mosaic to which recruits may be exposed (see
Chapter 14). An important feature of this definition is the differentiation of habi-
tat types from habitats: ‘habitat type’ describes a distinct feature in some general
way (e.g., mangrove, seagrass, algal plain, reef), whereas ‘habitat’ elaborates on the
description of a habitat type by including its location in the overall habitat mosaic,
thereby taking into account the contiguity or isolation of habitat types (e.g., contin-
uous reef versus small patch reefs in a seagrass matrix).

Although the typical definition of essential nursery habitat (e.g., Beck et al. 2001)
implies that some early life stage of a species depends upon a single habitat type,
recent research has shown that recruits of many species depend upon a mosaic
of contiguous habitat types. For example, although conventional sampling indi-
cates that recruits of Caribbean/western Atlantic snappers (Lutjanidae) and grunts
(Haemulidae) use mangroves as shelter during the day, stable isotope and gut con-
tent analyses show that these fishes feed in adjacent seagrass beds at night (Harrigan
et al. 1989, Serafy et al. 2003, Kieckbush et al. 2004, Nagelkerken and van der Velde
2004). Risk (1998) saw low persistence for post-settlement surgeonfish (Acanthurus
bahianus) that suffered aggression from territorial damselfish (Stegastes leucostic-
tus), but attributed their eventual absence to movement to other locations rather
than (immediate) mortality. Whether post-settlement fishes risk such early life his-
tory movement to escape site-specific problems (e.g., aggression or competition for
resources) is an open question.

Habitat mosaics are important to the early life history stages of non-reef-
associated individuals as well. Laegdsgaard and Johnson (2001) conducted experi-
ments in Australia to examine factors affecting use of mangrove habitats by juvenile
fishes, and found that use of complex mangrove prop-root habitats and less complex
adjacent habitats changed with growth. Artificial mangrove prop-root structure plus
fouling algae attracted juvenile fishes of more species and more total individuals
than bare structure. In laboratory experiments, the use of artificial mangrove prop-
root shelters by small juveniles increased in the presence of predators, but this effect
was not evident for larger individuals. Small juveniles also fed most effectively
within mangrove habitat, whereas their larger counterparts fed at higher rates on
adjacent mud flats. Thus, habitat use can change as juveniles grow and develop even
when habitat associations are unchanged. Community-level sampling of mangrove
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and seagrass habitats in tropical Australia corroborates these experiments, with sig-
nificantly more juvenile fish and crustaceans captured in mangroves than seagrass
habitats (Robertson and Duke 1987), indicating the importance of mangrove roots
as shelter for small fishes.

The ‘settle-and-move’ strategy of ontogenetic shifting species (Robertson 1988,
reviewed in Parrish 1989, Sweatman and Robertson 1994, Adams and Ebersole
2004), whereby larvae settle into an extensive habitat (e.g., mangrove prop roots,
seagrass, algal beds) and move later to microhabitats (e.g., patch reef, rubble) within
the settlement habitat, exemplifies the importance of habitat as a mix of habitat
types in close proximity (i.e., a habitat mosaic). These species may briefly settle in
habitats different from post-settlement habitats, and then move quickly to habitats
that provide better resources. For example, Caribbean Haemulon spp. settle to algal
plain and sparse seagrass, but later, as they grow, move to structure located near sea-
grass such as rubble patches, patch reefs, or back-reefs located near seagrass, where
many researchers first note their presence (McFarland 1980, Shulman and Ogden
1987, Adams and Ebersole 2004). The common Caribbean French grunt Haemulon
flavolineatum provides a detailed example of the importance of habitat mosaics to
early life history, since it has a well-described ontogenetic pattern of habitat use.
Larvae settle in seagrass, algal plain, or soft-bottom habitats and then move (via
numerous ontogenetic shifts) to adult habitats on reefs (Shulman and Ogden 1987,
Adams and Ebersole 2002). Through most of their benthic existence (excluding the
early post-settlement stage) French grunts feed on benthic invertebrates living in
soft-bottom. They feed primarily at night, and spend the day in close association
with hard-bottom structure (rubble, patch reef, larger coral reef, mangrove). Juve-
nile French grunts appear to use structure within their settlement habitats (e.g., tiny
patch reefs or queen conch shells in seagrass beds) before moving to adult habitats
on larger reefs. Using benthic maps developed from GIS and high-resolution aerial
photos and in situ, day-time censuses of fish to examine influence of habitat dis-
tribution on juvenile French grunt abundance, Kendall et al. (2003) found that the
abundance of juveniles (post-recruits) on hard-bottom was inversely related to the
distance from soft-bottom feeding areas, and that when refuge and feeding habitats
were in close proximity, refuges near larger feeding areas had more juveniles (Fig.
6.7). The extent to which habitat mosaic also influenced post-settlers and recruits
is unclear. Similarly, a mixture of seagrass or algae (settlement habitats) and patch
reefs (juvenile habitat) increases movement and enhances survival of juvenile spiny
lobsters (Panulirus argus) (Acosta and Butler 1999).

Pollux et al. (2007) and Adams and Ebersole (2002) each used a comparative
approach in the Caribbean to demonstrate that the importance of non-reef habitat
dispersion varies among species. Pollux et al. (2007) conducted post-settlement cen-
suses of Acanthurus bahianus, Ocyurus chrysurus, and Lutjanus apodus along tran-
sects on coral reef, seagrass, and mangrove habitats. They found that each species
exhibited habitat-specific patterns that they attributed to settlement preferences:
A. bahianus to coral reef (and to a lesser extent seagrass), O. chrysurus to seagrass
and mangroves, and L. apodus exclusively to mangroves. Since the habitat-specific
patterns they observed were similar to those reported for later juvenile stages for
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these species, they concluded that juvenile habitat use patterns resulted primar-
ily from settlement patterns. Adams and Ebersole (2002) censused post-settlement
fishes and recruits in backreef habitat and five lagoonal habitats (seagrass, rubble,
patch reef, sand, algal plain), and found two general patterns of juvenile habitat use
among fishes with reef-associated adults: one group (e.g., Acanthurus spp., Haemu-
lon spp.) used lagoon patch reef and rubble as juvenile habitats, whereas a sec-
ond group (e.g., Scarus iserti, Sparisoma aurofrenatum) used backreef as juvenile
habitat.

6.8.2 Recruitment Habitat Quality

For some organisms that shift habitats ontogenetically, abundances of adult pop-
ulations may depend on input from lagoon nurseries, and thus show a strong
connectivity to post-settlement and recruitment habitats. Finding such relation-
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ships is likely to be difficult, since variable mortality rates associated with the
movement between habitats may obscure them. Robertson (1988) posited that
post-settlement relocation played a large role in the difficulties of establishing a
correlation between abundance of recruits and abundances of adults for three acan-
thurids in the Caribbean. However, Adams and Ebersole (2004) developed a Lagoon
Quality Index (LQI) to quantify recruit habitat availability and examine the relation-
ship between recruitment habitat availability in seagrass lagoons (inshore of bank
barrier reefs) and adult abundance on the nearby reefs for two genera of ontogenetic
shifters in the Caribbean. An LQI that combined availability and use of recruit habi-
tats was calculated for each of six sites for small (<3 cm) and medium (3–5 cm)
juvenile Haemulon spp. and for juvenile Acanthurus spp. (small and medium size
classes were combined since settlement occurs at approximately 2.5–3 cm):

LQIi j =
∑

aix · P j x

where x = a given habitat type (e.g., patch reef, rubble, algal plain, seagrass, sand),
aix = mean density of species i on habitat xj (computed from values pooled from
all six sites), and Pjx = relative cover of habitat x in lagoon j. Least squares regres-
sion showed that the Lagoon Quality Index was a good predictor of adult densities
on nearby reefs for Acanthurus spp. and for small Haemulon spp. (Figs. 6.8, 6.9).
The LQI was calculated separately for each lagoon by pooling two years of census
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data to reduce the impact of the storage effect (Warner and Chesson 1985) that
tends to obscure the relationship between abundances of recruits and adults in fishes
with ontogenetic shifts (Tolimieri 1998b). The LQI for the medium size class of
Haemulon spp. was not a good predictor because Haemulon spp. undergo ontoge-
netic shifts beginning at a small size, and by the time they reach the medium size
class, they are already transitioning to reef habitats (McFarland et al. 1985, Shulman
and Ogden 1987, Adams and Ebersole 2004). Similar relationships between avail-
ability of recruitment habitat and adult population density have been found else-
where for these and other fishes (Nagelkerken et al. 2001, 2002, Mumby 2006),
spiny lobsters (Butler and Herrnkind 1997), and stone crabs (Menippe mercenaria,
Beck 1995, 1997).

6.8.3 Recruitment Habitat Proximity

There may be a proximity threshold for the influence of non-reef nurseries on reef
populations. In a study of mangrove shorelines in a lagoon adjacent to a fringing reef
in the US Virgin Islands, for example, Adams and Tobias (1999) found that abun-
dance of juveniles of species with reef-associated adults (e.g., surgeonfish Acan-
thurus chirurgus) decreased from the mangrove shorelines closest to the reef to the
interior mangrove shorelines, whereas juveniles of species with a higher affinity for
mangrove habitats (e.g., mangrove snapper Lutjanus apodus) were equally abundant
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Fig. 6.10 Mean fish density
of several nursery species
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bay. All reef sites are located
down-current of the bay, and
in this area other lagoons are
absent. Figure from
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with kind permission from
Inter-Research Science
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throughout the mangrove lagoon. Similarly, in a lagoon studied by Nagelkerken
et al. (2000b), juvenile densities of reef fish species with reef-associated adults
rapidly decreased with distance from the coral reef. Densities of many species
that used lagoon habitats as putative nurseries, for example, were higher on habi-
tats nearer the reef (Fig. 6.10), whereas species with affinities for lagoon habi-
tats were most abundant in habitats farther from the reef. Ley et al. (1999) also
found differences in fish community composition across an estuarine gradient.
They examined fish communities in a mangrove-fringed subtropical estuary in
Florida, USA, to determine fish community composition. Juveniles and sub-adults
of reef-associated species were present only in downstream, higher-salinity loca-
tions. In contrast, euryhaline residents (e.g., Poeciliidae—livebearers, Cyprinodon-
tidae (Fundulidae)—killifishes) dominated community assemblages throughout the
study area, regardless of salinity.

6.8.4 Recruit–Adult Connectivity

On a regional scale, the correlations between nursery availability and adult popu-
lations on the reef are reflected in associations between nurseries and community
structure on reefs. Mumby et al. (2004) examined the distribution of mangroves
and reefs in the Caribbean, and found an association between mangroves and fish
species composition on reefs. Reefs with (more) nearby mangrove habitats had
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higher adult abundances of species that used mangroves as juveniles. Moreover,
for many of these species, mangroves served as intermediary nursery habitat that
may have increased survivorship of juvenile fishes. The effects of mangroves as
juvenile habitat was very pronounced for some fishes of commercial value, with
biomass greater on reefs with nearby mangroves than reefs with fewer or no man-
groves nearby. Effects were most dramatic for species with the greatest dependence
on mangrove habitats: Scarus guacamaia, functionally dependent on mangroves,
is now locally extinct in areas with high mangrove loss. The relationship between
adult populations on reefs and contiguity of non-reef juvenile habitats has also been
shown for seagrass (e.g., Dorenbosch et al. 2004, 2006) in the Caribbean.

Examination of fish abundances and sizes in Australia suggests a similar connec-
tion between species composition on inshore (or shallow) and offshore (or deeper)
habitats. For example, at least 11 fish species in northern Australia use estuaries
exclusively as juveniles and then use offshore habitats as adults (Blaber et al. 1989),
suggesting selection of settlement habitats followed by ontogenetic shifts to adult
habitats. Similarly, juveniles of at least 14 species of eastern Australia occur in
estuarine and adjacent, shallow, turbid mangrove and seagrass-bed habitats, while
the adults are found in deeper water or ocean habitats (Blaber and Blaber 1980).
Sheaves (1995) also found that at least 14 species of fish with adult stages on
reefs or in deeper offshore waters had juvenile stages that used estuarine mangrove
habitats.

6.9 Effects of Disturbance on Recruitment

6.9.1 Tropical Cyclones/Hurricanes

The most prominent natural disturbances in tropical marine ecosystems are trop-
ical cyclones/hurricanes. The relatively few studies of hurricane effects on coral
reef fishes generally report temporary, or no, measurable effects (Kaufman 1983,
Lassig 1983, Letourneur et al. 1993, Aronson et al. 1994, Bouchon et al. 1994,
Adams 2001, Adams and Ebersole 2004), with the most notable effects on juvenile
fishes. However, working in the Pacific, Lassig (1983) found high juvenile mortality
and redistribution of subadults immediately after a tropical cyclone that occurred
during the settlement season. Given the frequency of cyclones during the settle-
ment season and the influence of recruitment on adult abundance, he postulated that
cyclones might be important factors in population structure. In contrast, comparing
fish abundances before and after a cyclone in the Caribbean that occurred at the end
of the settlement season, Adams and Ebersole (2004) found no short-term effects
on abundances or size distributions of fishes. They postulated that larger juveniles
present at the end of the settlement season may be of sufficient size to be resis-
tant to hurricane disturbances. This, however, is counter to Lassig’s (1983) findings
for subadult fishes. Differences in findings between these studies may have resulted
from the combination of the high storm frequency and general reef degradation in
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the Caribbean, which may have combined to favor a community that is relatively
resistant to disturbances (i.e., caused a phase shift; Done 1992, Jones and Syms
1998). Alternatively, Caribbean fish assemblages may be more resistant to hurri-
canes, since little or no measurable impact are common observations (e.g., Kaufman
1983, Aronson et al. 1994).

Tropical cyclones may also serve to increase larval supply to tropical estuar-
ies and coral reefs for some species. During a multi-year study of larval tarpon
(Megalops atlanticus), Shenker et al. (2002) experienced a tropical cyclone pass
directly over their study location in Florida, USA. The abundance of M. atlanti-
cus larvae was higher in association with that tropical cyclone event than during all
other sampling periods. Abnormally high settlement of juvenile honeycomb grouper
Epinephelus merra occurred following a tropical cyclone on reefs of Réunion Island
(Letourneur et al. 1998). However, when observations were continued after the
cyclone, density-dependent processes were found to decrease densities to more typ-
ical levels (Letourneur et al. 1998).

6.9.2 Habitat Disturbance and Degradation

Other types of disturbance also impact recruitment. Butler et al. (1995), for exam-
ple, found that the distribution of juvenile Caribbean spiny lobsters Panulirus argus
changed dramatically when one of their preferred habitats, sponges, suffered a mas-
sive die-off in Florida Bay, USA. Lobster density decreased in areas where few
alternative shelters existed, but sites where artificial shelters were added experi-
enced an increase in lobster density. Whether density-dependent factors acting at
another stage evened out these density differences eventually, as in the honeycomb
grouper, is an open question.

Studies of larger scale disturbances that impact recruitment are becoming
increasingly important. These disturbances tend to cause wholesale changes in habi-
tats, and whether it is habitat loss or degradation, loss of habitat integrity affects
recruitment. Much of this habitat loss and degradation is anthropogenic. For exam-
ple, the worldwide loss of mangroves between 1980 and 2000 exceeds 34% (Valiela
et al. 2001). Since many species of tropical fishes and decapods use estuarine
and marine mangroves as recruitment habitats, loss of these habitats likely has
population-level implications that require study.

Increasingly, general degradation of coral reefs is hindering recruitment. Exam-
ination of coral reef degradation on a gradient (healthy–stressed–dead coral–algae
dominated–habitat structure changed) reveals a clear picture of the impacts of habi-
tat integrity loss on fish and decapods. Coral stress (the partial degradation of coral
colonies) does not appear to effect larval settlement and subsequent recruitment
of fishes (Feary et al. 2007). With increasing degradation, as coral dies, larval
fish recruitment decreases (Jones et al. 2004, Munday 2004b, Feary et al. 2007),
with specialists more impacted than generalists (Munday 2004b). Reef-wide coral
bleaching, coral death, and change in benthic cover (e.g., live coral converts to
algae) reduce fish recruitment (Garpe and Ohman 2003, 2007, Garpe et al. 2006),
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moderately in the short term and severely in the long term (Garpe and Ohman 2003,
2007, Garpe et al. 2006). Initially, loss of coral habitats causes decreases in habitat
specialists such as corallivores and coral-associated territorial species (Garpe and
Ohman 2003). In the long term, a much wider array of species are impacted, includ-
ing invertivores and planktivores, with Pomacentridae (damselfishes), Chaetodonti-
dae (butterflyfishes), and Pomacanthidae (angelfishes) particularly impacted (Garpe
and Ohman 2003).

6.10 Greatest Knowledge Gaps

6.10.1 Connecting Larval and Juvenile Traits

Although recent research has shown the importance of settlement-stage larval con-
dition on growth, survival, and mortality of post-settlers and juveniles (e.g., Searcy
and Sponaugle 2001, Vigliola and Meekan 2002, McCormick and Hoey 2004,
Nemeth 2005), the interactions between habitat quality and individual condition are
less well studied. As mentioned previously, for example, Shima et al. (2006) found
that juvenile Thalassoma hardwicke with higher lipid levels and higher growth rates
were also associated with better quality habitats. These habitats had higher levels of
Pocillopora spp. coral that provided cover for juveniles and shelter from predators.
In addition, the types of predators (resident vs. transient) and dispersion of habitats
(Overholtzer-McCleod 2006) also influence the survival of juveniles, and are inde-
pendent of larval condition at settlement. Moreover, post-settlement competition,
food and habitat limitation, cohort size, timing of settlement, and priority effects
all interact and contribute to recruitment success or failure. Combined, these results
emphasize the need for future studies to incorporate the interactions of individual
traits, habitat quality, and numerous post-settlement mechanisms influencing early
life history of fishes and decapods.

6.10.2 Partitioning Mortality and Emigration

Implicit in the measures of post-settlement mortality is that the decline in post-settler
abundance results from mortality (mostly from predation). For fishes and decapods
with ontogenetic shifter or generalist life history strategies, future research should
focus on partitioning mortality and emigration. The ability of juveniles to locate spe-
cific habitats (e.g., Blackmon and Eggleston 2001), and the ‘settle-and-move’ strat-
egy (Robertson 1988, reviewed in Parrish 1989, Sweatman and Robertson 1994,
Adams and Ebersole 2004) of many species suggests that the mobility of some
species may influence effects of density-dependent mortality. Habitat shifts early in
life history may be driven by site-specific densities (e.g., competition for resources)
such that recruits and juveniles risk moving in search of other (better) locations.
For example, Overholtzer-McCleod (2004) found that loss of Halichoeres garnoti
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from patch reefs resulted from both mortality and emigration to neighboring reefs.
In subsequent work (Overholtzer-McCleod 2005), she found that the degree of iso-
lation of patch reefs was a strong factor determining emigration rates; more isolated
reefs had less emigration. These results suggest caution when interpreting causes
of abundance declines for recruits and juveniles of species with inherent mobility.
Similarly, although not dealing with recruits, Lewis (1997a, b) also found that abun-
dances of many fish species on isolated patch reefs were strongly influenced by
post-recruitment migrations among habitats.

6.10.3 Conclusion

Clearly, much has been learned in recent decades about the processes influencing
fish and decapod recruitment. For example, the planktonic life stage of marine fishes
was once thought of as a black box, and recruitment was merely a reflection of
larval supply. This view was modified, with Choat et al. (1988), for example, sug-
gesting that habitat-associated variables filter larval supply, slightly modifying the
settlement patterns determined by oceanographic processes. It is becoming clear
with more recent research, however, that the filter effect of benthic-associated pro-
cesses active during the recruitment phase can be extremely selective and severe,
and requires additional study.
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Chapter 7
Habitat Shifts by Decapods—an Example
of Connectivity Across Tropical
Coastal Ecosystems

Michael D.E. Haywood and Robert A. Kenyon

Abstract Decapod life cycles are complex and many utilize a range of habitats
throughout their development. Many species tend to settle on shallow (often veg-
etated) inshore habitats and commonly move offshore into deeper water as they
grow. The species that exhibit an inshore/offshore life history are often large indi-
viduals and may support commercial fisheries. In this chapter the habitats of a range
of tropical decapods are described and likely mechanisms underlying habitat shifts
are discussed. It is generally accepted that in most animals these mechanisms are
aligned with maximizing the animal’s fitness. Possible mechanisms include mini-
mizing mortality risk (μ), maximizing absolute growth rates (g), or a trade-off in
which the animal chooses the habitat that minimizes the ratio of mortality risk to
growth rate (minimize μ/g). There do not appear to be any studies that address
these issues for tropical decapods and this is identified as an important topic for
future research. Similarly, studies that have explicitly demonstrated habitat shifts
in tropical decapods are rare; most shifts have been implied by comparing length
frequencies in different habitats and it is recommended that future studies consider
the use of natural and artificial tags to assist in more accurate characterization of
connectivity between coastal habitats.

Keywords Decapoda · Ontogenetic shift · Habitat · Life history

7.1 Introduction

An organism’s ability to utilize resources and reduce predation risk are related to
its body size and habitat, and as a consequence, many organisms (including tropical
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decapods) shift their distribution during their development as a function of varying
predation risk and potential growth (Werner and Gilliam 1984, Pardieck et al. 1999,
Dahlgren and Eggleston 2000). The transition of organisms through different habi-
tats during their life cycle results in a substantial transfer of organic matter, nutri-
ents, and energy across a variety of ecosystems ranging from estuarine to oceanic
waters (Deegan 1993, Fairweather and Quinn 1993). In this chapter we describe a
range of ontogenetic habitat shifts in tropical decapods, discuss reasons for making
habitat shifts, and highlight some areas for future research. A large portion of the
published information on tropical decapod life history characteristics is concerned
with commercially important lobsters, prawns, and crabs and so most of the exam-
ples described here come from this rather narrow range of species. Hermit and land
crabs are also discussed because they represent what is probably the most extreme
example of an ontogenetic habitat shift—moving from the marine to the terrestrial
environment.

Decapods have rather complex life cycles, usually involving several pelagic lar-
val stages, which settle as post-larvae, develop into juveniles and ultimately, adults
(Figs 7.1, 7.2; see Chapter 6). Many species undergo migrations to different habi-
tats as they develop, and some undergo extensive migrations as adults to spawn. In
most cases, the eggs usually share their mother’s habitat because on extrusion they
are typically attached to her pleopods with a cementing material where they remain
until hatching. Penaeids provide the exception to this rule as their eggs are shed

Fig. 7.1 Life cycle of a typical penaeid, with kind permission of CSIRO Marine and Atmospheric
Research
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Fig. 7.2 Life cycle of the ornate rock lobster (Panulirus ornatus)

directly into the water column where they may sink to the seabed or in some species
the eggs are pelagic (Dall et al. 1990).

The hatching stage of decapods varies greatly. In some penaeids and sergestids,
the eggs hatch as nauplia, metanauplia, or protozoea larvae, whereas in virtually all
other marine decapods the first stage is a protozoea or zoea as the nauplial stage
takes place within the egg (Barnes 1974; Table 7.1).

Table 7.1 Types of larval stages of Decapoda (after Waterman and Chase 1960)

Group Larval forms

Suborder Natantia
Family Penaeidae Nauplius→ protozoea→ mysis (zoea)→

mastigopus (post-larva)
Family Sergestidae Nauplius→ elaphacaris (protozoea)→ acanthosoma

(zoea)→ post-larva
Section Caridea Protozoea→ zoea→ parva (post-larva)
Section Stenopodidea Protozoea→ zoea→ post-larva

Suborder Reptantia
Section Macrura

Superfamily Scyllaridae Phyllosoma (zoea)→ puerulus (post-larva)
Superfamily Nephropsidae Mysis (zoea)→ post-larvae

Section Anomura Zoea→ glaucothöe in pagurids, grimnothea in others
Section Brachyura Zoea→ megalopa (post-larva)
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Despite the variety of different larval stages in decapods, all seem to be plank-
tonic and spend between days (e.g., Penaeidae; Dall et al. 1990) and months (e.g.,
some species of Scyllaroidea and Palinuridae; Chittleborough and Thomas 1969)
in the pelagic environment. Advection of these stages to nursery habitat may be
facilitated by selective tidal stream transport (Forward and Tankersley 2001, Jeffs
et al. 2005). Whether the late stages are able to actively choose suitable benthic
habitats based on environmental triggers has been investigated, yet remains mostly
unknown. Experimental techniques, that demonstrate a distinct response to a trig-
ger, have proved difficult to develop, and settlement cues remain a topic for future
study (see Chapter 5). Settlement onto the seabed occurs after metamorphosis into
the post-larval stage and in some species the settlement habitat is where the animal
remains. More commonly, however, tropical decapods undergo a number of habitat
shifts as they develop. Pittman and McAlpine (2003) characterized coastal fish and
decapods as having a tri-phasic life cycle involving:

(1) Movement of planktonic eggs and larvae to nursery areas;
(2) A range of shelter and foraging movements that maintain a home range;
(3) Spawning migrations away from the home range to close the life cycle.

In many tropical decapods the second stage can be divided into two: post-larvae set-
tle in a particular habitat and may remain there as early-stage juveniles, but subse-
quently move to an alternative habitat as they grow into late stage juveniles (Staples
and Vance 1986, Butler and Herrnkind 2000).

While a larval stage is seen as a strategy to facilitate dispersal, each phase in
the life history has evolved to exploit suitable habitats (see Chapter 6). Pittman and
McAlpine (2003) discuss a ‘multi-phase ontogeny, in which each life history is char-
acterized by changes in morphology, physiology, and behavior’. For example, Dall
et al. (1990) suggest penaeid life history strategies can be characterized into four
types according to the ecosystem occupied by the various life history stages: Type
1: wholly estuarine, Type 2: estuarine/offshore, moving through inshore habitats,
Type 3: inshore/offshore, Type 4: wholly offshore.

Ontogenetic changes in habitat occur as part of the multi-phase life history of
decapods. For animals that live in both estuarine and shallow continental shelf
waters during different stages of their life cycle, the shift in habitat represents a shift
from one regime of ecosystem processes to another. Such a major habitat change
is typical of the penaeid prawn with a Type 2 or 3 life history strategy (estuar-
ine/inshore/offshore; Dall et al. 1990).

For example, the pelagic larval/post-larval phase of many prawn species under-
goes a significant ontogenetic habitat shift from an offshore pelagic habitat, to a
shallow inshore pelagic habitat, to a shallow inshore epibenthic habitat. The shift
from a pelagic to an epibenthic habitat is associated with the metamorphosis to the
juvenile stage. The juvenile phase then undergoes an ontogenetic habitat shift usu-
ally associated with a subtle change in the use of inshore habitats and an increase in
water depth that the individual occupies as it grows. Many species undergo another
habitat shift associated with the transition from juvenile to adult. This often involves
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movement from inshore vegetated areas to unvegetated areas in deeper water. The
adults then undergo further habitat shift as they increase in size, usually associated
with an offshore migration from nearshore to deeper waters.

From an evolutionary perspective, the difference in strategy between species that
do not shift ecosystem during their life cycle to those that do is significant. For
species that move from offshore to inshore during their larval phase (e.g., Type 2
and 3 penaeids; Dall et al. 1990), the risk of predation while exposed in the water
column during inshore advection is high. Subsequently, juveniles moving from the
estuary/inshore to the offshore environment are also exposed to predators. In species
that spend their entire life cycle either wholly offshore or inshore (e.g., Type 1 and 4
penaeids; Dall et al. 1990), the larval and juvenile phases do not move far, probably
remaining demersal for the majority of time and consequently are less exposed to
predation.

Yet, species with a Type 2 and 3 life history strategy have evolved to migrate
inshore/offshore. These species include the large commercially-harvested penaeid
prawns. These animals have a relatively large body size and fast growth rates. They
access the refugia that occur in vegetated inshore habitats as post-larvae/juveniles,
at a developmental stage when they are less able to evade predators (Kenyon et al.
1995). As larger individuals, they move offshore to access an ecosystem that offers
greater opportunity for large animals to forage and grow. From an evolutionary
perspective, this strategy must provide an advantage for the species compared to,
for example, an exclusive estuarine life history. The advantage provided must be
greater than the risk associated with the migrations between the estuarine and off-
shore ecosystems.

Few ontogenetic habitat shifts are more exceptional than those demonstrated by
terrestrial crabs, and the shifts best demonstrate the evolutionary component of an
ontogenetic change in habitat. The hermit and land crabs have evolved the strategy
of a terrestrial existence to their benefit. They avoid marine predators and access
food and shelter on land. Many of the tropical terrestrial crabs are found on small
islands that were created as geographically isolated entities over geologic time (mil-
lions of years). The islands remained separated from major land masses, surrounded
by ocean which acted as a barrier to the development of a diverse terrestrial fauna.
Both colonization from adjacent land masses and a radiation of species (including
marine crabs) through evolutionary processes to colonize niches in unoccupied ter-
restrial habitat contribute current species to island fauna (Hedges 1989, Schubart
et al. 1998).

7.2 Early Juvenile Habitats

Decapods undergo a dramatic habitat shift when the pelagic larval stage meta-
morphoses and adopts a benthic existence; in some species this may also involve
a substantial physical transformation. For example, after spending between 9 and
12 months in the plankton the palinurid lobster Panulirus cygnus changes from a
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transparent leaf-like phyllosoma larva to a puerulus which resembles the adult in
general body form (Chittleborough and Thomas 1969). The pueruli become pig-
mented and settle on inshore reefs where they molt into benthic-phase juveniles. In
contrast, the mysis larva of penaeids superficially resembles the post-larval and juve-
nile form. Post-larval penaeids settle on inshore and estuarine areas, often amongst
macrophytes or mangroves (Staples et al. 1985). Many decapods also undergo a
habitat shift during the juvenile phase. The first habitat is usually similar to the
settlement habitat, whereas the second may involve a relatively subtle movement
into deeper water, e.g., tiger prawns (Penaeus1 semisulcatus and P. esculentus)
(Loneragan et al. 1998), or a distinct shift such as that exhibited by spiny lob-
sters which move from a macrophyte environment (Marx and Herrnkind 1985b)
to crevices in the reef (Herrnkind et al. 1975).

The habitats of recently-settled juvenile tropical decapods are often dominated
by vegetation of some sort—mangroves, seagrasses, or algae. These will now be
discussed in more detail.

7.2.1 Pelagic to Algae, Seagrass, or Saltmarsh

In southern Florida, USA, Caribbean spiny lobsters (Panulirus argus) settle onto
algal (generally the red algae Laurencia) or seagrass-dominated reefs. The puerulus
metamorphoses within days to the first benthic instar which has a carapace length
(CL) of between 6 and 7 mm (Herrnkind and Butler 1986)2. Their small size and dis-
ruptive coloration makes them cryptic amongst the algae or seagrass and unlike their
larger conspecifics, they maintain a solitary existence (Marx and Herrnkind 1985b).
In some regions such as Belize, juvenile P. argus do not settle in algal beds, instead
they use seagrass, corals, or the fouled prop roots of mangroves (Acosta and Butler
1997). Algal-stage juveniles of the ornate rock lobster (Panulirus ornatus) also tend
to favor macrophyte-dominated reefs and are found sheltering in solution holes in
limestone reef, surrounded by either macroalgae (mainly Sargassum sp. or Padina
sp.) or seagrass (Cymodocea rotundata, Syringodium isoetifolium, Halophila ovalis,
and H. spinulosa) (Dennis et al. 1997; Fig. 7.3). Similarly, recently-settled juve-
niles of the western rock lobster (Panulirus cygnus) are also found in small holes or
crevices on limestone reef surrounded by macroalgae or seagrass (Fitzpatrick et al.
1989, Jernakoff 1990).

The camouflaged nature of their coloration and the fact that they are normally
solitary and widely dispersed following settlement makes algal-stage spiny lobsters

1The subgenera of Penaeus were elevated to genera by Pérez-Farfante and Kensley (1997). How-
ever, as there is some controversy over this revision we have chosen to use the old names in this
paper (Lavery et al. 2004, W Dall, CSIRO Marine and Atmospheric Research, pers. comm.).
2Various researchers around the world have adopted different terminologies for the juvenile lobster
stages. In this article we have chosen to adopt the North American terms: algal (generally <15 mm
CL) = post puerulus, post-algal (15–45 mm CL) = early stage juvenile, subadult (45–80 mm CL),
adult (>80 mm CL).



7 Habitat Shifts by Decapods 235

Fig. 7.3 An algal-stage ornate rock lobster (Panulirus ornatus) sheltering in a solution hole. Note
that the hole diameter is scaled to the lobster’s body size

very difficult to study in the wild and so information on their specific habitat require-
ments, behavior, and population dynamics is limited (Marx and Herrnkind 1985b,
Butler and Herrnkind 2000).

The early juvenile stages of many species of penaeid also utilize algal or seagrass
habitats. In the Gulf of Mexico, juvenile brown shrimp (Penaeus aztecus) are abun-
dant on seagrasses (Thalassia testudinum, Halodule wrightii, Syringodium filiforme,
Halophila engelmanni, or Ruppia maritime) and saltmarsh (Spartina alterniflora)
edge (Minello 1999). White shrimp (P. setiferus) were found in highest densities
on the saltmarsh (edge and inner), mixed marsh edge vegetation, and bare sub-
strate, while pink shrimp (P. duorarum) were found on saltmarsh edge and sea-
grasses (Minello 1999). In the Embley River, in tropical northern Australia, grooved
(P. semisulcatus) and brown (P. esculentus) tiger prawns were found on seagrass,
whereas endeavor prawns (Metapenaeus endeavouri) were most common on sea-
grass, but also occurred on algal beds and mangrove-lined mud banks (Staples et al.
1985; Fig. 7.4). The red-spot king prawn (Penaeus longistylus) also settles onto sea-
grass beds, although generally only on seagrass beds that overlie coral reef platforms
(Coles et al. 1987).

On occasion tiger prawn post-larvae may not be obligate selectors for seagrass
at settlement, although they do show a preference for shallow inshore areas. Post-
larval tiger prawns in waters around Groote Eylandt (northern Australia) tended to
concentrate in intertidal and shallow (<2.0 m) waters (Loneragan et al. 1994). All
tiger prawn post-larvae were found within 200 m of the high water mark, many on
seagrass, but some on bare substrate, despite that fact that high biomass seagrass
beds were nearby, in only slightly deeper water (2.5 m; Loneragan et al. 1994).
The post-larvae found on bare substrate were small (≤1.9 mm CL) recently-settled
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Fig. 7.4 Percentage distribution of the catch of the five major commercial prawn species in each
of five habitats in the Embley River, northern Australia 1981–1982. Redrawn from Staples et al.
(1985), with kind permission of CSIRO Marine and Atmospheric Research

post-larvae; there were few larger (2–2.9 mm CL) post-larvae and no juveniles were
found on the bare substrate. These results suggest the recently-settled prawns either
moved or perished on the bare substrate (Loneragan et al. 1998). The field studies
support laboratory studies that show that small post-larvae do not develop an affinity
for seagrass until they attain a CL >1.7 mm (Liu and Loneragan 1997). Though
very small tiger prawn post-larvae may settle on bare substrate, trawls on seagrass
or algae habitat and bare substrate over many locations and many years show high
abundances of post-larvae and juvenile tiger prawns on vegetated habitats compared
to bare substrates (Staples et al. 1985, Poiner et al. 1993, Haywood et al. 1995).

Recently-settled xanthid and portunid crabs also commonly live on seagrass or
algal beds. Early juvenile stone crabs (Menippe mercenaria) in the Gulf of Mexico
are found on seagrass beds although they tend to inhabit sponges and gorgonians
rather than residing directly amongst the seagrass itself (Bert et al. 1986). Juve-
nile (<70 mm carapace width (CW)) sand crabs (Portunus pelagicus) are found in
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intertidal pools amongst macroalgae and seagrass (Williams 1982) and recently-
settled mud crabs (Scylla serrata) have also been found amongst algae and seagrass
in India (Chandrasekaran and Natarajan 1994), although this seems to be unusual.

7.2.2 Pelagic to Mangroves

Unlike India, in northern Australia, recently-settled mud crabs (Scylla serrata) were
found in the intertidal zone, amongst mangroves (Hill et al. 1982). These young
juveniles appear to be restricted to the mangrove zone and do not venture out
onto intertidal banks (Hill et al. 1982). The first benthic stages (5 mm CW) of the
closely related species Scylla paramamosian were found foraging amongst pneu-
matophores along the seaward edge of a mangrove (Sonneratia) forest in Vietnam,
in the Mekong Delta (Walton et al. 2006). Like S. serrata, at this size, they do not
move far from the mangrove fringe (Hill et al. 1982, Le Vay et al. 2007).

In the Embley River, in tropical northern Australia, the recently-settled post-
larval (1–2 mm CL) banana prawns (Penaeus merguiensis) settled in the upper
reaches of mangrove-lined creeks, where their abundance was nearly five times that
in the nearby mangrove-lined main river channel (Vance et al. 1990; Fig. 7.5). A
closely related species, the red-legged banana prawn (P. indicus) also favors a simi-
lar environment in the Joseph Bonaparte Gulf (Loneragan et al. 2002, Kenyon et al.
2004).

Juvenile decapods that rely on shelter in intertidal areas are presented with a
choice when the tide recedes: remain in the intertidal and deal with the possibility
of desiccation or migrate into the subtidal where they may be at greater risk of pre-
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dation. In Australia, juvenile mud crabs (Scylla serrata: 20–99 mm CW) remain
amongst mangrove roots and in burrows during low tide (Hill et al. 1982) and juve-
nile brown and grooved tiger prawns (Penaeus esculentus and P. semisulcatus) bury
into soft mud at the bottom of shallow intertidal pools on seagrass beds in tropi-
cal Queensland, Australia (D Heales, CSIRO Division of Marine and Atmospheric
Research, pers. comm.). The majority of decapods, however, do appear to move into
the subtidal as the water recedes (Vance et al. 1996, Rönnbäck et al. 1999, Johnston
and Sheaves 2007)

7.2.3 Pelagic (or Freshwater) to Terrestrial

Hermit crabs of the family Cenobitidae, and other land crabs have evolved a strategy
that incorporates the most extreme decapod ontogenetic habitat shift: a shift from
an aquatic to a terrestrial existence. Most species hatch from eggs spawned in the
shallows, close to the shore, spend their larval phase at sea, and then move from the
marine environment to the terrestrial as small juveniles.

Adult coconut crabs (Birgus latro) are found on Indo-Pacific islands and are the
world’s largest terrestrial arthropod. The females release their eggs into the sea at
high tide where they hatch immediately on contact with the water. The larvae spend
about a month as pelagic phytotrophs, undergoing four zoeal stages, before they
metamorphose into benthic glaucothoe post-larvae that use empty mollusk shells to
protect their soft abdomen (Schiller et al. 1992). The amphibious post-larvae meta-
morphose into juveniles and continue to carry the mollusk shells for about nine
months. The crabs become terrestrial as early juveniles and eventually the exoskele-
ton becomes strong enough for the crabs to dispense with the mollusk shells (Brown
and Fielder 1992, Schiller et al. 1992). Many hermit crabs employ the same onto-
genetic shifts in habitat, from a marine existence as larvae and post-larvae, to a
terrestrial existence as small juveniles (Brodie 2002, Barnes 2003).

The red crab of Christmas Island (Gecarcoidea natalis—Gecarcinidae) also
migrate to the coast to cast their eggs into the ocean. The larvae spend 3–4 weeks at
sea before they gather in nearshore pools as megalopae (2–3 days duration). They
then metamorphose as juveniles and return to the land as 5 mm CW crabs. The small
crabs move inland to the forested island plateau over about nine days and become
cryptic for the first three years of life. The juvenile red crabs probably live in bur-
rows and crevices on the forest floor to shelter from desiccation (Adamczewska and
Morris 2001a).

Some land crabs (Grapsidae) endemic to Jamaica have adapted their water-
dependent larval phase to freshwater habitat in the terrestrial ecosystem, e.g.,
bromeliad crabs brood their larvae in the water-filled bromeliad leaf axils (Schubart
et al. 1998). These Jamaican endemics are examples of crabs that have evolved to
dispense with a reliance on the marine ecosystem altogether (Schubart et al. 1998).
The bromeliad crabs are the only known crabs to exhibit brood behavior to support
their larvae.
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7.3 Late Juvenile/Subadult Habitat

In many tropical decapods there is an ontogenetic habitat shift from the early to late
juvenile stage and the common theme across many species is a general movement
from the shallow early juvenile stage habitat to deeper water (usually offshore).

7.3.1 Algal to Crevice

In Florida (USA), the Bahamas, and Caribbean, juvenile Panulirus argus maintain a
solitary existence, spending a variable period (usually a few months) in their initial
settlement habitat (vegetation or small solution holes). After reaching between 15
and 20 mm CL they move offshore into deeper water where they occupy crevice
shelters: under ledges, rock outcrops, solution holes, gorgonians, or large sponges
(Kanciruk 1980, Herrnkind and Butler 1986, Forcucci et al. 1994) where they
become socially gregarious (Berrill 1975, Lozano-Alvarez et al. 2003). Gregari-
ousness is driven, in part, by the interacting effects of body size, the temporal shift
in the release of a chemical attractant by the lobsters, and the sheer volume of the
attractant (Ratchford and Eggleston 1998, Ratchford and Eggleston 2000). In the
Caribbean, however, macroalgal habitat is rare and it is not clear whether juvenile
spiny lobsters undergo an ontogenetic habitat shift here (Acosta and Butler 1997).
Caribbean islands are commonly fringed by mangroves with seaward beds of sea-
grass and algae. These habitats, along with crevice shelters, are utilized by both
small and large juvenile spiny lobsters. Large juveniles are also found on coral patch
reefs, where small lobsters suffer a high mortality rate (Acosta and Butler 1997).

In Torres Strait (Australia), ornate rock lobsters (Panulirus ornatus) undergo a
habitat shift at approximately the same size as P. argus in southern Florida. Late
stage juveniles (40–70 mm CL) move from their small algal-covered holes in reef
pavement to shelter in bare holes and crevices in limestone pavement and con-
solidated rubble (Dennis et al. 1997) in deeper water in areas between the reefs,
often amongst epibenthic gardens (Trendall and Bell 1989, Pitcher et al. 1992a).
They shelter in their dens during the day and forage at night. For this size class of
P. ornatus in Torres Strait, Pitcher et al. (1992b) found that lobster abundance was
significantly related to the nature of the seabed. The amount of rock and rubble
accounted for about 58% of the variation in lobster abundance. Lobster abundance
was positively correlated with rock and rubble and negatively correlated with the
amount of sand. Lobster abundance was also positively correlated with the density
of epibenthic macrofauna (Skewes et al. 1997).

Similarly, in western Australian littoral habitats approximately a year after set-
tlement, P. cygnus move from their solitary existence in small holes and fissures
to shelter in caves and under ledges with conspecifics (Jernakoff et al. 1993). This
generally occurs during summer (December–January) each year as a mass migra-
tion involving recently molted juveniles known as ‘whites’ because of their pale
color (Chittleborough 1970). After dark, the juveniles leave their dens to forage
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on sparse seagrass (Heterozostera and Halophila) beds away from the reefs (Edgar
1990a). This is in contrast to the small, recently-settled juveniles that tend to feed
on Amphibolis and macroalgal beds on the reefs (Jernakoff et al. 1993).

7.3.2 Intertidal to Subtidal

Many species that settle onto intertidal habitats such as mangroves and seagrass
beds also tend to move into deeper water as they develop. In Vietnam, as mud crabs
(Scylla paramamosain) grow, they move deeper into the mangrove forest and away
from the outer mangrove fringe where they settled as first benthic instars. When they
reach a CW of 45 mm, they either begin digging burrows or they move into subti-
dal waters and then back into the mangroves with each tide to feed (Walton et al.
2006). Tanzanian S. serrata do not begin digging burrows until they reach a much
larger size (70 mm CW; Barnes et al. 2002). Large juvenile mud crabs (S. serrata
80–130 mm CW) leave the mangroves occupied by their younger conspecifics and
move to subtidal waters, however, they make excursions onto intertidal flats at high
tide to feed (Hill et al. 1982). S. paramamosain also move into deeper subtidal
waters, away from the mangroves by the time they reach a size of 125 mm CW
(Walton et al. 2006).

Numerous species of tropical penaeids also move seaward as they grow (Penaeus
setiferus, P. aztecus, P. duorarum, Williams 1955; P. merguiensis, Vance et al. 1990;
P. semisulcatus, P. esculentus, Loneragan et al. 1994). Banana prawn (P. merguien-
sis) post-larvae settle in shallow intertidal mangrove-lined creeks (Vance et al. 1990)
or the upper reaches of rivers and may be found large distances upstream (up to
72 km from the river mouth, Staples 1980b). As the prawns grow, they gradually
move downstream from the creeks into the main river (Vance et al. 1990). Usually
these prawns will emigrate from the estuary to coastal waters during the wet season,
although during years of very low rainfall they may overwinter within the estuary
(Staples 1980a, Staples and Vance 1986).

As tiger prawns (Penaeus semisulcatus and P. esculentus) develop, their distribu-
tion within the nursery habitat (seagrass and algal beds) also changes. While small
post-larval tiger prawns were widely distributed over a range of seagrass types (and
sometimes on bare substrate), larger tiger prawns were found in higher densities
among high-biomass, tall, long-leaved seagrasses (Enhalus acoroides) than among
low-biomass, short, thin-leaved seagrasses (Loneragan et al. 1998). The authors
were not able to establish whether this was because of migration from other habi-
tats or differential mortality. Interestingly, laboratory studies have shown that the
behavior of small P. semisulcatus changes as they grow: small (<1.7 mm CL) post-
larvae showed no preference between seagrass and bare substrate, whereas larger
post-larvae spent more time perched on seagrass leaves (Fig. 7.6) compared to bare
substrate (Liu and Loneragan 1997).

Tiger prawns also tend to move seawards as they grow. In a study around
Groote Eylandt, northern Australia, Loneragan et al. (1994) sampled seagrass
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Fig. 7.6 Penaeus esculentus.
Small juvenile prawn perched
on a blade of seagrass
(Zostera marina)

(Cymodocea serrulata, Syringodium isoetifoleum, Thalassia hemprichii, Halophila
ovalis, H. spinulosa, and Halodule uninervis) and juvenile tiger prawns at a range
of depths from 1 m (100 m from shore) to 7 m (∼ 1 km from shore). They found
that the mean CL of both species of tiger prawn increased with water depth at all
sites (Fig. 7.7).
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beam-trawls at two sites around northwestern Groote Eylandt, Gulf of Carpentaria, Australia,
between August 1983 and August 1984. Mean depths of stations in parentheses. Redrawn from
Loneragan et al. (1994), with kind permission of Springer Science+Business Media
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7.4 Adult Habitats

7.4.1 Estuary to Offshore

The movement of late-stage juvenile banana prawns (Penaeus merguiensis) to their
adult habitat can be quite sudden. Northern Australia has a distinct wet season
during which >90% of the annual rainfall occurs between the months of Novem-
ber and March often resulting in an abrupt decrease in salinity (Australian Bureau
of Meteorology 2008). Banana prawns are stimulated to emigrate from the estuary
out to sea by rainfall (Staples 1980a, Staples and Vance 1986) and the amount of
rain affects the size and number of emigrating prawns (Fig. 7.8). Early in the wet
season, low amounts of rain result in a small number of large prawns leaving the
estuary. During periods of high rainfall a mass emigration of prawns of all sizes may
occur on ebbing tides (Staples 1980a, Haywood and Staples 1993). Rainfall alone
explained 70% of the observed variation in numbers of P. merguiensis emigrating
from the Norman River in northern Queensland, Australia (Staples and Vance 1986).
While resident in the creeks and rivers, juvenile banana prawns are demersal, but
when emigrating they swim near the surface and may be spread laterally across the
full width of the river (Staples 1980a). It is not known how long or how far from
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the estuary banana prawns remain swimming close to the surface, but presumably
they resume their demersal existence once they reach coastal waters. Adult banana
prawns tend to remain relatively close to shore in waters <20 m deep and are found
on muddy sediments (Somers 1987, Somers 1994).

Unlike banana prawns, tiger prawns do not seem to undertake dramatic emi-
grations from their nursery grounds to coastal waters in response to environmen-
tal stimuli. Instead their movement towards subadult/adult habitats seems to be
based on size (Loneragan et al. 1994). Very few of the juvenile Penaeus semisul-
catus and P. esculentus sampled from seagrass beds around Groote Eylandt and
Weipa in northern Australia were >10.5 mm CL (Loneragan et al. 1994, Vance
et al. 1994), suggesting that they moved off the seagrass and into coastal waters at
about this size. Further south in the subtropical waters of Moreton Bay, P. esculentus
emigrated at a larger size (16 mm CL, O’Brien 1994b). After leaving the seagrass
beds, tiger prawns disperse widely; for instance, the highest catch rate of juvenile
P. esculentus on seagrass around Groote Eylandt was 18.2 juveniles.100 m–2 com-
pared to 6 juveniles.100 m−2 in water deeper than 2.5 m off the seagrass (Loneragan
et al. 1994) and <0.1 adults.100 m−2 on the fishing grounds offshore (Somers et al.
1987a). Despite the fact that both species of tiger prawns share the same nursery
habitat (except in the case of algal beds; Haywood et al. 1995), once they move
offshore, they prefer different habitats that can be discriminated in terms of depth
and sediment type. Penaeus semisulcatus prefer mud or sandy mud in deep (>35 m)
water and P. esculentus move to relatively shallow inshore waters comprising sand
or sandy-mud sediments (Somers 1987, Somers 1994). It is not known why differ-
ent species prefer different sediment types. For animals like prawns that bury into
the substrate it is possible that it is related to the prawn’s ability to maintain water
circulation across the gills whilst buried (Gray 1974; Fig. 7.9). However, in labo-
ratory experiments monitoring the burying behavior of the mud-preferring Penaeus
semisulcatus (Hill 1985) and P. merguiensis (BJ Hill, CSIRO Division of Marine
and Atmospheric Research, pers. comm.) a sand substrate was used effectively, so
the reasons must be more complex.

Fig. 7.9 Penaeus
semisulcatus. Juvenile buried
in the substrate
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There is little information regarding the movements of juvenile red-spot king
prawns (Penaeus longistylus) except that they disappear from their juvenile habi-
tat (reefal seagrass beds) at between 15–20 mm CL, and subadults appear in
deeper inter-reefal waters (Dredge 1990) where they are commonly associated with
coralline sand sediment (Somers et al. 1987b, Gribble et al. 2007).

7.4.2 Shallow to Deep

In mud crabs and many spiny lobsters there is some overlap in the distribution of
the subadults and adults although there is a general trend for older individuals to
move into deeper water. Most species of spiny lobsters remain in the reef crevice
dwelling habitat until they mature and undertake a spawning migration. Lobsters
tend to shelter in their dens during the day, and make foraging excursions at night.
They tend to move around on the reef and may not return to the same den each
morning, but movement between reefs is uncommon (Herrnkind et al. 1975, Smale
1978, Moore and MacFarlane 1984, Trendall and Bell 1989).

The distribution and habitat of adult mud crabs (Scylla serrata) overlaps that
of the subadults; they forage on intertidal banks at high tide and retreat to subtidal
waters as the tide recedes (Hill et al. 1982). Large S. serrata were found sheltering in
elliptical-shaped burrows exposed by spring tides at Inhaca, Mozambique (MacNae
1968). Scylla burrows are also common on mangrove banks in Australia (Hyland
et al. 1984), although in the Kowie River estuary in South Africa, large mud crabs
tend to bury themselves in the mud rather than construct burrows (Hill 1978). Hill
(1978) postulated that living in a burrow may offer protection from predation and
desiccation, however, burrows restrict the area over which a crab can forage and so
they may only choose to use burrows in areas with adequate food supply.

Ornate rock lobsters (Panulirus ornatus) are the exception to this trend—instead
the older lobsters move into shallower water. Large P. ornatus in their third and
fourth year following settlement (2+ and 3+) move from the deeper reefal waters to
occupy dens on the shallow parts of the reef (Skewes et al. 1997; Fig. 7.10). The
3+ lobsters are all males as the females leave the reefs the previous year on their
spawning migration. P. ornatus tend to favor the lee side of the reef so that they
are found in higher abundance on the north-western reef edge during winter when
the prevailing wind is from the south-east and they move to the south-eastern edge
during the north-westerly monsoon season (Skewes et al. 1997).

7.4.3 Lobster Dens

Palinurid lobsters do not build their dens, they occupy existing crevices and holes in
the substrate (Kanciruk 1980). In contrast to their younger conspecifics, den occu-
pying lobsters can be quite gregarious. During the Tektite II program conducted in
the US Virgin Islands, divers found that in some areas up to 80% of the Panulirus
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Fig. 7.10 Size distribution of ornate rock lobsters (Panulirus ornatus) sampled in deep and shallow
habitats around Warraber Island, Torres Strait, Australia. Black columns: males; gray columns:
females. Sample size and sex ratio (male:female) also shown. Redrawn from Skewes et al. (1997)
with kind permission of CSIRO Publishing (http://www.publish.csiro.au/nid/127/issue/128.htm)

argus observed were cohabiting dens with other lobsters (Herrnkind et al. 1975).
In a study on den occupation of the ornate rock lobster, Trendall and Bell (1989)
noted that dens composed of loose rubble were only occupied by solitary lobsters,
whereas rock (caves or crevices in lumps of coral or rock) dens commonly housed
multiple lobsters. Moreover, rubble dens were only used temporarily; there was little
evidence of continuity of occupancy. Although more than 70% of observed lobsters
were found in groups of two or more, dens having more than 10 lobsters were very
rare (Trendall and Bell 1989).

Dens that have multiple occupants tend to be occupied more frequently than oth-
ers and the higher the mean number of occupants, the higher the frequency of occu-
pancy (Herrnkind et al. 1975). While the favored dens of Panulirus argus identified
during the Tektite II study all tended to offer good protection from predators, other
similar structures existed elsewhere in the area, but were often not used by lobsters.
Herrnkind et al. (1975) felt that it was the den’s proximity to foraging grounds and
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possibly areas where reproductive activities take place that determined den attrac-
tiveness. In addition to food, habitat use by P. argus in back reef areas is dictated by
the interacting effects of shelter scaling, predation risk, and potential for gregarious-
ness (Eggleston et al. 1990, Eggleston and Lipcius 1992, Eggleston et al. 1992). In
Torres Strait, P. ornatus also tend to favor particular dens, with some dens consis-
tently containing more lobsters than others, but the individuals changed from day to
day (Trendall and Bell 1989). Childress and Herrnkind (2001) used a combination
of laboratory and field experiments to determine how lobsters might benefit from
den sharing. Their results showed that lobsters sharing dens did not have increased
survival compared to solitary lobsters in dens, suggesting that co-operative group
defense was not important. Lobsters in areas of high conspecific density did not have
improved survival over those residing in areas of low conspecific density, suggest-
ing the dilution effect was probably not important. Conversely, Mintz et al. (1994)
found that survival of P. argus increased with density of conspecifics, suggesting a
survival benefit to gregarious behavior. The presence of a lobster in a den appears
to act as an attractant to conspecifics. In laboratory experiments, nearly twice as
many lobsters searching for a shelter were able to locate it when it already con-
tained another lobster compared to when it was empty. Moreover, on average, the
occupied shelter was located in a third of the time required to locate the unoccupied
shelter (Childress and Herrnkind 2001). Childress and Herrnkind (2001) termed this
the ‘guide effect’ and postulated that it benefited the shelter-seeking individuals by
reducing their time exposed to risk of predation.

7.4.4 Land Crabs

Land crabs (Gecarcinidae and Grapsidae) and some hermit crabs (Cenobitidae)
occupy terrestrial forest and upland habitats. Often the crabs are cryptic during their
terrestrial juvenile phase and are extremely difficult to locate. As early juveniles
(<10 mm thoracic length), they do not respond to baited-trap attempts to locate
them, possibly because of competition with hermit crabs which are attracted to the
baits (Fletcher et al. 1992b). However, as they grow they become more robust and
are easy to locate in the habitats that they occupy. The islands that they inhabit often
have few large terrestrial predators to avoid.

In undisturbed populations, the terrestrial coconut crab Birgus latro, is active
diurnally, while in some areas the crabs are nocturnal and adults are readily found
outside their day refuges around sunset (Brown and Fielder 1992). They are omniv-
orous and forage in the forest and along the coast for a variety of food. They burrow
in order to molt and may remain in the burrow for up to 16 weeks (Fletcher et al.
1992). Hermit crabs live a terrestrial existence as adults, often in tropical humid
environments where they have adapted to life on land by developing highly spe-
cific behavior and morphology with each life stage to avoid predators and water
loss (Brodie 1999, Brodie 2002, Barnes 2003). However, some hermit crabs occupy
the upper extremities of exposed rock formations in the wet-dry tropics of northern
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Australia (∼12◦ S latitude) and during the dry season their environment is extremely
hot and dry (R Kenyon pers. observ.).

Christmas Island red crabs (Gecarcoidea natalis) inhabit the central plateau of
Christmas Island and are cryptic for the first three years of life. The largest male
crabs are found furthest inland in their rainforest habitat (Adamczewska and Mor-
ris 2001a). The red crabs live in burrows where they shelter from desiccation and
only emerge when humidity is >85% (Adamczewska and Morris 2001b). They can
remain inactive in their burrows for months. Their spawning migration to the coast
is cued by the monsoon season; rain and high humidity allows the crabs to travel ∼
1 km.d−1 without loosing excessive moisture to reach the coast (Adamczewska and
Morris 2001a).

7.5 Why Change Habitats?

A decapod’s level of predation risk (Eggleston et al. 1990, Lipcius et al. 1998), for-
aging needs (Marx and Herrnkind 1985a, Heales 2000), and reproductive condition
change during ontogeny and it has been hypothesized that animals shift habitats to
meet their changing requirements (Werner and Mittlebach 1981, Werner and Gilliam
1984). In the following section we discuss these mechanisms underlying ontogenetic
habitats shifts in relation to tropical decapods.

7.5.1 Protection from Predation

Habitat structural complexity provided by marine vegetation (Crowder and Cooper
1982) or substrate (Lipcius and Hines 1986, Eggleston et al. 1990) is thought to
offer protection from predation by limiting the ability of predators to locate their
prey, either by acting as a visual or physical barrier (Rooker et al. 1998). Numer-
ous studies have demonstrated that predation rates on tropical decapods sheltering
amongst submerged macrophytes, mangrove roots, or pneumatophores are reduced
in comparison with those on bare substrate (Heck and Thoman 1981, Heck and
Wilson 1987, Haywood and Pendrey 1996, Primavera 1997). For many tropical
juvenile penaeids, mangroves and seagrasses offer shallow water, structural com-
plexity, and often have high turbidity and fine sediment which facilitates burrowing.
These attributes, in combination with the prawn’s behavior should convey some pro-
tection against predation by reducing their visibility and lowering their encounter
rates with potential predators (Minello and Zimmerman 1983, Laprise and Blaber
1992, Kenyon et al. 1995).

For all of the examples provided hereafter, the key issue is that the juvenile stages
gain greater protection from predators by residing amongst complex vegetated and
reef habitats than if they remained in the pelagic environment of their larvae or the
demersal environment of the adults of the species.

Algal-stage Caribbean spiny lobsters are particularly vulnerable to predation
because of their small size and they remain almost exclusively on clumps of red
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algae (Laurencia) for 3–5 months (6–17 mm CL) (Marx and Herrnkind 1985b, Her-
rnkind and Butler 1986, Smith and Herrnkind 1992). They remain on the clump on
which they first settled if the clump is isolated, but rapidly move to other clumps
if they are adjacent, particularly when food is scarce on the initial clump (Marx
and Herrnkind 1985a). These early-stage lobsters are at their most vulnerable when
exposed in the open, moving between algal clumps. Childress and Herrnkind (1994)
speculated that during the cooler months, food on a clump should last longer because
the lobster’s metabolic rate will be lower, and this might offset the increased pre-
dation risk associated with moving to a new clump at a time of year when the
abundance of clumps is also reduced. In contrast to the sedentary nature of algal-
stage Panulirus argus, P. cygnus in western Australia appear to be far more mobile.
Jernakoff (1990) found that as many as 50% of algal-stage P. cygnus moved from
their holes in limestone reefs within 24 h. However, it appears that this mobility
comes at a cost: lobsters of this size (8–15 mm CL) suffered disproportionately high
predation levels from fish (Howard 1988). Perhaps ironically, the increased mobility
of this and other species is likely due to the need to find shelter of suitable dimen-
sions, to reduce the risk of predation. Studies on P. cygnus (Fitzpatrick et al. 1989,
Jernakoff 1990), P. japonicus (Yoshimura and Yamakawa 1988), P. versicolor
(George 1968), P. argus (Eggleston et al. 1990, Eggleston et al. 1992), and
P. ornatus (Dennis et al. 1997) found that dimensions of holes selected by juvenile
lobsters closely matched those of the lobsters; presumably this makes it difficult for
predators to extract them.

The degree to which habitat complexity confers protection appears to be species-
specific and determined to some degree by the hunting ability of the predator. Juve-
nile banana prawns (Penaeus merguiensis) in northern Australia moved well into
the mangrove forests at high tide, gaining refuge because large predatory fish were
found to be restricted to the forest margins (Vance et al. 1996), although see Sheaves
(2001) for exceptions to this. In laboratory studies designed to test the effect of sim-
ulated smooth cordgrass (Spartina alterniflora) on the predation rates of four estu-
arine fish on juvenile brown shrimp (Penaeus aztecus), Minello and Zimmerman
(1983) found that vegetation reduced the predation rates of two species (pinfish
Lagodon rhomboides and Atlantic croaker Micropogonias undulatus), but had no
effect on the remaining two species of fish (red drum Sciaenops ocellatus and speck-
led trout Cynoscion nebulosus). Similarly, Primavera (1997) found that while the
predation efficiency of a snapper (Lutjanus argentimaculatus) on juvenile prawns
was reduced amongst pneumatophores and leaf bracts, the efficiency of the rela-
tively aggressive sea bass (Lates calcarifer) was not affected by the presence of
vegetation.

One popular hypothesis has been that the higher the density or biomass of veg-
etation, the greater the level of protection from predation. However, this hypothesis
appears to be an oversimplification. Although this hypothesis has been supported
by some studies, e.g., long, wide seagrass leaves offered more protection to juve-
nile brown tiger prawns (Penaeus esculentus) than thin, short leaves (Kenyon et al.
1995) and recently-settled juveniles actively select long-leaved over short-leaved
seagrass (Kenyon et al. 1997), it is not by others. For example, Heck and Wilson
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(1987) found that the number of blue crabs (Callinectes sapidus) taken by predators
was not affected by seagrass biomass. Other studies have found that there may be a
threshold in macrophyte density with respect to the degree of protection from pre-
dation. For example, in laboratory experiments, predation of juvenile prawns was
greater on bare substrate compared to medium density, but not high density pneu-
matophores (Primavera 1997).

The structural complexity offered in subtidal areas, particularly in the channels
of tropical estuaries, is likely to be less than that offered by an intertidal seagrass bed
or mangrove forest. In addition to this, the draining of water from the intertidal has
the effect of concentrating predators and prey into a smaller volume (Krumme et al.
2004, Johnston and Sheaves 2007), potentially increasing encounter rates between
predator and prey. A recent study in tropical Australia demonstrated that crustaceans
that had moved out from among the mangroves at low tide tended to concentrate in
the small channels that drained the mangroves rather than remaining in areas with
little habitat complexity (Johnston and Sheaves 2007). Concentrating in the drainage
channels may provide some protection from predation, however, this behavior may
also be a mechanism to enable access back into the mangroves once the tide had
turned or provide access to greater food (Johnston and Sheaves 2007).

Increasingly, studies have demonstrated that the protective value of vegetation
(or other habitat structure) is a function of the relative scaling between the ani-
mals and the habitat structure (Ryer 1988, Eggleston et al. 1990, Palmer 1990, Beck
1995). Small juvenile Caribbean spiny lobsters had significantly higher survival
rates when sheltering amongst algal beds than their larger conspecifics, apparently
because of the lack of suitable-sized refugia for larger juveniles (Lipcius et al. 1998).
Tethering studies on post-algal (Smith and Herrnkind 1992) and subadult juveniles
(Eggleston et al. 1992, Mintz et al. 1994) showed that the relative rate of predation
is significantly reduced when these larger lobsters are able to utilize crevice shel-
ters (Fig. 7.11). These results suggest that as they outgrow the protective value of
macroalgae and are exposed to an elevated predation risk, larger juveniles are stim-
ulated to undergo an ontogenetic habitat shift from algal beds to adjacent coral reefs
(Lipcius et al. 1998, Childress and Herrnkind 2001).

It is difficult to invoke increased risk of predation as a stimulus for shifting habi-
tat in large juvenile banana prawns (Penaeus merguiensis), which shelter and forage
amongst mangroves at high tide (Vance et al. 1996). Apart from the small, narrow
pneumatophores of mangroves of the genus Avicennia, the buttress roots and prop
roots of most other mangroves are large enough that they should be able to pro-
vide refuge for subadult and adult penaeids. In fact if wet season rains fail, juvenile
banana prawns do not emigrate offshore from their juvenile estuarine mangrove
habitat; instead they overwinter in the estuary moving offshore the following spring
(Staples and Vance 1986). In addition to this, a movement from the relative pro-
tection of inshore mangroves generally does not provide relief from predation pres-
sure as predation of subadult and adult penaeids offshore is very high (Euzen 1987,
Brewer et al. 1991, Salini et al. 1994).

In contrast to banana prawns, is possible that juvenile tiger prawns (Penaeus
semisulcatus and P. esculentus) outgrow the protective value conferred by
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seagrasses. Tiger prawns cling to seagrass leaves to camouflage themselves from
predators. The degree of protection is related to the scaling of leaves and prawns,
i.e., longer, wider leaves confer more protection to larger prawns (Kenyon et al.
1995). However, at some point the prawns grow to a point where even the largest
leaves no longer offer protection and they move into deeper water offshore from the
seagrass (Loneragan et al. 1994, O’Brien 1994b).

In northern Australia, juvenile (20–99 mm CW) mud crabs (Scylla serrata) are
resident amongst the mangroves and remain there at low tide. Subadults migrate
out onto intertidal flats to feed at high tide and retreat to subtidal areas at low tide;
adults tend to spend more time subtidally and only occasionally venture into inter-
tidal habitats (Hill et al. 1982). Whilst inundated, the intertidal flats are foraged by
flathead (Platycephalidae; Baker and Sheaves 2006) and herons (Mukherjee 1971),
both of which are potential predators of juvenile S. serrata. The larger subadult
mud crabs would not be as vulnerable to predation and are thus able to utilize the
intertidal foraging grounds with less risk.

Terrestrial crabs also provide an indicator that predation may be a driver for onto-
genetic habitat shifts over evolutionary time. Tropical land crabs occupy terrestrial
habitats on isolated islands that initially were ‘empty’ ecosystems. Because of the
isolation, few terrestrial predators have been able to colonize these islands providing
the land crabs with an environment that is free of predation pressure, in contrast to
the marine environment they inhabited as larvae.
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Cannibalism is a special case of predation and it is possible that in some cases
ontogenetic shifting has evolved as a mechanism to reduce cannibalism. In juvenile
crab populations under high densities where conspecific encounters are frequent,
cannibalism can be significant (Perkins-Visser et al. 1996, Ut et al. 2007). Canni-
balism is common among penaeids (Rosales Juarez 1976, Otazu-Abrill and Ceccaldi
1981, M Haywood pers. observ.) and has also been reported in the Caribbean
spiny lobster Panulirus argus (Lipcius and Herrnkind 1982) and stone crabs (genus
Menippe; Bert 1986).

There is a significant risk associated with the traverse from a pelagic habitat
∼ 50 km offshore in ∼ 30 m depth of water to a demersal existence in a structured
habitat in 1 m depth of water 200 m from a shoreline in a littoral seagrass bed.
The benefit to the individual accrues once they reach the refuge provided by the
inshore habitat in the juvenile phase. From an evolutionary perspective, a key indi-
cator of the benefit of inshore migration is a comparison of mortality in inshore
and offshore environments. Natural mortality of penaeids has been measured in
nursery habitats and offshore habitats (together with fishing mortality). Mortality
for small juveniles can be as high as 0.89 wk−1, declining markedly for large juve-
niles (0.02 wk−1) (O’Brien 1994b, Wang and Haywood 1999). These rates generally
are higher than mortality estimates for adult prawns offshore (∼ 0.05–0.07 wk−1)
(Lucas et al. 1979). Yet the mortality of recently-settled post-larvae and juveniles
may be much higher for individuals that do not access structured habitats. Given the
high fecundity of penaeids (300,000–500,000 eggs per individual), it is clear that the
mortality of the larval and post-larvae phases must be very high. Over evolutionary
time, the mortality of post-larvae offshore may be much higher than those of post-
larvae reaching structured habitats inshore. High mortality may favor the evolution
of an inshore/offshore strategy. However, due to their small size and dispersion in
coastal seas, estimates of mortality of early life stages are a significant gap in our
knowledge.

7.5.2 Food

It is possible that the food and nutritional requirements of decapods change as they
grow, and developing animals may undertake a habitat shift to satisfy these needs,
but for most tropical decapods there is little evidence to support this hypothesis.
There are three characteristics of prey items that are important in relation to a
decapod’s access to different food resources as a result of an ontogenetic habitat
shift: the taxa of prey consumed, the size of the prey items, and the density of indi-
vidual prey. Many studies indicate that there is a high degree of dietary overlap in
prey taxa consumed by juvenile and adult decapods (e.g., Briones-Fourzán et al.
2003, Sara et al. 2007). However, it is not only the type of prey available in differ-
ent habitats that is important, it is the ability of an individual decapod to locate and
capture food in the two habitats. This is a function of the density of the prey and the
density of the decapods in each habitat.

Sara et al. (2007) quantified and identified the gut contents of juvenile, sub-adult,
and adult mud crabs (Scylla serrata). All size classes were found to be feeding on
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crustaceans, mollusks, fish (probably scavenged), and algae in similar proportions,
although the diet in all sizes varied seasonally, reflecting the availability of the var-
ious prey. Hill (1976) examined the gut contents of South African and Australian
S. serrata ranging from small juveniles to adults, but unfortunately the results were
pooled over all sizes. Mollusks and crustaceans dominated the gut contents of crabs
from both areas. Different size classes of the sand crab (Portunus pelagicus) also
had similar diets (Williams 1982). Interestingly, ontogenetic differences in crab diets
have been documented in other crabs, but only for temperate species, e.g., Cancer
magister (Gotshall 1977) and Callinectes sapidus (Tagatz 1968).

Algal-stage Caribbean spiny lobsters (Panulirus argus) forage amongst the red
algae Laurencia sp. and feed on a wide range of epifauna including gastropods,
bivalves, amphipods, ostracods, isopods, and echinoderms (Herrnkind and Butler
1986, Herrnkind et al. 1988). Briones-Fourzán et al. (2003) studied the diets of
three stages of juveniles (algal, post-algal, and sub-adult); all prey items tended
to be slow-moving or sessile invertebrates or plants. Dominant categories were
crustaceans, gastropods with small amounts of sponge, echinoderm, polychaetes,
bryozoans, tunicates, seagrass, macroalgae, and coralline algae. There was a high
degree of overlap between all stages—algal, post-algal, and sub-adult—and the diet
was also similar to that of the adults although the adults had a higher proportion of
mollusks in their diet (Herrnkind et al. 1975, Cox et al. 1997).

The post-pueruli of the western rock lobster (Panulirus cygnus) forage amongst
seagrass (Amphibolis) and macroalgae on limestone reefs, although they do not
move onto the seagrass beds adjacent to the reefs (Jernakoff et al. 1993). Their diet
consists primarily of coralline algae, mollusks, and crustaceans, and is similar to that
of the juveniles (>45 mm CL) which forage in sparse Heterozostera and Halophila
meadows away from the reefs (Joll and Phillips 1984, Jernakoff 1987, Edgar 1990a)
where small benthic prey is more abundant than on the reefs (Edgar 1990a, Edgar
1990b). The difference between diets of post-pueruli and older juveniles were rel-
atively subtle and consisted of a variation in the relative proportions of the dietary
components. For example, small juveniles (25–30 mm CL) ate less coralline algae
and more polychaetes, and larger juveniles (40–60 mm CL) ate fewer mollusks, a
similar portion of coralline algae, and had a higher proportion of ‘other plants’ and
polychaetes (Edgar 1990a, Jernakoff et al. 1993). Given the opportunistic nature of
the foraging habits of palinurids and the fact that their diet often reflects the abun-
dance of the available prey (Edgar 1990a), it is unlikely that these differences in
dietary requirements would be significant enough to initiate an ontogenetic habitat
shift. Perhaps the high degree of dietary overlap between different size classes of
conspecifics results in intraspecific competition for food that initiates a habitat shift.
Although this also seems unlikely given that in general, prey size is correlated with
the size of the predator (Edgar 1990a, Brewer et al. 1991, de Lestang et al. 2000,
Mantelatto and Christofoletti 2001).

There is some evidence for an ontogenetic shift in the diet of banana prawns
(Penaeus merguiensis). Juvenile banana prawns forage amongst the mangrove
forests when the mangroves are inundated. Prawns collected as they left the man-
grove forest on a receding tide had full guts, whereas 2–3 hrs after the water had
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receded from the mangroves, their guts were almost empty, indicating they had
not been feeding after leaving the mangrove forest (Wassenberg and Hill 1993).
Juvenile banana prawns eat a wide variety of food items including crustaceans,
bivalves, gastropods, polychaetes, mangrove detritus, fish, insects, foraminiferans,
and diatoms (Chong and Sasekumar 1981, Robertson 1988, Wassenberg and Hill
1993). Foraminiferans, copepods, algae, and nematodes featured less in the diet of
adult banana prawns, whereas they ate more bivalves, gastropods, and polychaetes
(Wassenberg and Hill 1993). Wassenberg and Hill (1993) postulated that the absence
of the small prey (e.g., foraminiferans, copepods, and nematodes) from the adult diet
may have been due to the inability of the adults to manipulate such small items.

Despite undergoing a major habitat change from shallow inshore seagrass bed to
relatively deep water muddy offshore substrates, the diet of grooved tiger prawns
(Penaeus semisulcatus) does not change markedly. Small (2–5 mm CL) juvenile
grooved tiger prawns foraged amongst seagrass and algae and ate predominately
copepods, diatoms, and filamentous algae (Heales et al. 1996, Heales 2000). Larger
juveniles (also foraging on seagrass) ate a high proportion of bivalves, gastropods,
and crustaceans with smaller amounts of ophiuroids and copepods. The adults, feed-
ing offshore away from the seagrass beds had a similar diet in composition and
relative proportions, although they did not feed on copepods (Wassenberg and Hill
1987).

Unlike grooved tiger prawns, there is some evidence for an ontogenetic shift
in diet in brown tiger prawns (Penaeus esculentus). Small (2–5 mm CL) juvenile
brown tiger prawns sampled from seagrass beds ate the same items as P. semisulca-
tus, as well as gastropods, ostracods, decapods, amphipods, and small amounts of
miscellaneous items such as bryozoans and foraminiferans (O’Brien 1994a). Larger
juveniles ate mainly gastropods and copepods, whereas subadult and adult brown
tiger prawns added bivalves and ophiuroids to this diet (Wassenberg and Hill 1987).

Given the positive correlation between prey and predator size it is possible that
food plays a more important role initiating ontogenetic habitat shifts than is sug-
gested by the literature. Optimal foraging theory predicts that predators will select
prey of a size that will maximize the net energetic gain, i.e., larger prey usually
means maximizing net energetic intake (Werner and Mittlebach 1981). It is also
likely that as predators grow they are less able to manipulate small prey (Sousa
1993) and may need to shift habitats to hunt for larger prey. Studies on gut contents
rarely give data on prey size and generally are only able to supply relatively coarse
taxonomic detail on prey and consequently only coarse differences in diet between
ontogenetic stages are distinguishable.

As the consumption and availability of prey can be difficult to measure, it may
be useful to consider growth as an indicator of prey availability in different habitats.
Juvenile prawns, for example, grow at about 0.63–2.10 mm CL wk−1 in their inshore
vegetated habitats (Haywood and Staples 1993, O’Brien 1994b). Adult prawns grow
at 0.82–1.53 mm CL wk−1 in their offshore habitats (Somers and Kirkwood 1991,
Loneragan et al. 2002). An adult tiger or banana prawn that grows from 35 to 40 mm
CL adds approximately 15 g in weight and, conservatively, the process takes five
weeks. In five weeks, a juvenile tiger prawn in an inshore seagrass bed might also
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grow 5 mm CL, from say 4 to 9 mm CL. Yet the weight gain for this individ-
ual is <1 g. It is possible that food limitation initiates the ontogenetic shift in this
case. In an estuarine environment, would large adult prawns have access to the food
resources to support a weight gain of 15 g. individual−1 in the hypothetical situation
where they did not move to offshore habitats? Although we are not aware of any
data on this subject, there are anecdotal observations that support this hypothesis.
In years when the amount of rainfall is insufficient to cause large juvenile Penaeus
merguiensis to emigrate from the estuaries, they overwinter in their nursery habitat
and seem to grow much more slowly than similarly-aged prawns that have moved
offshore during years of sufficient rainfall (M Haywood pers. observ.).This may pro-
vide an indication of why penaeid prawns adopt a life cycle with estuarine/offshore
phases. Offshore, the density of prawns is much lower than in juvenile habitats;
yet they have access to abundant prey even though they might be found at low
densities.

The dearth of information on prey size and prey abundance/availability for
decapods in different habitats is a significant information gap in our knowledge
of these species. It is worth noting that the penaeid species that close their life cycle
wholly within estuaries are smaller species than the offshore commercial prawns
(Grey et al. 1983). They mature at a much smaller size and presumably grow at a
rate that incurs lower overall weight increment in the estuarine habitat. Perhaps a
wholly estuarine life cycle restricts the size of penaeids. If it does, then food avail-
ability provides a strong driver for ontogenetic habitats shifts in the larger species.

Terrestrial crabs provide a strong indicator that food has cued ontogenetic habitat
shifts over evolutionary time. Tropical land crabs occupy terrestrial habitats on small
islands that were created by geologic processes as isolated land masses that initially
were ‘empty’ ecosystems (Schubart et al. 1998). Islands were created by uplifting
of the earth’s crust, volcanic eruption, or hydrologic and sedimentation processes
forming islands in reef ecosystems. They were devoid of terrestrial biota and sur-
rounded by ocean, and offered a unique opportunity to exploit new food resources
that became available as these land masses were colonized by biota. Molecular evi-
dence shows that in some cases decapods colonized the new terrestrial habitats by
a radiation of species from a common marine ancestor (Schubart et al. 1998). Food
resources on the land would have been different and abundant relative to the food
items that were available in the marine habitat. Additionally, the terrestrial fauna
on these island ecosystems is often depauperate relative to large, more ancient land
masses in the same region; few reptiles and mammals inhabit the ecosystem to com-
pete for food with the decapods that evolved to exploit the abundant habitats.

7.5.3 Reproduction

A number of tropical palinurids shift habitat either just prior to, or during their
reproductive phase. In spring (September–November) in the Torres Strait, Australia,
many male and almost all female Panulirus ornatus in their third year after hatching
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(2+) leave the reefs en mass and migrate eastwards, walking across an open sand-
mud seabed for three months (Moore and MacFarlane 1984). Some move as far as
500 km to the eastern Gulf of Papua where they breed from November to March
(Moore and MacFarlane 1984, MacFarlane and Moore 1986; Fig. 7.12). Female P.
ornatus move temporarily into deepwater to hatch their eggs during full moons,
returning to the reef post-hatching (Dennis et al. 1992). There is no return migration
to Torres Strait following the spawning season; instead the lobsters suffer a severe
loss of condition and subsequently a high mortality (Moore and MacFarlane 1984).
Consequently, the movement between habitats may best be described as a spawning
migration, rater than an ontogenetic habitats shift (Pittman and McAlpine 2003).

Reproduction in Panulirus argus begins during spring and extends through sum-
mer (Davis 1977). The sexes move differentially, with the females migrating into
areas on the reef occupied by adult males (Cooper et al. 1975, Herrnkind 1980,
Davis and Dodrill 1989, Puga et al. 1996). After mating, the females may move
offshore to the reef edge or the continental shelf where they incubate their eggs
and release the larvae (Buesa Mas 1965 in Herrnkind 1980). Like P. ornatus, after
their larvae have been released, the females move back inshore (Olsen et al. 1975).
There seem to be regional differences in movements associated with reproduction
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Fig. 7.12 Long-range movements of Panulirus ornatus based on the recovery of 125 tagged
lobsters that were released in Torres Strait. • Recapture site for lobsters released in Torres
Strait. Redrawn from MacFarlane and Moore (1986) with kind permission of CSIRO Publishing
(http://www.publish.csiro.au/nid/127/issue/2844.htm)
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of P. argus, however. In a study on the distribution of P. argus on Glover’s Reef in
Belize, Acosta and Robertson (2003) found females with egg masses on the fore
reef, but they also observed them on shallow reefs in the lagoon. Earlier tagging
studies also showed that the movement of adult Caribbean spiny lobsters between
shallow lagoon and deep reef habitats was random through the year (Acosta 1999,
Acosta 2002). Evans and Lockwood (1994) speculated that the female spotted lob-
ster (Panulirus guttatus) also migrate from shallow to deep reefs for reproduction,
but during a tagging study conducted over two years at Looe Key marine sanctuary,
Florida, USA, Sharp et al. (1997) found no evidence to support this hypothesis.

It has been postulated that the main reason for reproductive migrations in palin-
urids is to enable the females to release their larvae into an area exposed to oceanic
currents to enhance larval dispersal (Moore and MacFarlane 1984). This hypothesis
would explain the regional differences in the degree of migration associated with
reproduction in palinurids. By moving across the shallow seabed of Torres Strait, to
the eastern edge of the Gulf of Papua, Panulirus ornatus have access to an area of
favorable currents in the Coral Sea. Importantly, these currents provide a transport
mechanism enabling larvae to return to the adult habitat. By comparison the popu-
lation of P. argus on Glover’s Reef, Belize, have access to deep water (400–2000 m)
of the Caribbean Sea within 2 km from the reef crest (Acosta and Robertson
2003).

The dependence of land crabs on a marine larval phase provides a classic exam-
ple of a spawning migration from their upland forest habitats to the coastal zone
to release their larvae in the ocean. The crabs retain their fertilized eggs on their
abdomen where they mature, and the crabs release the larvae on contact with water.
Male Christmas Island red crabs (Gecarcoidea natalis) dig burrows close to the
land/sea interface where they shelter from desiccation and lure a female crab to
mate. The male crabs move back inland while the female remains in the burrow until
the eggs are mature and the environmental conditions facilitate successful release
into the ocean (Adamczewska and Morris 2001a).

Several species of portunid crab spend most of their lives in estuarine waters, but
apparently all need access to the sea to spawn (Norse 1977, Le Vay 2001) because
the larvae do not survive low salinities (Hill 1974) and to facilitate larval dispersal
(Hill 1994). Hill (1975) studied reproduction in Scylla serrata in two South African
estuaries, one of which was usually closed from the sea by a sand bar. Females
migrated out of the open estuary about one month after mating. Large numbers of
females gathered in the shallows behind the sand bar of the other estuary, and at
high tide when occasional waves broke over the sand bar several crabs left the water
and walked over the sandbar and into the sea (Hill 1975). In northern Australia, the
ovigerous females begin migrating in September–October and can move a consid-
erable distance offshore (up to 95 km), and are found between 10 and 60 m depth
(Hill 1994). After spawning at sea, the females return to estuaries and inshore waters
(Heasman et al. 1985, Hill 1994).

Migrations to spawning grounds are not as dramatic in penaeids as they are in
some other decapods. There is a general movement into deeper water with increased
age in many species and some authors have characterized this as a spawning
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migration, but it is more likely this represents the ontogenetic shift from juvenile
to adult habitats (Dall et al. 1990). In most cases the spawning grounds have been
identified as being a subset of the adult distribution. Adult Penaeus merguiensis
are distributed relatively close to shore (5–20 m depth) while the spawning females
tend to concentrate in the deeper extent of their range (15–20 m depth; Crocos and
Kerr 1983), although on the east coast of Australia some females move inshore
to spawn (Dredge 1985). Similarly, the spawning grounds of the tiger prawns P.
esculentus and P. semisulcatus in the northwestern Gulf of Carpentaria, Australia,
were inshore and offshore, respectively, and within the general distribution iden-
tified for the adults of each species (Crocos 1987b). The peak spawning in P.
semisulcatus in the Gulf of Carpentaria occurs during late winter to early spring
(August–September; Crocos 1987a), but prior to this males and females undertake
an extensive migration offshore into deep water (>40 m) before returning to spawn
(CSIRO unpubl. observ., Crocos and van der Velde 1995). The reason for this migra-
tion is unknown.

In general, most of the movement identified to facilitate reproduction is best
described as a spawning migration, rather than an ontogenetic habitats shift. The
migration of lobsters over 100s of kilometers to spawn near oceanic deeps is the
classic case. The offshore movement of penaeids occurs from the late-juvenile
to early-adult phase and is an ontogenetic habitat shift. They may move within
the offshore environment as adults and some species possibly move inshore to
spawn (van der Velde et al., CSIRO Division of Marine and Atmospheric Research,
unpubl. data).

7.6 Future Research

In many of the studies discussed in this review ontogenetic habitat shifts have
been inferred by (sometimes separate) studies of juvenile and adult temporal and
spatial distributions. Increasingly, researchers are recognizing the need to move
beyond correlative studies between life history stages and to use markers to mea-
sure shifts and linkages between different habitats directly (Fairweather and Quinn
1993, Gillanders et al. 2003, Pittman and McAlpine 2003). The use of traditional
artificial tags on decapods can be challenging because they may be shed when the
animal molts and until recently tags small enough to be used effectively on juve-
nile decapods were not available. However, tags have been used successfully in
some cases to directly demonstrate links between juvenile and adult habitats (see
Chapters 10 and 13). For example, Frusher (1985) tagged juvenile Penaeus mer-
guiensis in shallow waters in the Gulf of Papua; adults were subsequently captured
offshore by the commercial fishery. In a more novel approach, Owens (1983) used
the presence of the bopyrid parasite Epipenaeon ingens on adult P. merguiensis as a
biological tag. E. ingens was only able to infect juvenile P. merguiensis whilst they
were in their nursery grounds within estuaries and E. ingens was only present in
certain estuaries. The parasite remains with the host for life and so Owens was able
to determine that infected adults must have originated from the particular estuaries
that contained the bopyrid.
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More recently, new tagging technologies have become available that are small
enough to be used on very small juvenile decapods, and because they are applied
internally they are retained through successive molts. Davis et al. (2004) compared
the growth, survival, and tag retention of coded wire and fluorescent elastomer tags
in very small (<25 mm CL) juvenile blue crabs (Callinectes sapidus). Both tech-
niques had different advantages: initial mortality from elastomer tags was less than
that from coded wire, but tag retention was higher for coded wire tags. The fact
that these techniques are able to be applied to very small animals and that they
have excellent retention rates in a frequently molting decapod makes them ideal for
application in studies concerned with demonstrating ontogenetic habitat shifts.

Of more general application are the relatively new techniques that use stable
isotopes or genetic markers to demonstrate ontogenetic links between habitats (see
Chapter 13 for a detailed review of methods). Fry (1981) successfully used ratios of
13C:12C to determine that brown shrimp (Penaeus aztecus) had moved from inshore
seagrass beds into offshore waters. However, results from other studies have not
been as clear (e.g., Loneragan et al. 1997) and further research into this area is war-
ranted. In particular, there appears to be little information on the spatial variability
of isotopic signatures within a habitat (see Chapter 3).

As part of an investigation into the feasibility of enhancing the natural popu-
lation of Penaeus esculentus in Exmouth Gulf, western Australia, Preston et al.
(1996) developed a stable isotope tag to provide a short-term chemical tag to mon-
itor the fate of juvenile prawns over the first few weeks following release into the
seagrass nursery areas. Unfortunately, isotope tags are only temporary: the longer
an organism remains in a new isotopically distinct habitat, the more its original
isotopic signature is diluted as the organism takes on the signature of the new
habitat. DNA markers have also been developed to monitor the fate on released
prawns sharing habitat with their wild-spawned conspecifics (Rothlisberg et al.
1999, Loneragan et al. 2003). DNA markers have the advantage of being perma-
nent, compared to the stable isotopes and are ideal for tracking the movements of
decapods from juvenile through to adult habitats. DNA markers also would allow
the determination of the mortality of hard-to-study early life phases of decapods;
the mortality of larvae, post-larvae, and early juveniles is a significant gap in our
knowledge. For example, post-larvae or early juvenile penaeid prawns from parents
with particular identifiable genetic tags could be released en masse and with subse-
quent sampling of the population, their abundance among the wild population and
the mortality of the released individuals could be measured (Loneragan et al. 2003).
Estimates of mortality of post-larval prawn would enhance our understanding of the
drivers underlying ontogenetic habitat shifts.

Tracking organisms between habitats directly rather than merely inferring the
links will assist fisheries and conservation managers. Ontogenetic connectivity is
important when considering fisheries management and marine protected area plan-
ning; adult populations may be dependent upon subadult or juvenile populations
elsewhere and so local management actions may prove ineffective (Roberts 1997,
Cowen et al. 2005). In some cases it may not be only the various life history stages
that require conservation, protection of corridors used by organisms transferring
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between habitats is also important. Apart from the larval stage most decapods make
their ontogenetic shifts by moving across the seabed and may not cross certain
seabed types. For example, Acosta (1999) found that fields of rubble acted as bar-
riers to the dispersal of all life history stages (except adults) of the Caribbean spiny
lobster Panulirus argus.

7.7 Summary

All decapods have complex life cycles involving several different stages and most
undergo at least one habitat shift during their ontogeny. Several planktonic larval
stages culminate in post-larvae that undergo their first habitat shift, settling from
the pelagic environment to adopt a benthic existence. For many tropical decapods
the initial habitat of the settling post-larvae and small juveniles comprises aquatic
vegetation, e.g.; Caribbean spiny lobsters (Panulirus argus) settle onto red algae
(Laurencia spp., Marx and Herrnkind 1985b), and grooved tiger prawns (Penaeus
semisulcatus) settle onto seagrass (Staples et al. 1985). After spending a variable
period in the initial settlement habitat most decapods then undergo a habitat shift
as late-stage juveniles. For most species this entails a move into deeper water or
from the intertidal into the subtidal. This trend of movement to deeper water contin-
ues with the development of the juveniles into adults. For example banana prawns
(Penaeus merguiensis) move from their estuarine juvenile habitat where they live
amongst mangroves, to the nearshore coastal zone (Staples 1980a) where they com-
plete their life cycle. The exception to this general trend of a move from inshore to
offshore is provided by the terrestrial crabs which spend the majority of their life
cycle on land, only returning to the sea to spawn; the young return to land as small
juveniles (Schiller et al. 1992, Brodie 2002, Barnes 2003).

It has been hypothesized that the mechanisms underlying habitat shifts in most
animals are concerned with maximizing the fitness of the animal and that these may
include minimizing mortality risk (μ), maximizing absolute growth rates (g), or a
trade-off in which the animal chooses the habitat that minimizes the ratio of mortal-
ity risk to growth rate (minimize μ/g) (Werner and Gilliam 1984). Proof of which of
these mechanisms underpins ontogenetic shifts in tropical decapods requires care-
ful experimentation. We were unable to find examples of these sorts of experiments
being done on tropical decapods, however, there are several cases that provide evi-
dence to support these hypotheses. Examples of decapod ontogenetic habitat shifts
that appear to function by minimizing mortality risk are:

(1) Late-stage juvenile Caribbean spiny lobsters (Panulirus argus) when they shift
from algal to crevice habitat (Eggleston et al. 1992, Smith and Herrnkind 1992,
Mintz et al. 1994);

(2) Late-stage juvenile grooved and brown tiger prawns (Penaeus semisulcatus and
P. esculentus) moving offshore from inshore seagrass beds (Loneragan et al.
1994, O’Brien 1994b, Kenyon et al. 1995).
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Decapods that appear to be making habitat shifts as a means of maximizing
growth are:

(1) Late-stage juvenile banana prawns (Penaeus merguiensis) moving offshore
from mangrove-lined rivers and creeks (M Haywood pers. observ.);

(2) Early-stage juvenile terrestrial crabs moving from the sea to the land (Adam-
czewska and Morris 2001a, Brodie 2002).

Without the appropriate experiments it is difficult to speculate on examples of
decapods that might be shifting in order to minimize mortality risk to growth rates.
One approach that could be used to help determine the mechanisms underlying deca-
pod habitat shifts would be to follow the model of Dahlgren and Eggleston (2000).
They conducted field experiments designed to quantify habitat-specific growth and
mortality rates of range of size classes of Nassau grouper (Epinephelus striatus).
The size range investigated spanned that over which the ontogenetic shift takes
place. They then used habitat-specific mortality and growth rates in a cost-benefit
analysis to test which of the three mechanisms (maximizing growth rates, minimiz-
ing mortality risk, or minimizing the ratio of mortality risk to growth rate) applied.
It is only through the use of carefully designed experiments such as these that we
will be able to determine the mechanisms underlying ontogenetic habitat shifts in
tropical decapods.
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Chapter 8
Diel and Tidal Movements by Fish and
Decapods Linking Tropical Coastal Ecosystems

Uwe Krumme

Abstract Short-term movements of fishes and decapods can lead to regular
changes in biomass, diversity, mortality, predation, and flux of energy between
adjacent ecosystems. At low latitudes the day-night cycle is relatively stable and
uniformly affects activity rhythms of marine organism at all longitudes. In contrast,
tidal ranges and tidal types differ significantly between coasts and regions. On coasts
with weak tides, twilight migrations connect adjacent habitats. On tidal coasts,
migrations are tightly coupled to the interactive effect of the diel and tidal cycles
which results in complex but predictable patterns of change within and between
ecosystems. Diel and tidal migrations share several similarities (connection of rest-
ing and feeding sites, sequence of species and size groups, site fidelity, homing, con-
stant pathways). The spring-neap tide cycle and its interaction with the diel cycle is a
key factor influencing regular short-term variations on tidal coasts. The home range
of a species on a macrotidal coast may be an order of magnitude greater than that of
conspecifics from a microtidal coast, suggesting a need for larger marine parks on
macrotidal coasts. Regional comparisons, e.g., between the Caribbean and the Indo-
West Pacific, often disregard the significant tidal differences inherent to the ecosys-
tems. It is suggested here that broad-scale comparisons must be redefined; regional
comparisons should focus on geographical regions with similar tidal regimes, or on
systems with different tidal regimes but with similar species communities.

Keywords Shallow-water fishes · Twilight migration · Lobsters · Shrimps ·
Portunid crabs

8.1 Introduction

The shallow waters of tropical coasts are home to unique ecosystems such as coral
reefs and mangrove forests. Where coral reefs, mangrove forests, and seagrass
beds co-occur, the ecosystems are usually connected with one another through the
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movements of organisms, nutrients, and other materials. In many tropical regions,
coral reefs and seagrass beds form a mosaic of patches within a matrix of sandy
sediments. Extensive mangrove forests grow within a complex network of sublit-
toral channels and intertidal creeks, mudflats, and sand banks. For some species,
one habitat within a complex seascape setting is sufficient to complete its life cycle.
For most other species, however, one habitat cannot satisfy the changing needs.
Mobility is the solution to local deficiencies and the species move between differ-
ent available habitats at different temporal and spatial scales. These movements can
occur on a longer time scale such as on a seasonal basis or once during ontogeny
(see Chapters 6, 7, 10), or on a shorter time scale according to the lunar, diel, or
tidal cycle. When adjacent habitats are used on the short-term scale, the movements
greatly affect the everyday life of an organism and likely influence growth and sur-
vival. In this chapter, the focus is on the short-term movements of fish and decapods
in tropical shallow-water environments in relation to the diel and tidal cycles. It
should be noted that all nektonic organisms (organisms living in the water column
that can swim strongly enough to move counter to modest water currents) display
movement, but not all migrate. For the purpose of this review, I refer to the gen-
eral definition of migration as discussed by Dingle (1996): ‘Migratory behavior is
persistent and straightened-out movement effected by the animal’s own locomotory
exertions or by its active embarkation on a vehicle. It depends on some temporary
inhibition of station-keeping responses, but promotes their eventual disinhibition
and recurrence’. In the special case of this review, migratory movements connect
adjacent habitat types or ecosystems, and involve a regular directional and temporal
component.

A migration persists as an evolutionary stable strategy when the benefits exceed
the costs. The ability to move enables species to optimize the use of resources in
more than one ecosystem. A particular species exploits an ecosystem when benefits
are high and avoids it when the benefits are low relative to other available ecosys-
tems. The pay-off of a migration depends on the benefit provided by the present
ecosystem, the cost of movement to another ecosystem, and by the expected condi-
tions in an alternative ecosystem. For example, movement to a potentially profitable
adjacent ecosystem would not pay off when the ecosystem is too far away, or when
the risk of predation precludes its use at a given time of day.

Short-term migrations between adjacent ecosystems usually serve at least one of
five functions (Gibson 1992, 1996, 1999, Gibson et al. 1998, Rountree and Able
1993): (1) feeding, (2) shelter or reducing the risk of predation, (3) avoidance of
inter- and/or intraspecific competition, (4) reproduction, and (5) searching for a
physiologically optimum environment.

Mobile organisms that shuttle between ecosystems influence each of the ecosys-
tems used. Short-term migrations (i) change the species diversity and abundance
counts in a given ecosystem (Thompson and Mapstone 2002), (ii) are a vector for
the export of organic matter and nutrients from feeding to resting sites (Meyer et al.
1983, Meyer and Schultz 1985), (iii) regularly change the biomass of organisms
in an ecosystem (e.g., Nagelkerken et al. 2000), (iv) shape patterns in herbivory
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and mortality in the feeding grounds (e.g., Ogden and Zieman 1977), and (v) shape
the ecological value to the organisms of a given ecosystem. If a given ecosystem
is out of reach for short-term migrants due to an unfavorable seascape configura-
tion, the ecosystem cannot perform its potential values (Baelde 1990, Dorenbosch
et al. 2007). The connectivity between shallow-water ecosystems caused by short-
term migrations of fish and decapods has received increasing attention (e.g., Sheaves
2005), but with the major drawback that studies have been mainly conducted in the
Caribbean where the influence of the tide is virtually absent. Surprisingly few stud-
ies on the topic come from Australia and the Indo-Pacific region and even less from
African coasts.

Understanding the spatial and temporal dynamics caused by mobile organisms
that use different habitat types at different times of day and at different tidal stages
is crucial to sampling design, interpretation of ecological studies, and ecosystem
management (Pittman and McAlpine 2003, Beck et al. 2001, Adams et al. 2006).
Migrations can lead to faulty or incomplete population censuses or confounding
effects in catch rates from a single ecosystem (e.g., Wolff et al. 1999). Optimized
sampling strategies designed to measure long-term changes have to account for the
short-term effects of migrations, e.g., considering the variation caused by the spring-
neap tide cycle. The spatial and temporal patterns in short-term migrations deter-
mine the routine, everyday movements within the home range of mobile species
and the connectivity between adjacent ecosystems. This information is required for
population dynamics, spatial population models, and resource management (Cowen
et al. 2006).

Fishes and most decapods are nektonic organisms. Many are commercially
important, and as they are often caught together and interact ecologically (e.g., in
predator-prey relationships), these species are addressed jointly in this chapter. For
more information on the movements of their larvae see Sale (2006) for coral reef
fishes, and Dall et al. (1990) for Penaeidae.

In this chapter an applied overview of the effects by which diel and tidal cycles
influence the activity and use patterns of fish and decapods in the tropics will be
given. The description of the distribution of tidal ranges and tidal types on tropi-
cal coasts highlights the diversity and regional differences in tidal regimes between
coasts and regions. The review on the diel movements of fish is focused on exam-
ples from the Caribbean, the best studied and largest tropical area with negligible
tides. The review of diel movements of decapods covers diel changes in activity and
foraging ranges of lobsters, shrimps, and swimming crabs. The tidal movements of
fish provides an overview on the variety of responses displayed by individuals, size
groups, sexes, species, populations, and assemblages in response to the tide-time of
day interactions. The section provides a comparison of the similarities and differ-
ences between diel and tidal migrations. The tidal movements of shrimps and swim-
ming crabs highlight the interactive influence of the diel and tidal cycles on activity
patterns. A regional comparison contributes to the debate on differences in connec-
tivity between the Caribbean and the Indo-West Pacific. The final sections cover two
aspects which have been largely overlooked in previous studies: the possibly greater
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home ranges of species in areas of greater tidal range, and the need to consider the
influence of the tides when studying and comparing ecosystem functions and biodi-
versity patterns.

8.2 The Diel Cycle

The length of the diel cycle is 24 hrs, or the time it takes for the Earth to make
one complete rotation around its axis. Due to the inclination of the Earth’s axis
by 23.5◦, day length and solar irradiation differ with latitude and season. The diel
cycle in the tropics differs from that in higher latitudes in two important aspects:
(1) in lower latitudes, there is a relatively fixed cycle of approximately 12 hrs light
and 12 hrs darkness year-round, whereas in temperate regions day length can vary
between 16 hrs in summer and 8 hrs in winter, and (2) in the tropics the transition or
twilight period at sunrise and sunset is relatively short (approx. 1 hr) whereas these
periods can last for hours at higher latitudes. Consequently, in the tropics changes
in illumination levels are highly consistent throughout the year and consequently,
changes in the activity of most tropical organisms are well synchronized with the
diel cycle. Four distinct diel periods can be distinguished that structure the activity
patterns of most organisms exposed to light: sunrise, daytime, sunset, and night.
Helfman (1993) classified the diel activity of fish families into diurnal, nocturnal,
crepuscular (active at dusk and dawn), and two groups without clear activity periods.
One notable example of the influence of the twilight period on fish behavior and
distribution is the regular species changeover before and after the ’quiet period’ in
the clear water environment of coral reefs (Hobson 1972). However, even in the very
turbid waters of mangrove estuaries, upsurges in the activity of fishes occur during
twilight (Krumme and Saint-Paul 2003).

Sunlight is also reflected by the moon. The effect of moonlight on the activity
of aquatic organisms depends on the lunar phase, cloud cover, water clarity, and
water depth of an organism. Artificial light originating from fisheries and coastal
construction, which brightly illuminates coastal areas for hours each night, may also
be considered. With the exception of sea turtles, our understanding of the effects of
light pollution on changes in the activity patterns of marine species is still in its
infancy.

8.3 The Tides and Tidal Currents

This section does not present an exhaustive account of tides. The focus is on tidal
characteristics which influence, or are in some way relevant to, the movement of
nektonic organisms. General information on tides can be found in oceanographic
textbooks (e.g., Dietrich 1980).

Tides are a complex natural phenomenon (e.g., Kvale 2006), which may be
described as the periodic rise and fall of the sea surface level. A tidal current refers to
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the horizontal flow. Tides are mainly generated by gravitational forces of the moon,
and to a smaller extent by the sun. Several factors such as the shape of the sea floor,
local bathymetry, coastal morphology, the Coriolis effect, and changes in freshwa-
ter discharge, wind or air pressure act together to form a local tidal regime (Dietrich
1980). For nektonic organisms, tidal currents provide a mode of free transport. Tidal
currents regularly reverse and can be used to selectively travel in a particular direc-
tion (selective tidal stream transport) or to commute between low and high tides,
enabling an organism to move back and forth.

8.3.1 Short-term Patterns

A flood tide is defined as a rising of the water level (incoming tide); the ebb tide
is the fall of the water level (outgoing tide). The point at which current speed and
current direction are at zero and the tide turns from flood to ebb tide is termed slack
high water. A tidal cycle lasts from one phase of the tide to the recurrence of the
same phase. The tidal range is the difference in water level between low tide and
high tide. Tides are of a semidiurnal, diurnal, or mixed type. (1) The semidiurnal
tide is the most common tide (Fig. 8.1a) and is characterized by the biggest ranges
and fastest current speeds. Two tidal cycles, each of 12 hrs 25 min duration, are
observed on the coast each day, with small differences between successive high and
low water levels. (2) Diurnal tides have only one tidal cycle per day (24 hrs 50 min)
(Fig. 8.1b). (3) Mixed tides are predominantly diurnal (Fig. 8.1c) or semidiurnal
(Fig. 8.1d). Mixed tides often display large differences in the heights of high or low
water, or in both.

The fact that the lunar day period lasts 24 hrs and 50 min means that each tidal
cycle is completed with a time delay in relation to the diel cycle (Fig. 8.1). Thus,
in a sense each tidal cycle is a unique event and cannot be replicated. For exam-
ple, if today slack high tide was at midday, then after six, twelve and fourteen
days slack high tide will occur at 17:00, 22:00, and 23:40 hrs, respectively. The
delay from tide to tide causes significant interactions between the tidal and diel
cycles, with far-reaching consequences for the activity patterns of coastal organ-
isms. The investigation of these complex interactions requires sophisticated sam-
pling designs (see, e.g., Kleypas and Dean 1983, Krumme et al. 2004). However, on
a few coasts the tidal cycle is in phase with the diel cycle and low and high waters
occur at approximately the same time each day (e.g., Indonesia, South Pacific, and
Adelaide/Australia; American Practical Navigator 2002).

8.3.2 Spring–Neap Tide Cycle

The tidal range changes following the lunar cycle. Usually there is a delay of one
or two days between the lunar phase and the effect of the tide. At spring tides (at
approximately full and new moon when the sun, moon, and earth are aligned), tidal
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Fig. 8.1 Interaction of the diel and tidal cycles during one lunar cycle for a (a) semidi-
urnal tide (Conakry, Guinea; 13◦43’W, 9◦30’N), (b) diurnal tide (Karumba, Gulf of Carpen-
taria, Australia; 140◦50’E, 17◦30’S), (c) mixed-diurnal tide (Zamboanga, Mindanao, Philippines;
122◦4’E, 6◦54’N), and (d) mixed-semidiurnal tide (Schottegat, Curaçao; 68◦56’W, 12◦7’N).
Shaded columns indicate night. Tide data from www.wxtide32.com

ranges and the current speeds reach a maximum. The slack high tide is extremely
high and the slack low tide is extremely low. During neap tide (at the waxing
and waning of the moon, when the earth and moon are perpendicular to each
other) tidal ranges are significantly reduced and current speeds are much weaker
(Kvale 2006).

There are, however, exceptions to these norms, for example on the south eastern
Gulf of Carpentaria, Australia, the lunar phases are unrelated to the spring–neap
tide cycle (Munro 1975). Comparative investigations of coasts with more unusual
tidal characteristics would contribute to our overall understanding of tidal movement
patterns of nektonic organisms.
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8.3.3 Extreme Tides

Extreme spring tides cause large-scale changes on our coasts. Mobile coastal organ-
isms may synchronize large-scale movements such as home range relocation or
ontogenetic shifts to other ecosystems. They occur on a regular basis: (1) At about
equinox (each March 21 and September 21) spring and neap tides are extremely
strong and weak, respectively. (2) Every 7.5 orbits (or every 221 days) the moon
comes closest to the earth (perigree), either at full or new moon. Then, particularly
strong tidal forces result in strong perigrean tides. (3) The nodal tide caused by
variations in the moon’s declination results in extremely high tides approximately
every 18.6 yrs. Thus, very strong tides occur on a fortnightly (regular spring tides),
seasonal, annual, and decadal basis, providing means of transport for organisms
throughout their development stages, for both short- and long-lived coastal species.

On coasts with weak tides, meteorological effects may sometimes exceed the
tidal range. For instance, in shallow water annual tides are often wind-driven. This
can lead either to exceptionally high or low tides. In the Red Sea, catastrophic sea-
sonal low tides can expose the reef flats to the air for hours in the summer (Loya
1972, Sheppard et al. 1992; Fig. 8.2). In the Gulf of Mexico extreme high tide peri-
ods due to meteorological and climatic events lead to saltmarsh accessibility for
nektonic organisms (e.g., Rozas 1995).

Fig. 8.2 Reef flat exposed
due to extremely low seasonal
tide in the coral reef of Eilat,
Red Sea. Picture from Loya
(1972), with kind permission
from Springer Science +
Business Media and Y Loya

8.3.4 Predicted and Observed tides

Tide tables are only predictions. The observed tide can deviate considerably from
the predicted tide. Site-to-site differences can be significant, especially in mangrove
or coral reef areas where the tidal currents are channelized (Wolanski et al. 1992,
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Wolanski 1994). Three examples highlight the need to understand the tide at a
study site:

(1) The duration of flood and ebb tide may be unequal, e.g., due to local topography
or intertidal vegetation. Not only the time but also the current speeds differ
between flood and ebb because a fixed volume of water flows faster during a
shorter period, and slower during a longer period. This results in either flood
or ebb-dominated systems. Tidal asymmetries most likely are reflected in the
timing of tidal movements and usage patterns of nektonic organisms. Intertidal
land reclamation and mangrove loss can modify the flood-ebb tide asymmetry
and hence, the use patterns of nektonic organisms.

(2) In theory, flood and ebb current speeds and the rate of rise and fall reach a
maximum halfway between slack high and slack low water. Nektonic organisms
may respond specifically to this time window of maximum currents because it
provides the greatest potential for transport. It may further coincide with the
period of greatest turbidity, i.e., lowest visibility, and hence decreased risk of
predation when moving with the tide. However, current speeds and water level
change may differ during flood and ebb tide. In addition, a distinct current peak
is often difficult to identify, especially with weaker tides. A distinct maximum
may be undetectable, or a peak may be earlier or later than halfway between low
and high tide. In interconnected channel systems, momentary stops or current
reversals may occur during weak flood tides, leading to two or possibly even
three distinct current speed maxima.

(3) In estuaries and channel systems tides can be extremely complex. The tidal cur-
rents in channels are characterized by significant vertical and horizontal gradi-
ents that may vary with estuarine location and tidal stage. Ebb tide currents are
usually greatest close to the surface in the centre of a channel whereas flood tide
currents may be stronger at subsurface depths. Furthermore, the currents tend to
turn earlier close to the shore than in the midchannel. In layered estuaries flood
tides may begin between a few minutes to >1 hr earlier at the bottom.

8.3.5 Distribution of Tidal Types and Tidal Ranges
on Tropical Coasts

Unlike the diel cycle which has a clear latitudinal gradient and appears the same
at any given longitude, tides vary strongly with coastal region, both in type and
range. Davies (1972) and Hayes (1975) classified the hydrographic regime of marine
coasts into micro-, meso-, macrotidal using spring tide ranges of <2 m, 2–4 m,
and >4 m, respectively. Others use slightly different subdivisions and the rele-
vance of this classification scheme for the movements of nektonic organisms is still
unclear.

Figures 8.3 and 8.4 illustrate the complex modern pattern of tidal types and
ranges on tropical coasts. Semidiurnal tides are characteristic of the Atlantic
coasts and many coastlines are meso- or macrotidal. The enclosed Caribbean is
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Fig. 8.3 Distribution of tidal types along the tropical coasts of the world. Mixed tides are not
further separated into mixed diurnal and mixed semidiurnal tides. Adapted from Fig. 1.2 in ‘Distri-
bution of tidal types along the world’s coast’ in Davies (1972), Geographical Variation in Coastal
Development, Oliver Boyd. Additional information used: Dietrich (1980), Eisma (1998), Admi-
ralty Co-Tidal Atlas (2001), and www.wxtide32.com

Fig. 8.4 Distribution of tidal ranges (in meters) along tropical coasts of the world. Adapted from
Kelletat (1995). Additional information used: Dietrich (1980), Eisma (1998), Admiralty Co-Tidal
Atlas (2001), and www.wxtide32.com

an exception in having mixed and diurnal tides with a tidal range of <1 m (e.g., in
Curaçao, Fig. 8.1d).

In the Indian Ocean, tides are semidiurnal (e.g., East Africa, Bay of Bengal,
Andaman Sea, Strait of Malacca, Northwest Australia) or mixed semidiurnal (e.g.,
Arabian Sea, Coromandel Coast, West Sumatra, South Java). The Red Sea is almost
totally enclosed and tides are negligible, although in the Gulfs of Aqaba and Suez,
spring tide ranges may reach 1–1.5 m (Sheppard et al. 1992).

The Pacific Ocean is dominated by mixed semidiurnal tides, for example the
Great Barrier Reef with tidal ranges >3 m (Wolanski 1994). Semidiurnal and mixed
semidiurnal tides characterize the East Pacific coast. Small tidal ranges are charac-
teristic of islands in the open ocean. In the Indo-Malayan Archipelago the patterns
are complex. Two regions can be differentiated: (1) The South China Sea and adja-
cent basins are dominated by mixed diurnal tides with tidal ranges from <1 m to
>2 m (e.g., Zamboanga, Fig. 8.1c). However, within this area there are cells with
distinct diurnal tides (e.g., western Gulf of Thailand, Gulf of Tonkin, north coast
of Java), and cells with mixed semidiurnal tides (e.g., Singapore, Mekong Delta,
Sarawak). (2) East of this area mixed semidiurnal tides dominate (e.g., east coast
of the Philippines, Celebes Sea, northern New Guinea). Tidal ranges can be <1 m
(Sulawesi), or exceed 2 m (east Indonesian islands, East Kalimantan). Again, within
this area there is a diurnal cell at the southeast coast of West Papua.

In conclusion, tides are a common and regular natural disturbance of many tropi-
cal coastlines, except for the Caribbean, the Red Sea, a few cells in the West Pacific
(e.g., the Java Sea), and many oceanic islands. The triangle of marine biodiversity
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between Indonesia, the Philippines, and Papua New Guinea coincides with the
greatest diversity of tidal types and tidal ranges. The overall tidal ranges of the
Indo-West Pacific are not exceptionally high, but undoubtedly are higher than the
microtidal coasts of the Caribbean.

If we imagine the global distribution of mangroves, coral reefs, and seagrass beds
(not covered here, but refer to Spalding et al. 1997, Spalding et al. 2001, Larkum
et al. 2006) and superimpose it in the minds’ eye on the global distribution of tidal
ranges (Fig. 8.4), it is apparent that the coexistence of the troika mangrove-seagrass-
coral reef is restricted to coasts with weak or intermediate tidal ranges and minor
freshwater input. In contrast, the world’s largest contiguous mangrove stands (e.g.,
the Sundarbans, the coasts north and south of the Amazon mouth, South Papua, and
West Sumatra) grow on coastal plains where large rivers enter the sea and where
tidal ranges are large. Due to coastal estuarization and high sediment loads in these
areas, coral reefs and seagrass beds are excluded. Each ecosystem can thrive in the
absence of the others, but where environmental conditions facilitate their spatial
overlap, biodiversity and productivity can be significantly enhanced (Nagelkerken
et al. 2002, Mumby et al. 2004, Dorenbosch et al. 2005).

8.4 Diel Movements of Fish

Most fish will alter their activity and patterns of movements following the day-night
cycle. Diel movements of tropical coastal fish are most adequately studied where the
influence of the tides is negligible. In the absence of tidal currents, distances between
sites have to be covered by active movements. Hence, the benefits of moving (e.g.,
finding a rich food patch) have to outweigh not only the potential costs that incur
also on tidal coasts (e.g., increased risk of predation) but also the cost of increased
energy expenditure.

Daily twilight migrations are common among fishes of heterogeneous tropical
marine seascapes (Table 8.1). Often these migrations connect one micro-habitat or
habitat type that provides shelter with another that provides food. Diurnal reef-
associated families such as Acanthuridae, Chaetodontidae, Labridae, Pomacentri-
dae, and Scaridae move from their daytime foraging sites to nighttime shelter in
crevices and cavities of rocks and corals, in seagrass or sediment. Nocturnal fami-
lies such as Apogonidae, Haemulidae, Lutjanidae, Holocentridae, Pempheridae, and
Sciaenidae shelter in or near complex structured resting sites through the day and
migrate to adjacent feeding grounds at night (e.g., Hobson 1965, 1968, 1972, 1974,
Starck and Davis 1966, Randall 1967, Collette and Talbot 1972).

8.4.1 Haemulidae

Certainly the best documented diel movement of fish is the twilight migration of
grunts (Haemulidae/Pomadasyidae) between daytime resting sites on patch reefs
and nightly feeding sites in adjacent seagrass beds (Figs. 8.5, 8.6). Grunts are
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abundant Caribbean reef fish and their diel migrations mark a major link among
shallow-water ecosystems. The most detailed studies originate from St. Croix, US
Virgin Islands (Ogden and Ehrlich 1977, Ogden and Zieman 1977, McFarland et al.
1979, Quinn and Ogden 1984, Robblee and Zieman 1984, Beets et al. 2003), and

(a) (b)

(c) (d)

(e) (f)

Fig. 8.5 Juvenile grunts in various phases of daily behavior in St. Croix, US Virgin Islands:
(a) schooling on a patch reef during the day, (b) an ‘assembly’ at the staging area, (c) ‘ambiva-
lence’ at the staging area, (d) evening migration of H. flavolineatum and H. plumierii, (e) solitary
H. flavolineatum on grass bed at night, (f) solitary H. plumierii on grass bed at night. Pictures
from McFarland et al. (1979), with kind permission from Springer Science + Business Media and
JC Ogden
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Fig. 8.6 Illustration of a Caribbean patch reef at daytime and at dusk. Picture from Ogden (1997),
with kind permission from Springer Science + Business Media and JC Ogden

numerous studies have shown that the twilight migrations of juvenile grunts in
St. Croix occur in heterogeneous seascapes throughout the Caribbean (e.g., Ogden
and Ehrlich 1977, Panama: Weinstein and Heck 1979, Puerto Rico: Rooker and
Dennis 1991, Tulevech and Recksiek 1994, Guadeloupe: Kopp et al. 2007, Curaçao:
Nagelkerken et al. 2000, Belize: Burke 1995, Florida: Tulevech and Recksiek 1994).

These studies found that during the day mixed schools of juvenile grunts are inac-
tive, resting on patch reefs surrounded by seagrass meadow. The dominant species
were French grunts Haemulon flavolineatum and white grunts H. plumierii. Starck
and Davis (1966) mention several other haemulid species involved in regular diel
migrations to the reef adjacencies (Table 8.1). The start of the feeding migration off
the reef at dusk is highly ritualized, comprising four behaviors (Fig. 8.5): (1) sep-
arate schools begin to stream along the reef surface (restlessness), (2) merge with
other schools (assembly), and (3) finally concentrate on the reef edge (ambivalence)
from where they (4) start the evening migration (departure) along fixed and constant
corridors into the adjacent seagrass meadow (Ogden and Ehrlich 1977, Helfman
et al. 1982). After up to 50 m linear movement away from the reef, small groups
begin to disassociate from the main group and disperse in a dendritic pattern in the
seagrass bed. Typically, the active migration takes the grunts to places 100–200 m
away from the reef (Quinn and Ogden 1984), but sometimes >1 km (Ogden and
Zieman 1977). The grunts forage solitarily for benthic invertebrates through the
night. French grunts and bluestriped grunts (H. sciurus) seem to forage preferably
in sandy areas, whereas white grunts forage on both sandy and grassy areas (Starck
and Davis 1966, McFarland et al. 1979, Burke 1995), suggesting space and diet par-
titioning by the different species. Grunts display considerable flexibility in foraging
ground use. They were observed foraging in seagrass, mangrove, sand, rubble, gor-
gonian habitat, and algal beds (Starck and Davis 1966, Ogden and Ehrlich 1977,
Wolff et al. 1999, Nagelkerken et al. 2000). However, once established, nocturnal
feeding territories are maintained over time (McFarland and Hillis 1982). Using
acoustic telemetry, Beets et al. (2003) found high site fidelity for H. sciurus to noc-
turnal foraging sites in seagrass beds up to 767 m from diurnal resting sites.

It is not known if the grunts display a stereotyped behavior during their morn-
ing migration back to the reef. Usually the fish schools stream a few centimeters
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above the seagrass bed on the same pathway used during the evening migration
to quickly arrive at their typical daytime resting position (McFarland et al. 1979).
The proportion of the population of grunts that carry out twilight migrations is usu-
ally around 100%. Meyer et al. (1983) and Meyer and Schultz (1985) quantified
the fertilizing effect on the coral heads where grunts aggregate at daytime. Day-
time resting sites are not restricted to corals. In fact, grunts seem to shelter at or
near any available structurally complex habitat (i.e., boulders, channel, crevices,
mangrove, long-leaved seagrass; Rooker and Dennis 1991, Nagelkerken et al. 2000,
Verweij and Nagelkerken 2007). However, similar to nocturnal feeding territories,
once established daytime resting sites are used for extended periods. Verweij and
Nagelkerken (2007) found that juvenile grunts displayed high site fidelity to day-
time resting site core areas of <200 m for >1 yr.

The diel migrations are precisely timed and strongly correlated with changes in
light intensity. The migrations to and from the seagrass beds occur at a specific light
intensity (McFarland et al. 1979), although the timing is adaptive and can respond
to cloud cover-related changes in light intensity. The ‘quiet period’ is an important
time window in the twilight migrations of grunts. The ‘quiet period’ is the twilight
period between the shelter-seeking of diurnal fishes and the emergence of nocturnal
fishes in the evening. In the morning the sequence is reversed. Most fishes are close
to the substrate during this period and the activity of crepuscular piscivores peaks
because they are visually superior to their prey during twilight periods (Hobson
1972, McFarland and Munz 1976). The juvenile grunts leave the reef before the
evening ‘quiet period’ starts and return just after it ends in the morning at identical
light intensities.

Many fish exhibit color changes between day and night (Figs. 8.5e, f). In French
grunts, color changes are associated with the twilight migration. Unlike white
grunts, French grunts migrate in their daytime color dress to and from the reef
but forage with a colorless appearance at night which likely provides crypsis in
the seagrass (Starck and Davis 1966, McFarland et al. 1979). Thus, the grunts
combine foraging and reduced risk of predation while feeding alone in seagrass
beds through the night. There is an ontogenetic switch from diurnal to noctur-
nal activity in juvenile grunts (Helfman et al. 1982), and there are size and age
differences in the precision of the diel migration in grunts. Younger specimens
(15–30 mm total length) set out later in the evening and return earlier in the morn-
ing to the patch reefs (i.e., stay longer in areas of shelter) than larger-sized spec-
imens (40–120 mm). In other words, larger juveniles depart and arrive on the
patch reefs in stronger light than the smaller juveniles (McFarland et al. 1979).
Similar size-related differences in the timing of twilight activities are known from
other marine and freshwater fishes (see Hobson 1972, Helfman 1979, 1981). Fac-
tors such as the development of the visual apparatus and predation pressure may
lead to less variable diel migration activities with increasing fish size (Helfman
et al. 1982). However, Tulevech and Recksiek (1994) found that the twilight
migrations of adult H. plumierii were less regular than those of juveniles, sug-
gesting that there is a relaxation in the timing of the migratory behavior after
maturity.
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The start of the nocturnal feeding migration in grunts seems to differ between
locations and between grunt species (Rooker and Dennis 1991). In shallow embay-
ments with reduced abundance of piscivores, juvenile grunts still forage during the
morning or start foraging in the afternoon in adjacent mangroves or seagrass beds
(Rooker and Dennis 1991, Verweij et al. 2006, Verweij and Nagelkerken 2007).
McFarland et al. (1979) and Helfman et al. (1982) suggested that piscivores such as
lizardfish (Synodontidae) play an important role in shaping the twilight migration
of juvenile grunts. This assumption still needs to be tested, e.g., by comparing the
migratory patterns of grunts under conditions of higher risk of predation vs. lower
risk of predation. Potential experiments might include comparisons of the migratory
patterns in marine parks (i.e., higher risk due to more predators) vs. fishing zones
(lower risk due to less predators) (see, e.g., Tupper and Juanes 1999), or be based on
the older comparison studies of grunts. However, Randall (1963) already mentioned
overfishing in the US Virgin Islands. In addition to predation, biological factors
such as changes in prey availability, parasite activity, and/or intra- and interspecific
competition may influence diel migratory behavior (Helfman 1993).

Active diel migrations follow well-defined pathways between patch reef resting
and seagrass feeding sites. The migration routes of smaller specimens persist over
several months; those of larger specimens can be re-visited even after years (Ogden
and Ehrlich 1977, McFarland et al. 1979). The size-specific stability of migratory
routes is likely related to differences in age composition of smaller and larger speci-
mens. The smaller sizes come from a single cohort and cannot rely on experience of
others when deciding which migration route to take. The larger grunts are composed
of overlapping cohorts, and knowledge of resting sites and migration routes is likely
transmitted as a process of social transmission and learning (Helfman et al. 1982,
Helfman and Schultz 1984). Quinn and Ogden (1984) provided evidence that juve-
nile grunts use compass orientation for their regular diel migrations. They concluded
that landmarks were unimportant for orientation although they did not explicitly test
this. Fish are readily able to generate spatial maps of their environment which are
used to guide their movements (Braithwaite and Burt de Perera 2006).

Grunts are primarily obligate diel migrants and dependent on a heterogeneous
seascape around reefs. Their diversity and abundance is reduced where either diurnal
shelter sites or back-reef forage habitat are lacking (Starck and Davis 1966 p. 352,
Gladfelter et al. 1980, Baelde 1990). Although grunts are mobile species, they dis-
play high site fidelity to feeding and shelter core areas. This makes them consider-
ably vulnerable to selective small-scale habitat change, e.g., the loss of particular
patch reefs or single mangrove stands.

8.4.2 Other Families and Species

The diel migrations of a few other species have been studied in some detail
(Table 8.1). Pempheris schomburgkii (Pempheridae) in St. Croix (US Virgin Islands)
migrate around sunset from daytime back-reef refuges to nocturnal fore-reef feed-
ing sites (Gladfelter 1979). At sunset, a complex sequence of behaviors begins (e.g.,
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appearance at crevice entrance, ‘flashing’, ambivalence, emergence, aggregation,
swimming along pathways) which takes the schools along complex pathways to the
fore-reef where groups split off and fishes forage for meroplanktonic crustaceans
singly or in small groups through the night. In the morning, P. schomburgkii return
along the same pathways but at lower light levels. Acropora landmarks are impor-
tant, and the timing is age-specific and triggered by light intensity, similar to grunts.
The twilight migration covers distances of almost 1 km but is limited to the reef
structure.

Likewise, Apogonidae maintain daytime resting sites close to reef structures
from where they migrate to nocturnal feeding grounds in different near-reef habi-
tats such as open water, sand, seagrass habitats, and the reef proper, partitioning
niches spatially (Collette and Talbot 1972, Vivien 1975, Marnane and Bellwood
2002). They may return to the same resting sites each morning for months or years
(e.g., Kuwamura 1985, Okuda and Yanagisawa 1996, Marnane 2000, Ménard et al.
2008) and thus regularly transport nutrients and energy to and from their reefal rest-
ing sites. However, their foraging range is relatively short (30 m in Marnane and
Bellwood 2002).

Hobson (1968) was able to chart the evening route of Harengula thrissina (Clu-
peidae) in the Gulf of California which took the fish more than 500 m offshore.
In the Marshall Islands, Pranesus pinguis (Atherinidae) rested in schools nearshore
during the day and followed ‘the same route each evening’ to disperse offshore and
feed on plankton up to 1.2 km away from the diurnal schooling sites (Hobson and
Chess 1973). In Hawaii, the mullid Mulloides flavolineatus formed daytime resting
schools and moved distances between 75 and 600 m to nearby sand flats to forage
(Holland et al. 1993). Site fidelity was extremely high. Individuals were recaptured
after up to 531 days. The foraging range was restricted to∼ 13–14 ha (own estimate
from a map in Holland et al. 1993). Acoustically-tagged Parupeneus porphyreus
(Mullidae) showed consistent diel patterns of behavior, taking refuge in holes in the
reef by day and moving over extensive areas of sand and coral rubble habitat at night
(Meyer et al. 2000).

In the Caribbean, juvenile snappers such as Lutjanus apodus also carry out twi-
light migrations from their daytime resting sites in mangroves or protected rocky
shorelines (Verweij et al. 2007) to nighttime soft bottom foraging grounds, such as
seagrass beds (Starck and Davis 1966, Rooker and Dennis 1991, Nagelkerken et al.
2000). Nocturnal Lutjanidae might be important predators of foraging Haemulidae
at night (Starck and Davis 1966). Acoustic tracking of lane snapper L. synagris on
St. John (US Virgin Islands) showed sun-synchronous nocturnal migrations with
a regular departure from the eastern side of the Lameshur Bay after sunset and
a return before sunrise, and strong daytime site fidelity for a period of 268 days
(Fig. 8.7).

Similar twilight migrations can also be observed on the Pacific coast of Colombia
(G Castellanos-Galindo, Universidad del Valle, Colombia, pers. comm.). Evidence
for short-term migrations is often inferred from day-night shifts in species com-
positions at given sites or accidental observations, but real-time tracking of move-
ments and behavior remains insufficient. Portable GPS tracking of L. decussatus



8 Diel and Tidal Movements by Fish and Decapods 291

Fig. 8.7 Plot of receiver
detections for an individual
lane snapper (Lutjanus
synagris, 29 cm total length)
at Lameshur Bay, St. John
(US Virgin Islands) between
12 July 2006 and 5 April
2007 (bottom graph). Upper
figure: locations of nine
receivers in the bay showing
the 300-m-radius detection
buffer (circles) and station
detection overlap. Receiver 6:
inner bay site with patchy
seagrass at 17 m water depth;
receiver 2 and 3: outer bay
sites at ∼ 22 m water depth.
Adapted from Friedlander
and Monaco (2007), with
kind permission of S Pittman
(NOAA). Fish artwork
commissioned from
D Peebles by Florida Fish and
Wildlife Conservation
Commission

during daylight hours in an Okinawan coral reef revealed high daytime site fidelity
(Nanami and Yamada 2008). The size of daytime home ranges ranged between 93
and 3638 m2.

8.4.3 Feeding Guilds

Diel activity seems to have a strong phylogenetic background and may be a familial
characteristic (Helfman 1993). Since the species of many fish families feed on simi-
lar food organisms, a generalization of the diel migrations in terms of feeding guilds
is possible. Note, however, that fish are opportunistic, and activity patterns can vary
in response to numerous biological and abiotic factors.
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Nocturnal invertebrate feeders usually migrate from daytime shelter at dusk, feed
through the night, and return to seek cover at dawn (e.g., Haemulidae, Mullidae).
Seagrass beds are often preferred as nighttime habitats because during darkness
invertebrate abundance is high (e.g., Robertson and Howard 1978), and higher than
in adjacent habitats (e.g., Nagelkerken et al. 2000). However, French grunts, for
example, are facultative nocturnal foragers and were observed feeding also at day-
time in mangrove and seagrass beds (Verweij et al. 2006).

Herbivores are clearly diurnal (Pomacentridae, Scaridae) (Helfman 1993). The
latter feed on seagrass, and also on coral and filamentous algae growing on dead
coral rock during daytime, and hide in the reef at night (Ogden and Zieman 1977).
If moonlight is sufficient, herbivores may also be active at night (Hobson 1965).

Piscivores may adopt one of two strategies. They can hide in the reef at day-
time, emerge after the ‘quiet period’, roam from reefs into seagrass meadows and
forage at night (e.g., moray eels, snake eels, Lutjanidae). They can also show
opportunistic behavior with activity at day and/or night in response to prey avail-
ability (e.g., Sphyraenidae or Carangidae in the Caribbean, Ogden and Zieman
1977; Lutjanidae, Belonidae, and Carangidae in Pacific Colombian rocky shores,
G Castellanos-Galindo, Universidad del Valle, Colombia, pers. observ.).

Zoo- and phytoplanktivores usually aggregate in dense, relatively inactive reef-
associated schools to fan out from their reefal resting sites in the horizontal and
vertical scale to search for food in the adjacencies. At dusk, schools of nocturnal
planktivores such as Apogonidae or Pempheridae disperse to feed at night, often
after moving a considerable distance offshore (Hobson 1965, Fishelson et al. 1971).
At dawn, diurnal planktivores such as Pomacentridae disperse and forage on near-
reef plankton. It is debatable whether the reefal migrations and those of many other
families and species mentioned in Table 8.1 really connect different ecosystems, or
whether they are movements in the reef–sand interface and restricted to the sphere
of influence of a reef. Nevertheless, these movements lead to the regular transfer of
non-reef production to the reefal resting sites and may thus in fact be considered
diel migrations between adjacent ecosystems.

8.5 Diel Movements of Decapods

In the marine realm the order Decapoda is represented by three groups: shrimps,
lobsters, and crabs (Ruppert and Barnes 1994). Given the differences in their biol-
ogy, the groups are treated in order following their ability to swim, which may affect
the potential to make extensive diel movements.

8.5.1 Lobsters

After settlement, lobsters are benthic animals and avoid swimming. Our knowl-
edge on short-term movements of lobsters mainly stems from clawed (Nephropidae
and Homaridae) and spiny lobsters (Palinuridae) that are remarkably similar in
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morphology, ecology, and behavior. Lobsters are mostly nocturnal. They spend most
of their daytime sheltering in subtidal crevices and caverns of reefs and erosional
edges of seagrass patches (‘blowouts’), and leave their dens at night to forage in
surrounding areas (e.g., Herrnkind 1980, Cobb 1981, Joll and Phillips 1984, Phillips
et al. 1984, Jernakoff and Phillips 1988, Jernakoff et al. 1993, Acosta 1999). Where
different ecosystems form a heterogeneous seascape, nightly walks clearly connect
adjacent ecosystems.

Detailed studies come mostly from subtropical or temperate coasts. For instance
in Western Australia, Palinurus cygnus leave their dens at night and forage in the
seagrass beds around the reefs (Cobb 1981). Home range sizes are usually <500 m
and lobsters display high site fidelity. Juvenile P. cygnus forage over small areas,
usually within a 20 m radius, but sometimes as far as 50 m from their den (Chittle-
borough 1974). Juvenile P. cygnus usually move at a rate of ca. 1 m.min-1 at night.
When walking over bare sand, they travel at speeds of up to 18 m.min-1 (Jernakoff
1987). Similarly, in the tropics subadult P. argus walked between 25 and 416 m
overnight, and distances walked were similar after one week (Lozano-Alvarez et al.
2003). The emergence patterns, however, change ontogenetically. Early benthic-
phase P. argus (<15 mm carapace length CL) rarely leave their shelters, juveniles
(30–62 mm CL) leave their shelter 2–30 times per night, usually with excursions of
<10 min, and adults (>80 mm CL) walked ‘for extended periods of time during the
night’ (Weiss et al. 2008). The home range of P. guttatus ranges within a radius of
100 m (Lozano-Alvarez et al. 2002). All P. versicolor were recaptured within 500 m
of their original den (Frisch 2007).

Foraging activity varies between sexes and size groups (Weiss et al. 2008). The
activity is constant throughout the night (Jernakoff 1987, Frisch 2007), displays
peaks, often in the hours after sunset (e.g., Fiedler 1965), or ceases several hours
before dawn when the lobsters return to their dens (Herrnkind 1980). While walk-
ing through their home range, the lobsters use geomagnetic fields, water movements
(Creaser and Travis 1950, Herrnkind and McLean 1971, Lohmann 1985), and struc-
tural cues such as blowouts for orientation (Cox et al. 1997).

Light levels and turbidity at the onset of light or darkness seem to control the
movements (Herrnkind 1980). Jasus lalandii feed at maximum rate a few hours
after sunset, closely matching the locomotory patterns (Fiedler 1965). In juvenile
P. cygnus most foraging activity begins in response to changes in light levels asso-
ciated with dusk and not by diurnal changes in water temperature or currents. Sim-
ilarly, juvenile lobsters return from foraging at about dawn when light levels begin
to increase (Jernakoff 1987).

Juvenile lobsters are likely important predators; their feeding ecology probably
affects the structure of the benthic community in their home range (Joll and Phillips
1984), but due to their mixed and diverse diet (e.g., Briones-Fourzan et al. 2003) it
is difficult to quantify their contribution to overall trophic flows.

Nightly forays of lobsters can be restricted to a single reef (e.g., Chittleborough
1974) or can include traveling to reefs several kilometers away where they stay for
some time before returning to the original home range (Herrnkind 1980). These
movements, however, seem to be infrequent and usually below 20 km (Trendall
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and Bell 1989). Vegetated substrates may function as movement corridors between
insular habitats and facilitate dispersal, besides being important settlement areas.
Consequently, protection of areas with a heterogeneous and vegetated seascape is
important to fulfill the changing requirements of species with a complex life cycle,
such as lobsters (Acosta 1999).

8.5.2 Penaeid Shrimps

Shrimps are usually bottom dwellers and intermittently use their pleopods to
swim. Burial and activity of penaeid shrimps is influenced by (1) the diel cycle,
(2) moonlight, (3) turbidity, and (4) the tidal cycle (Dall et al. 1990). The typical
life cycle of penaeid shrimps connects the offshore areas (adult stock, reproduc-
tion) with the innermost areas of estuaries and embayments (nursery ground) (see
Chapter 7). Short-term movements that connect different shallow-water ecosystems
are restricted to the postlarvae and juvenile stage in the nursery grounds.

If regular diel movements of shrimp connect adjacent ecosystems, their activity
patterns most likely follow one of three light-dependent activity types that Penn
(1984) classified according to the shrimps’ burrowing behavior. (1) Shrimps in
clear water may burrow at day or in bright moonlight and emerge only at night.
(2) Shrimps in slightly turbid water may be nocturnal but occasionally emerge dur-
ing the day. (3) Shrimps in more turbid water seldom if ever burrow. The home
range size of individual shrimps after settlement in a nursery ground has rarely been
identified, most likely due to obvious problems in mark-recapture experiments (see
Schaffmeister et al. 2006). Evidence for short-term movements between adjacent
ecosystems by shrimps mainly comes from tidal coasts (see Section 8.8.2).

8.5.3 Crabs

Most crabs cannot swim and their benthic movements are unlikely to regularly con-
nect adjacent ecosystems. Portunid crabs, however, are agile swimmers. The last
pair of legs terminates in paddle-like swimming legs. The legs resemble figure eights
in their movement, similar to a propeller. The forth pair of legs counter-beat and act
as stabilizers. Nevertheless, they are mostly benthic and swim only intermittently
(Ruppert and Barnes 1994). Information is available primarily from commercially
important species. In a South African estuary with a maximum tidal range of 1.4 m,
nocturnal foraging movements of the subtidal mud crab Scylla serrata ranged from
219–910 m (Hill 1978). Interactions of the movements with the tidal cycle were not
mentioned. They tended to stay in the same general area although they were capa-
ble of moving at least 800 m along the length of the estuary at night (Hill 1978). By
continuously shifting their general area, mud crabs can cover distances of several
kilometers within a few weeks (Hyland et al. 1984). Thus, mud crabs are readily
able to connect adjacent ecosystems but no attention has been paid as to whether
this occurs on a regular diel or tidal basis.
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The blue swimmer crabs Portunus pelagicus are opportunistic, bottom-feeding
carnivores and scavengers (Kangas 2000). They are most active in foraging and
feeding at sunset (Grove-Jones 1987, Smith and Sumpton 1987, Wassenberg and
Hill 1987). Although P. pelagicus generally forage in the habitat in which they rest
diurnally, they readily move to other habitats and have a wide-ranging foraging strat-
egy (Edgar 1990). Due to their strong swimming ability, P. pelagicus are capable of
moving substantial distances, with one recorded as traveling 20 km in one day in
Moreton Bay, Queensland (Sumpton and Smith 1991). However, tagging studies in
Moreton Bay showed that small-scale movement of crab populations are more com-
mon. Of the recaptures, 79% were caught <2 km from their release points, and only
4% were recaptured >10 km from their release point (Potter et al. 1991). Similarly,
recaptures within 4 km of release sites have occurred for Scylla serrata (Hyland
et al. 1984) and Callinectes sapidus (Mayo and Dudley 1970). Feeding of C. arcua-
tus in Pacific Mexico occurs mostly at dusk (Paul 1981). Thalamita crenata in Kenya
forages both during the day and night, however, in significant interaction with the
tidal cycle (Vezzosi et al. 1995, Cannicci et al. 1996). Unfortunately, detailed biolog-
ical information for many other portunid species of the genera Charybdis, Portunus,
Scylla, and Thalamita, particularly from Southeast Asia, is not available.

In conclusion, there are no accounts of synchronized short-term mass move-
ments of decapods to particular habitats from any tropical coast with weak tides that
are comparable to the diel migrations reported for numerous reef fish families and
species. However, the diel movements of lobsters unambiguously connect adjacent
ecosystems. The putative connectivity between adjacent ecosystems by diel migra-
tions of shrimps and portunid crabs still awaits more robust evidence. The timing of
diel movements in shallow-water decapods is also related to the twilight period but
compared to fish, the movements seem to be less strictly structured in time. Overall
diel foraging ranges of lobsters, and particularly of portunid crabs, can be similar to
those of fish.

8.6 Tidal Movements of Fish

On marine coasts, diel activity is usually tightly coupled to the additional stimulus
of the tides. On coasts with low tidal range, e.g., the Red Sea or the Caribbean,
the activity patterns of fishes are primarily synchronized with the day-night cycle
(see Section 8.4). On most other coasts, rhythmic behavior of the coastal organisms
is synchronized more strongly with the tide, but still in close interaction with the
diel cycle (Gibson 1993). The few studies available on fish species that live on both
tidal and non-tidal coasts have shown that the rhythmic behavior reflects the rela-
tive importance of the tide in their respective environment (the gobiid Pomatoschis-
tus minutus, the pleuronectid Platichthys flesus: Gibson 1982; the ariid Arius felis:
Steele 1985, Sogard et al. 1989).

Previous reviews on tidal movements of fish have focused on rocky shores, sandy
beaches, saltmarshes, or migrations in the open sea (Gibson 1969, 1982, 1988, 1992,
1993, 1999, 2003, Kneib 1997, Harden Jones 1968, Metcalfe et al. 2006). These
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reviews refer mostly to the higher latitudes of the northern hemisphere but their
findings provide a robust background to investigate the tidal movements of trop-
ical shallow-water fishes. References from outside the tropics are cited whenever
examples from the tropics are unavailable.

8.6.1 Transients and Residents

Intertidally migrating fish transport energy from the intertidal into the subtidal area,
both short-term and long-term (e.g., seasonal emigration or ontogenetic movements,
see Chapter 6). Therefore, the sublittoral is treated here as an ecosystem different
from the intertidal, and virtually all intertidal migrants are considered to connect
different ecosystems.

Gibson (1969, 1988) classified intertidal fishes into residents (fish that live in
the intertidal) and transients (temporary visitors during times of intertidal inunda-
tion that return to the subtidal). He further classified the transients according to the
regularity of intertidal use into tidal, lunar, seasonal, and accidental visitors. The
residents are not considered in this section because their movements do not connect
adjacent ecosystems. In contrast to the intertidal migrants that move up and down
the shore with the rise and fall of the tide (i.e., strong upshore component), there are
the subtidal migrants which principally use tidal currents to move between subtidal
habitats and avoid entering the intertidal zone (i.e., strong alongshore component).
These classifications, however, have smooth transitions. Migratory patterns can dif-
fer between individuals, size groups, sexes, species, and populations (Gibson 1999,
2003), resulting in complex patterns of seascape use by mobile organisms.

8.6.2 Tidal Migrations in Tropical Habitats

During high tide, transients make temporary use of a wide range of accessible trop-
ical habitats. When immersed, numerous fish colonize mangroves and mangrove-
lined creeks (e.g., Robertson and Duke 1987, Little et al. 1988, Chong et al. 1990,
Robertson and Duke 1990, Sasekumar et al. 1992, Laroche et al. 1997, Kuo et al.
1999, Rönnbäck et al. 1999, Tongnunui et al. 2002, Krumme et al. 2004, Vidy
et al. 2004) and mudflats (e.g., Abou-Seedo et al. 1990, Chong et al. 1990). Tran-
sient fish move onto sandy beaches (e.g., Brown and McLachlan 1990, Abou-Seedo
et al. 1990, Yamahira et al. 1996) and forage on rocky shores (e.g., Castellanos-
Galindo et al. 2005, Gibson 1999). In Australian seagrass beds, midwater feeders
move from adjacent habitats to the water column above the seagrass at high tide
(Robertson 1980). The rock flathead Platycephalus laevigatus use seagrass beds
together with their main prey Nectocarcinus integrifons during nightly or evening
high tides (Klumpp and Nichols 1983). Sogard et al. (1989) inferred from con-
tinuous gill net catches that fish moved in seagrass banks primarily around high
tide in Florida Bay, USA. On the Marshall Islands, Central Pacific, Bakus (1967)
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observed the mass migration of algal grazing surgeonfish (Acanthurus triostegus, A.
guttatus) on and off reef flats with the tide. The herbivorous surgeonfish A. linea-
tus re-established intertidal territories each morning on a reef flat in Samoa (Craig
1996). At some sites in the Gulf of Aqaba, schools of the surgeonfish A. nigrofuscus
migrated daily on a routine pathway 500–600 m from nocturnal reefal resting sites to
intertidal daytime feeding sites (Fishelson et al. 1987). In South Sulawesi, Unsworth
et al. (2007b) assumed that Caranx melampygus, Hemiramphus far, and Lutjanus
spp. moved from reef to seagrass habitat at high tide. Bray (1981) observed large
Chromis punctipinnis consistently foraging at the incurrent end of a reef in southern
California and moving to the opposite end of the reef when the current turned.

8.6.3 Functions of Intertidal Migrations

Feeding (function 1) and shelter (function 2, i.e., avoidance of predation) are likely
the two most prominent functions of tidal movements (Gibson 1999). Tidal migra-
tions often connect low-water resting sites with high-water feeding sites. Most tran-
sient fish seem to enter the intertidal with the flood tide, feed around high tide, and
return at ebb tide to subtidal resting sites, thereby avoiding stranding (Robertson
and Duke 1990, Krumme et al. 2004). During low tide the fish rest and digest. Dif-
ferences in the local environmental settings, such as intertidal habitat accessibility,
may influence the importance of intertidal feeding grounds. Results from Lugendo
et al. (2007) suggest that mangroves close to subtidal resting areas (mangrove-lined
creeks) are more important feeding sites for fishes than mangroves that drain com-
pletely (fringing mangrove).

Figure 8.8 illustrates the intertidal migration of the four-eyed fish Anableps
anableps. The fish ride the early flood tide towards the upper reaches of mangrove-
lined creeks where they feed around high tide. The fish return with the late ebb tide
to the subtidal channel where they rest near the channel banks through the low-water
period (Brenner and Krumme 2007). Amphibious mudskippers (Gobiidae) show a
reverse tidal migration pattern; they rest at high tide, move downshore at ebb tide,
and feed during the low-tide period to again retreat at flood tide (e.g., Colombini
et al. 1996).

Examples from temperate coasts show that the rhythmic pattern of ingestion in
transients is reflected in quantitative changes, with fuller stomachs at ebb tide vs.
flood tide (e.g., Weisberg et al. 1981, Kleypas and Dean 1983, Hampel and Cattrijsse
2004), and in qualitative changes during tidal cycles (Ansell and Gibson 1990).
During high tide the intertidal accessibility and visibility peak, and slower current
speeds likely facilitate maneuvering, particularly for benthic invertebrate feeders
and herbivores (Brenner and Krumme 2007). In addition to high-tide feeding, phyto-
and zooplanktivores may take advantage of plankton naturally concentrated at low
tide, e.g., in dead-ending channels (Krumme and Liang 2004). Likewise, piscivores
may feed primarily during ebb tide at the mouths of creeks and channels, preying
upon returning fish. Hoeinghaus et al. (2003) inferred such a strategy for piscivores
from samples taken in the Venezuelan floodplains.
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Fig. 8.8 Intertidal migration
of the surface-swimming
four-eyed fish Anableps
anableps in a mangrove creek
in north Brazil (neap tide, 29
June 2005). Simultaneous
visual censuses on four
transects of increasing
distance upstream from the
creek mouth (bottom to top).
Falling water levels (solid
lines) and decreased duration
of inundation reflect
topographic height of
transect. Grey: upstream fish
movements, black:
downstream fish movements.
Note different Y-axes (U
Krumme, unpubl. data)

Fish swimming in shallow water reduce the risk of predation by piscivores which
also enter at flood tide from deeper waters (e.g., Ruiz et al. 1993). Transients may
move to high-tide sites to avoid predation in the area occupied during low tide
(e.g., Dorenbosch et al. 2004). Reduction of the risk of predation is suggested when
mouth-breeding and fasting male catfish Cathorops sp. only enter the intertidal at
evening spring tides (Krumme et al. 2004) or – an example from a temperate coast –
when fish move to the intertidal although the food supply is richer in the subtidal
(Ansell and Gibson 1990).

Convincing evidence is lacking for tidal migrations (function 3) of fish as the
result of inter- or intraspecific competition (see, e.g., Hill et al. 1982 for an example
of the swimming crab Scylla serrata). In field experiments, it will be difficult to
exclude the potential effect of piscine predators on differences between species or
age groups.

Besides using the intertidal for feeding and shelter, several species carry out
tidal migrations (function 4) to spawn (see Gibson 1992, 1999, De Martini 1999)
or undertake regular small-scale or seasonal larger-scale movements to spawning
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sites, often following the lunar or spring tide cycle (e.g., Shapiro 1987, Zeller 1998;
Chapter 4). A fifth function of tidal movements, the search by fish for physiologi-
cally appropriate environmental conditions (Gibson 1999), remains unclear because
changes in water temperature, salinity, or oxygen content are highly correlated with
tidal changes in water level. In the tropics, water temperature fluctuations are rela-
tively small and estuarine fish are mostly euryhaline. Extreme salinities or hypoxia
usually build up gradually and fish try to move out from affected areas, however,
not necessarily with the tide (e.g., Shimps et al. 2005).

8.6.4 Sequence of Species and Size Groups

The little evidence available suggests that the intertidal movements of dominant nek-
tonic organisms during flood and ebb tide are structured, both on the species level
and among size groups. Inter- and intraspecific differences in factors such as min-
imum water level requirements, the relative location of the low-water resting sites,
presence of predators, or foraging efficiency in the intertidal may lead to an ordered
sequence of species and size groups entering and leaving the eulittoral. The most
robust results come from eastern US saltmarsh creeks. Kneib and Wagner (1994)
found that the number of species and individuals generally peak at high tide in flume
weir samples compared to shallow flood and ebb tide samples. Their data suggested
that smaller fish and shrimp travel shorter distances onto the marsh than larger con-
specifics. Bretsch and Allen (2006a) used a sweep flume to quantify the migra-
tions of nektonic species into and out of saltmarsh intertidal creeks. The migrations
were nonrandom and structured; residents entered early at flood tide while transient
species entered later at higher water levels. A species’ water depth at peak migration
increased as the species grew during summer. For north Brazilian mangrove creeks,
Krumme et al. (2004) suggested that the emigration routes of the mangrove creek
transients split inter- and intraspecifically at ebb tide, and took different species
and life stages to specific resting sites. Data of Giarrizzo and Krumme (unpubl.)
show that smaller Colomesus psittacus (Tetraodontidae) enter earlier at flood and
leave later at ebb tide than larger conspecifics. Similarly, the youngest four-eyed
fish Anableps anableps immigrate a few minutes earlier and return at few minutes
later at lower water levels than the larger specimens (U Krumme unpubl. data).
Thus, the more vulnerable and smaller fish maximize the time spent in the inter-
tidal. It remains to be tested whether the smaller sizes stay longer to avoid predation
or because they are still less efficient foragers.

8.6.5 Cues of Tidal Migrations

Tidal migrations are precisely timed, to achieve movement in appropriate conditions
at flood tide and to avoid stranding when the tide recedes. The outcome of stud-
ies can differ considerably depending, e.g., on when and where samples are taken
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and what type of sampling gear is used (Gibson 1999). Knowledge about the cues
fish use to migrate with the tide is crucial to define replicable sampling intervals
in accordance with parameters relevant to the fish. Experiments have shown that
fish respond to changes in underwater pressure (Gibson 1971, 1982, Gibson et al.
1978), fluctuations in water level (Ishibashi 1973), and hunger state (Nishikawa and
Ishibashi 1975). Temperate flatfish may migrate with the tide by simply maintain-
ing a constant depth (Gibson 1973). Bretsch and Allen (2006a) found that species
use the same water depth to enter and leave the creeks, thus supporting Gibson’s
hypothesis. Likewise, the tidal migration of Anableps anableps is controlled by
water level and not by a particular time interval before or after high or low tide
(Brenner and Krumme 2007) (Fig. 8.8). Bretsch and Allen (2006b) further showed
experimentally that mummichog (Fundulus heteroclitus) and grass shrimp (Palae-
monetes spp.) selected shallower water depths to migrate in the presence of other
predatory and non-predatory fish species, i.e., the timing of tidal migrations was in
response to abiotic factors and to multiple-taxa effects, e.g., in attempts to reduce
the risk of predation (Gibson and Robb 1996). Most likely tidal transients use sev-
eral cues, both abiotic and biotic, simultaneously. The influence of other possible
tide-related stimuli such as current speed, temperature, the sound generated by the
current, or other biotic interactions awaits experimental testing.

To ensure comparability between samples, it is necessary to sample at slack low
water and/or high water when assemblage compositions are most stable. Flood and
ebb tides are fairly dynamic periods when the nektonic community is reshuffled.
Sampling at flood or ebb tide likely increases variation and can lead to unwanted
bias.

Studies that comparatively evaluate habitat types should take samples both at
high and low tide in all habitat types to avoid results biased by tidal movements. For
instance, high-tide samples from adjacent mangrove and seagrass habitats may sug-
gest that mangroves support higher fish biomass than seagrass beds, but in actuality
the fish may use the seagrass bed at low tide – which may result in higher low-tide
fish biomass in the seagrass habitat – and move to the mangroves at high tide.

8.6.6 Movements and Foraging Ranges

The intertidal movement patterns and foraging ranges are of particular interest in
attempts to identify appropriate marine park limits. Knowledge of the tidal move-
ments of tropical fish is scarce. In Hawaiian atolls, the top predator Aprion virescens
(Lutjanidae) was seasonally site-attached to core activity areas of up to 12 km
in length, and ranged up to 19 km across atolls. Within their core areas, tagged
A. virescens exhibited diel and tidal habitat shifts, with the latter resulting in round
trips of up to 24 km in 24 hrs despite a tidal range <1 m (Meyer et al. 2007a). Fish
moved along the barrier reef at flood tide and returned at ebb tide. A similar home
range size of up to 29 km per day was determined for giant trevally Caranx ignobilis
(Meyer et al. 2007b). The Hawaiian atolls lack vegetated ecosystems so that the fish
do not migrate between mangroves and seagrass habitats, but the studies highlight
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the relatively broad scale of movements that subtidal top predators can cover during
short-term migrations, even in microtidal areas.

In examples from temperate estuarine species, ultrasonically-tagged flatfish cov-
ered distances from 0.1–1.5 km (Wirjoatmodjo and Pitcher 1984, Szedlmayer and
Able 1993) while Liza ramada (Mugilidae) even covered a median distance of
6,245 m during a complete tidal cycle (Almeida 1996). When tidally migrating,
the fish may use selective tidal stream transport at flood or ebb tide (Forward and
Tankersley 2001). Kleypas and Dean (1983) and Krumme (2004) showed that inter-
tidal fish ride the flood tidal currents to arrive at their foraging grounds.

Strong tidal currents can also limit the activity of fishes. Labroides dimidiatus
(Labridae) adapted the position of its cleaning station in response to tidal currents
(Potts 1973). Flatfish such as Pleuronectes platessa bury in the sediment when cur-
rents are too strong (Arnold 1969).

8.6.7 Site Fidelity and Homing

Given the dynamics of the tides, one could suggest that fish on tidal coasts are
organized in ‘mobile stocks without attachment to particular locations’ (Sogard
et al. 1989). Evidence is mounting, however, that shallow-water fish center their
short-term activities in core areas, display site fidelity, and home to familiar sites.
This makes the fish particularly vulnerable to local exploitation on the one hand,
but also likely to receive adequate protection with the establishment of no-fishing
zones on the other. Knowledge of the surrounding seascape structure and topogra-
phy is certainly beneficial for the fish to optimize the use of resting and feeding
sites in complex environments. Fish may use physical features such as landmarks
to navigate in a complex dynamic 3d-environment (Gibson 1999, Braithwaite and
Burt De Perera 2006, Brown et al. 2006). Dorenbosch et al. (2004) suggested
homing and site fidelity in tagged juvenile Lutjanus fulviflamma and L. ehren-
bergii in Zanzibar. During daytime the fish apparently moved with the tide from
a low-tide to a high-tide resting habitat (channel to notches), probably to avoid
predation. Fishelson et al. (1987) and Craig (1996) provide evidence for site
fidelity to high-tide feeding sites in reef systems (see also McFarland and Hillis
1982, Kuwamura 1985, Okuda and Yanagisawa 1996, Marnane 2000, Beets et al.
2003).

8.7 Comparison Between Diel and Tidal Migrations

8.7.1 Analogies and Differences Between Diel
and Tidal Migrations

From the aforementioned patterns in diel and tidal migration it has become appar-
ent that there are remarkable analogies between these short-term migrations, but
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Table 8.2 Analogies and differences between diel and tidal migrations in fisha

Feature Diel migrationb Tidal migrationc

Analogies
1 Resting site Structurally complex

habitats
Subtidal, low water

2 Feeding site Reef adjacencies (seagrass,
sand, etc.)

Intertidal, high water

3 Migration period Dusk and dawn Flood and ebb tide
4 Sequence in species Yes, according to light

intensity
Yes, according to water

depth
5 Sequence in size groups Yes Yes
6 Smaller stay longer in

shelter
i.e., resting site i.e., intertidal zone

7 Site fidelity Resting and feeding sites Resting and feeding sites
8 Homing Yes Yes
9 Migratory pathways Constant over time Constant over time

Differences
1 Timing Light intensity Tidal cues and light

intensity
2 Movements Active Partly gratis; riding the tide,

selective tidal stream
transport, active

3 Duration of migration Short (min); twilight
periods

Longer (hrs); flood and ebb
tide

4 Predictability Temporal variation lower Temporal variation higher
5 Max. no. of migrations

day-1
One Two (semidiurnal tide)

6 Foraging range A few 100 m, rarely
>1 km

Several 100 m to a few km

a Transients sensu Gibson (1969, 1988)
b Pure diel migrations are restricted to coasts with negligible tidal range (Caribbean, Red Sea,
oceanic islands, and several areas in South and Southeast Asia; see Section 8.3)
c On all other coasts the tidal and diel cycles are tightly coupled

that there are also differences (Table 8.2). The analogies (numbered 1–5 below)
certainly do not apply to all species, size groups, and locations, but the comparison
may emphasize underlying constituents of short-term migrations subject to different
ambient cycles.

(1) Both diel and tidal migrations usually connect resting areas with feeding areas.
In diel migrations which only occur on coasts with weak tides, the fish rest
at daytime and forage at night or vice versa, whereas in tidal migrations fish
usually rest at low tide and forage at high tide.

(2) The structurally complex resting sites of diel migrants (e.g., caves, crevices, or
mangroves) may correspond to low-water resting sites in the subtidal (burial in
soft sediment, shelter in subtidal structure). Subtidal structure provided by dead
plant material (Daniel and Robertson 1990) or vegetation such as seagrass can
provide significant benefits to tidally migrating species (Irlandi and Crawford
1997).
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(3) The diel migrations at sunset and sunrise may correspond to the immigration at
flood tide which takes the fish to their foraging grounds, and the emigration at
ebb tide which takes them back to their resting sites.

(4) Diel and tidal migrations are characterized by a sequence of species and size
groups in the departure from and return to resting sites. Different species and
size groups have different requirements and respond differently to changes in
light intensity or water depth which results in temporally and spatially more or
less structured short-term migrations. Smaller diurnal individuals and species
returned earlier to nocturnal resting sites at dusk and emerged later at dawn
than larger individuals and species (Hobson 1972, Helfman 1981). In noctur-
nal species, smaller size-groups migrated at lower light levels (McFarland et al.
1979). In tidal migrations, smaller individuals or species often travel at shal-
lower depths than larger species and size groups. In general, smaller individuals
seem to stay longer in the shelter site than larger individuals, either in the rest-
ing site or in the inundated littoral. Ontogenetic changes in the risk of predation
seem to be reflected in the timing of both diel and tidal migrations.

(5) Site fidelity, homing, and constant migratory pathways, i.e., the use of core
areas, has been evidenced in both diel and tidal migrations. Knowledge of the
surrounding seascape structure is certainly useful to optimize shelter use and
food search.

Differences between diel and tidal migrations (numbered 1–6 below) are apparent
and mostly related to the different durations and physical features of the underlying
cycles (Table 8.2).

(1) Changes in light intensity trigger diel migrations, whereas tidal cues control
tidal migrations. On tidal coasts, primarily diurnal species center their foraging
activities on daytime high tides, and nocturnal species on nightly high tides.

(2) The twilight migration is a relatively short event, often completed in <0.5 hr,
whereas the movements to and from the intertidal foraging grounds may last
more than 1 hr at flood and ebb tide, respectively.

(3) In diel migrations the distance between resting and feeding sites has to be cov-
ered by active swimming. Tidal migrations also involve active movements but
are significantly facilitated by the tidal conveyor belt. Fish may ride the tide
and use selective tidal stream transport to move to their destinations. Locomo-
tory expenditure is reduced and saved energy can directly be transferred into
increased growth and survival.

(4) Due to the relatively constant diel cycle in the tropics, diel movements are
highly predictable but restricted to the relatively short twilight period, and there-
fore movements are precisely timed and show low variation. In contrast, the
tidal cycle is subject to considerable variations due to astronomical, meteoro-
logical, and topographical reasons. Therefore, patterns in tidal migrations are
likely more variable and more difficult to untangle than those of diel migrations.

(5) Diel migrations are restricted to dusk and dawn so that only one round trip per
day is possible. Tidal migration on semidiurnal coasts can be carried out up to
twice daily.
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(6) Given our current knowledge, the foraging range of diel migrations may
extend a few 100 m from the resting sites, sometimes exceeding 1 km,
but are rarely larger than 2 km. Much less is known about foraging ranges
of tidally migrating species but evidence suggests that distances are larger,
maybe by one order of magnitude. Fish seem to travel distances of several
100 m to several kilometers each tide. It is remarkable that Hawaiian reef
top predators move >20 km per day with the tide despite a tidal range of
only 1 m.

8.7.2 Spring–Neap Tide Alternation

One feature characterizing tidal migrations but lacking in diel migrations is the
spring-neap tide alternation. The quasi-weekly pulse of greater and smaller tidal
ranges and current speeds is likely to have profound consequences for inter-
tidal organisms. Tidal coasts are characterized by a vertical zonation of benthic
organisms. The higher the tide, the more vertical zones are accessible and the
more profitable is a visit by intertidal transients, and vice versa. Consequently,
at spring tides usually more fish use the intertidal area than at neap tides (e.g.,
Davis 1988, Laegdsgaard and Johnson 1995, Wilson and Sheaves 2001, Krumme
et al. 2004). The possibility of more extensive tidal migrations during spring tides
was referred to above (see Section 8.3). The spring-neap tide cycle is reflected in
cycles of food intake (e.g., Colombini et al. 1996, Brenner and Krumme 2007,
Krumme et al. 2008), growth in intertidal fish (Rahman and Cowx 2006), and
likely in cycles of mortality in the prey organisms. Thus, many tidal coasts are
systems of two states, characterized by their different levels of tidal disturbance
(Brenner and Krumme 2007). At neap tides the interaction between system com-
partments is relatively low (low inundation and low current speeds) compared
to the highly dynamic spring tide periods (high inundation high and current
speeds).

Mangrove coasts feature an additional transport mechanism for nearshore organ-
isms. Floating mangrove litter is exported particularly during spring ebb tides
(Schories et al. 2003), and provides structure, shade, and transport for larval and
juvenile fishes and decapods (Daniel and Robertson 1990, Wehrtmann and Dittel
1990, Schwamborn and Bonecker 1996).

Furthermore, the spring-neap alternation is correlated with the lunar phases and
changes in moonlight intensity. Moonlight intensity can change the activity pat-
terns of fish, but the effect is apparently negligible in turbid estuaries (e.g., Quinn
and Koijs 1981, Krumme et al. 2004, Krumme et al. 2008) and more relevant on
clear water coasts (Hobson 1965). Untangling the effect of moonlight and spring
tide, however, is a formidable task due to statistical considerations. Lunar cycles
only recur monthly. The need to sample several lunar cycles automatically adds the
effects of month and/or season. In addition, tides can cause unexpected co-variation,
e.g., consistently higher or lower tidal ranges at a certain lunar phase, so that the
effects can be inextricably correlated.
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8.7.3 Interaction Between Tide and Time of Day

Another particularity, absent from coasts with weak tides, is the fact that the diel and
the tidal cycle act in concert and neither of the two factors can be studied without
considering the other. Let us assume the most common case of a semidiurnal tide,
and a neap high-tide occurring around 12:00 and 00:00 hrs. Due to the retardation
from tide to tide a week later, at spring tide, high tides occur around 18:00 and 06:00
hrs. In-between, mid high-tides would occur around 15:00 and 03:00 hrs. Each of
the six groups is characterized by a particular combination of light intensities, tidal
heights, and current speeds. These unique combinations recur, however, on a weekly
or fortnightly basis. Intertidal fish assemblages and penaeid shrimp (see Section
8.8.2) respond strongly to these interacting factors.

Laroche et al. (1997) and Krumme et al. (2004) found recurring fish assemblages
following particular combinations between spring-neap tide and day-night. For a
given site, the nektonic community is predictably reshuffled each tide. Given cer-
tain environmental conditions, mainly determined by the interplay of the diel (light
intensity) and tidal cycles (water depth, current speeds), a specific assemblage tem-
porarily colonizes the intertidal. The assemblages alter in a characteristic pattern
that not only involves species presence or absence, but also proportional differences
in the intertidal occurrence among dominant species. Consequently, results from
one of these short-term combinations are not fully representative for the other com-
binations, and care should be taken against making premature conclusions when
the full set of short-term assemblage combinations is not known. The variation
caused by the interaction of the diel and tidal cycles can be equal to seasonal
variations in tropical estuarine fish assemblages (Krumme et al. 2004). Therefore,
long-term monitoring programs on (meso- and macro-) tidal coasts should seriously
consider the short-term variation caused by the interactive effects of the diel and
tidal cycles.

It is apparent that fishes do not use each tide to migrate and that considerable
variation can occur between individuals (e.g., Szedlmayer and Able 1993), size
groups (Bretsch and Allen 2006a), sexes (Krumme et al. 2004), species, and regions
(Gibson 1973, van der Veer and Bergman 1987). Results from temperate coasts have
shown that species such as the plaice Pleuronectes platessa change their migratory
behavior during ontogeny (Gibson 1997). In juvenile plaice there are examples for
each of the three high-tide distributional patterns for a population: (1) complete
population shift to the intertidal (Kuipers 1973), (2) only partial spread (Edwards
and Steele 1968, Ansell and Gibson 1990), or (3) separation in intertidal and subti-
dal fish populations at high tide (Berghahn 1987). The study of such variations can
provide insight into the mechanisms controlling migrations.

8.8 Tidal Movements of Decapods

The responses of decapods to tidal currents vary from avoidance of displacement, to
intermittently walking and swimming, and selective tidal stream transport (Forward
and Tankersley 2001). Connectivity by short-term movements between adjacent
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tropical ecosystems is most evident in the intertidal migrations of penaeid shrimps
and swimming crabs.

8.8.1 Lobsters

Settled lobsters are not adapted to swim in tidal currents. The tides rather confine
than foster the activity and movements of lobsters. Their natural behavior enables
them to live on coasts with high tidal velocities. They shelter in areas of reduced
flow on the sea bed or bury themselves in soft sediment. Instead of using the tide to
move, lobsters have to reduce their mobility during stronger current periods to avoid
displacement (Howard and Nunny 1983). In fact, lobsters of British coastal water
approached baits only during the period of slack water (Howard 1980).

8.8.2 Penaeid Shrimps

Shallow, tidally influenced, and often turbid waters commonly provide essen-
tial nursery grounds for many commercially important penaeid shrimps. Juvenile
penaeid shrimps are frequent visitors in intertidal mangroves at high tide (e.g.,
Staples and Vance 1979, Robertson and Duke 1987, Chong et al. 1990, Vance
et al. 1990, Mohan et al. 1995, Primavera 1998, Rönnbäck et al. 1999, Krumme
et al. 2004), as well as mudflats (e.g., Bishop and Khan 1999) and seagrass beds
(Schaffmeister et al. 2006). On short-term migrations within the nursery ground the
shrimps regularly transfer energy from the littoral to the sublittoral. Ontogenetic
movements as part of their life cycle export the accumulated energy to the coastal
ocean via reproductive offshore migrations (see Chapters 4 and 7). Kneib (1997)
described this successive and stepwise export of energy via tidal and ontogenetic
movements of fish and decapods in saltmarshes and aptly named it a ‘trophic relay’.

Catchability of juvenile shrimps by trawls is often highly variable in space and
time. The availability of shrimps depends on the species, behavior (i.e., buried or
not, active or not), and response to the sampling gear (Vance and Staples 1992).
Shrimp species such as Penaeus merguiensis are most active during nightly high
tides (Dall et al. 1990), but are most catchable by trawls at low tides (e.g., Vance
and Staples 1992). Other species such as P. semisulcatus and P. esculentus are more
catchable during nightly high tides.

On a short-term scale the migratory behavior of shrimps closely responds to the
interactive effects of the diel and tidal cycles as shown both in the field (Staples and
Vance 1979, Vance and Staples 1992) and in laboratory experiments (e.g., Hindley
1975, Natajaran 1989a, b, Vance 1992). The relative strength of the response to the
tide and light cycle is species-specific (Vance and Staples 1992). The interaction of
these factors can lead to confounding effects that make the establishment of stan-
dard sampling programs difficult (Staples and Vance 1979, Bishop and Khan 1999).
Laboratory studies further suggest that the activity of shrimps may change with
turbidity, moonlight, salinity, and temperature. Figure 8.9 illustrates the complex
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Fig. 8.9 Effect of the tidal (solid lines) and diel cycles during (a) a diurnal spring tide (N = 529),
and (b) a semidiurnal neap tide (N = 638), on catchability (vertical bars) of juvenile Penaeus
merguiensis in the Embly River, Gulf of Carpentaria, tropical Australia. Black horizontal bars on
X-axes indicate hours of darkness. Modified after Staples and Vance (1979), with kind permission
of DJ Vance. Reproduced with permission from the Australian J Mar Freshw Res 30(4):511–519.
Copyright CSIRO (1979). Published by CSIRO PUBLISHING, Melbourne, Australia

interaction of the tidal and the diel cycles and, in particular, the influence of dif-
ferent tidal types on the catchability of Penaeus merguiensis near Weipa, eastern
Gulf of Carpentaria, Australia. The tidal stage was more important than the time
of day as suggested by a unimodal distribution during a diurnal tide and a bimodal
distribution in catches at a semidiurnal tide.

Similar to many tidally migrating fish, there is information on the end points
of the migration, i.e., the resting and feeding sites, but information on the move-
ments connecting the end points is scarce. Some shrimp species such as Penaeus
merguiensis are known to congregate in shallow water during the low-tide period,
often close to the water edge (e.g., Hindley 1975, Hill 1985, Vance et al. 1990).
Others such as the tiger prawn P. monodon bury and do not congregate near the
water’s edge. The smallest juvenile shrimps often inhabit more shallow water and
the larger individuals live at greater depths (e.g., Staples and Vance 1979). With
the flood tide the shrimps move upstream and enter intertidal mangrove-lined
creeks.

Inundated mangroves provide a number of microhabitats for shrimps, but the
high-tide distribution of shrimps in mangroves is highly variable (e.g., Rönnbäck
et al. 1999, Vance et al. 2002, Meager et al. 2003). Factors such as local currents,
topography, habitat type, and site-specific water clarity as determined by water depth
and turbidity may play a role in influencing the distribution of shrimps in these inter-
tidal microhabitats. Quinn and Koijs (1987) and Vance et al. (2002) have suggested
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that the movements of the shrimps are strongly influenced by the local currents.
Krumme et al. (2004) found a significant positive relationship between the high-tide
level and the abundance and catch weight of Penaeus subtilis from intertidal man-
grove creeks. Depending on the local topography, tidal movements can take shrimps
as far as 200 m into the mangrove forests (Vance et al. 1996, Rönnbäck et al. 1999,
Vance et al. 2002). Feeding seems to occur mainly during high tide (e.g., Robertson
1988). Vance et al. (1990) suggested that at ebb tide the shrimps move downstream
by both active and passive movements. They may, however, control downstream
displacement at ebb tide by near-bottom activity, and return to the subtidal at very
low intertidal water levels and concentrate along the turbid water edge during low
tide, from where they may or may not enter with the next flood tide.

Little is known about differences or changes in the proportions of tidally migrat-
ing shrimps in a population. Bishop and Khan (1999) distinguished between subtidal
and intertidal mudflat shrimps. Subtidal shrimps are unlikely to regularly connect
adjacent ecosystems. Schaffmeister et al. (2006) caught juvenile and subadult Palae-
mon elegans from seagrass ponds at low tide in Mauritania and marked them with
bright nail polish. Sample size and the recapture rates were low but the results sug-
gested that juveniles left the ponds at flood tide to forage in the surrounding sea-
grass, and that some returned to the previously occupied pond while others were
found in adjacent ponds at low tide. Subadults remained in their home pond at
high and low tide. A better understanding of the fine-scale intertidal movements of
decapods requires localized studies following the movements of individual shrimps
while migrating with the tides.

8.8.3 Portunid Crabs

Tidal movements are likely common in tropical swimming crabs, but surprisingly
little information has been published. Important parameters that determine migra-
tory activity are age, sex, and molting stage. Hill et al. (1982) found that juvenile
mud crab Scylla serrata were resident in the intertidal mangrove zone, similar to
juvenile Portunus pelagicus that remained in intertidal pools at low tide (Williams
1982). The majority of subadult and on occasion adult mud crabs moved in the inter-
tidal zone only during high tides and retreated to the subtidal zone at low tide (Hill
et al. 1982). Sublittoral estuarine adult S. serrata ‘live a free-ranging non-territorial
existence’ (Hill 1978). They may stay in the same area (<1 km) for longer periods
or move larger distances downstream (>10 km) within weeks. Hill et al. (1982) sug-
gested that reduction of intraspecific competition and feeding are the main reasons
for intertidal migrations of S. serrata and the intertidal residence of juveniles, thus
indicating that tidal migrations possibly serve as a means of avoiding intraspecific
competition (see Section 8.6.3).

Regular movements to and from the intertidal with the rising and falling tide,
respectively, have been reported for Thalamita crenata (Cannicci et al. 1996), Call-
inectes sapidus (Nishimoto and Herrnkind 1978), Cancer magister (Williams 1979),
and Carcinus maenas (Dare and Edwards 1981). T. crenata showed greatest activity
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when the intertidal water level was between 10 and 40 cm high (Vezzosi et al.
1995), and used landmarks to locate its refuges and was able to home (Vannini and
Cannicci 1995, Cannicci et al. 2000).

On temperate tidal coasts, juvenile blue crabs Callinectes sapidus enter the inter-
tidal zone with the flood tide but usually do not venture far into the saltmarsh
(<100 m; Fitz and Wiegert 1991, Kneib 1995). At low tide they may bury in shal-
low water (van Montfrans et al. 1991). C. sapidus stomachs were fullest at high tide,
indicating that the immigration during flood tide is used as an active feeding period
(Ryer 1987). Thus, the tidal cycle may result in cycles of food intake in the blue
crab (Weissburg and Zimmer-Faust 1993, 1994, Zimmer-Faust et al. 1995, 1996,
Weissburg et al. 2003). Cannicci et al. (1996) reported greater feeding of Thalamita
crenata at spring than at neap tides.

8.9 Comparison of the Degree of Habitat Connectivity
among Geographic Regions

The available literature suggests that heterogeneous seascapes are often tightly con-
nected by short-term, i.e., diel and tidal movements of nektonic organisms (for pop-
ulation connectivity due to ontogenetic migrations refer to Chapters 6, 7, 10). The
degree of connectivity among habitats may, however, differ between regions.

One important factor for regional differences in short-term habitat connectivity
is hydrology. The tidal ranges in the Indo-West Pacific are generally greater than
in the Caribbean, which may facilitate connections between adjacent ecosystems.
Short-term movements need not be restricted to the diel cycle, i.e., there is only one
round trip in 24 hrs. On coasts with semidiurnal tides, two round trips in 24 hrs
are possible; as a consequence, subtidal habitats can house both diel and tidal visi-
tors. Evidence for diel and tidal habitat connectivity in the Indo-West Pacific either
originates from just one habitat (seagrass) and only infers connectivity to adjacent
habitats (e.g., Kochzius 1999, Unsworth et al. 2007a) or is in fact based on results
from several adjacent habitats (Nakamura and Sano 2004, Dorenbosch et al. 2005,
Unsworth et al. 2007b, Unsworth et al. 2008).

Due to the negligible tidal pulse, twilight movements are the major driver of
short-term habitat linkages in the Caribbean. The link between Caribbean man-
groves and seagrass and reef fish fauna may be relatively strong because the latter
two habitats can occur sufficiently close to mangroves to allow diel fish connectivity.
However, on a global scale, the Caribbean mangroves are an exception rather than
the rule. Unlike most other tropical mangrove coasts of the world, the Caribbean
patch mangroves thrive in this clear-water environment with relatively little terres-
trial runoff, are continuously inundated, and thus are always accessible to nektonic
organisms. Commonly, mangroves and muddy mangrove-lined channels and creeks
are intertidal, and access is restricted to periods of inundation.

Another factor is species richness and the composition of functional groups. In
the Indo-West Pacific, more species are potentially involved in short-term inter-
habitat migrations. All functional fish groups have more species here than in the
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Caribbean (Bellwood et al. 2004). Particularly, invertebrate feeders, and diurnal
and nocturnal planktivores are more diverse in the West Pacific. Haemulidae are
the dominant diel migrants of Caribbean reefs and are more diverse here than in
the Indo-West Pacific. However, there are several other families whose inter-habitat
connectivity has been demonstrated (Table 8.1) that have greater species richness
in the Great Barrier Reef (Bellwood and Wainwright 2006), e.g., Pomacentridae,
Apogonidae, Holocentridae, Lutjanidae, Mullidae, and Siganidae. Apogonidae are
the dominant nocturnal planktivores of the Indo-Pacific reefs, both in terms of abun-
dance and species diversity. Parrish (1989) suggested the connecting function of
Caribbean Haemulidae may be substituted by Lethrinidae, though this family is less
dominant in the Indo-Pacific than Haemulidae in the Caribbean. More qualitative
and quantitative field evidence of short-term inter-habitat linkages is needed for the
majority of the families listed in Table 8.1. The Indo-West Pacific in particular is
lacking in this kind of data.

8.10 Tidal Range and Home Range Size

Pittman and MacAlpine (2003) suggested that there is unlikely to be a strong lin-
ear relationship between fish body size and home range size due to geographi-
cal and high intra- and interspecific variability in fish behavior. Large reefal top
predators can be both highly mobile (Meyer et al. 2007a, b) or extremely sedentary
(Zeller 1997, Kaunda-Arara and Rose 2004, Popple and Hunte 2005). Tiny fish can
occupy territories extremely small in size, yet migrate vast distances to find plank-
ton patches, such as anchovies. Thus, habitat connectivity due to migration is not a
simple function of fish size.

Habitat connectivity is likely greatest where multiple habitat types are coexist-
ing in close proximity. Yet, when profitable habitats are more distant, increased
tidal ranges, i.e., higher current speeds, may facilitate traveling to otherwise remote
resources and shelter sites. It is postulated here that the home range size of the same
or cognate species is greater when the tidal range and currents are greater and that
therefore, habitat connectivity by short-term movements is likely greater than on
coasts with negligible tides.

Two examples illustrate the potential increase in home range size due to
increased tidal range. In Trinidad, where the tidal range is ∼0.5 m (Wothke
and Greven 1998), the four-eyed fish Anableps anableps occupies a home range
with a maximum distance of <100 m (H Greven, University of Duesseldorf,
Germany, pers. comm.). In north Brazilian mangrove creeks, where the spring
tide range is between 3 and >4 m, the same species may travel >1.5 km
between low-water resting and high-water feeding sites each tide, i.e., >3 km
per day (U Krumme, unpubl. data). Likewise, the ariid catfish Sciades herzbergii
may occupy home ranges <1 km in the southern Caribbean (A Acero Pizarro,
INVEMAR, Colombia, pers. comm.) where tidal ranges are ∼1 m, whereas the
tidal movements of the same species in north Brazil may also cover distances
>1.5 km per tide (U Krumme, pers. observ.). It should be noted, however, that
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the increase in home range size in the two examples by more than one order of
magnitude between a micro- and macrotidal area is also due to differences in topog-
raphy between the two sites. The larger the tidal range and the flatter the intertidal,
the greater the possible distance of intertidal upshore excursions and the greater the
home range occupied by a population of transients. In the case of subtidal migra-
tions, increased foraging ranges would largely be a result of greater current speeds
that allow for greater distances covered each tide.

Where different ecosystems co-occur, a much greater proportion of the hetero-
geneous ecosystem is accessible to nektonic organisms when current speeds are
increased. When a greater tidal range increases foraging range, use of more distant
sites becomes profitable and habitat connectivity increases. Alternatively, nektonic
species at macrotidal coasts may simply undertake longer migrations to a similar
number of sites that are, however, more profitable than the restricted number of
sites accessible in a microtidal setting. Accessibility of more profitable sites should
result in faster growth, reduced mortality, and greater recruitment of juveniles to the
adult stock. If ‘the greater the tidal range, the greater a species home range’ holds
true, it is evident that marine parks on macrotidal coasts need to be much larger than
those on microtidal coasts.

8.11 Tides—an Overlooked Component of Variation
Between Coasts

The diversity of tidal pulses – as briefly outlined in Section 8.3 – is a compo-
nent of variation between coasts that seems to be fairly overlooked in large scale
comparisons of biodiversity or productivity among coastal regions. Tides are the
principal pulse for exchange processes linking adjacent coastal ecosystems on the
short- to medium-term, and are the key engineers of coastal processes that determine
ecosystem productivity and functioning in the long term. Tides regularly expose the
intertidal which is particularly rich in epifauna and flora and provides the nursery
grounds for various marine species. Tides create currents that mix the sediment and
resuspend nutrients that enhance plankton production, fostering the production of
higher trophic levels. Tides transport plankton to sessile filter feeders that provide
food and shelter to other organisms.

Clearly, tides add a significant level of natural disturbance to a coastal system.
Systems under different regimes likely have different natural levels of habitat con-
nectivity, vulnerability, and resilience against disturbance. According to the inter-
mediate disturbance hypothesis (Connell 1978), which proposes that the highest
diversity is maintained at intermediate levels of disturbance, meso- or macrotides
may favor a greater habitat connectivity and resilience, and a lower level of vulner-
ability of coastal ecosystems. (i) In systems with weak tides such as the Caribbean,
short-term exchange processes are restricted to ocean currents and active animal
movements related to light intensity. A given set of species lives under these con-
ditions and exhibits a certain level of habitat connectivity between the coastal sys-
tems. Local disturbances are barely buffered by adjacencies. (ii) In intermediate tide
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systems, life is more dynamic. Exchange processes are facilitated by the tide (e.g.,
for filter feeders and higher trophic levels). Habitat connectivity is increased by tidal
movements. Disturbances can be buffered from adjacent areas. Species benefit from
the increased movement of the water. (iii) In systems with strong tides, life is very
dynamic and habitat connectivity may be high. However, certain species may be
excluded (e.g., frequent sediment rearrangement excludes long-lived sessile organ-
isms). Disturbances have to be high to add to the naturally high level of disturbance
of a system with macrotides.

It is reasonable to assume that tidal range and tidal type influence species diver-
sity and ecosystem functioning. Besides biogeographical differences in species rich-
ness and composition of functional groups in the Indo-Pacific coasts (see, e.g.,
Bellwood et al. 2004), intermediate tides may favor greater habitat connectivity
and resilience, and a lower level of vulnerability in Indo-Pacific coastal ecosystems
compared to the Caribbean. Unsworth et al. (2007b) noticed considerable variation
between the seagrass fish fauna in Indonesia and other Indo-West Pacific regions
which might be due to different tidal regimes.

Given that the tidal ranges on the Caribbean coasts are very small, biological
studies comparing the Caribbean and the Indo-West Pacific are only appropriate
when areas with weak tides of similar seascape configuration are compared. Conse-
quently, due to a tidal range >3 m in the Great Barrier Reef, comparisons with the
Caribbean are inherently faulty because they compare two systems with different
levels of natural disturbance. Consequently, to reduce the likely variation between
data sets and thereby increase our understanding of the variation caused by different
tidal regimes, future studies should (1) compare systems in different geographical
regions but of similar tidal regimes (e.g., coasts with weak tides in the Caribbean
vs. coasts with weak tides in the Indo-West Pacific), or (2) compare systems from
similar geographical regions, i.e., with similar species communities, but of differ-
ent tidal regimes (e.g., Caribbean vs. Brazilian coast, numerous study comparisons
would be possible in the Indo-West Pacific region). In Recife, East Brazil, fishermen
report that different age groups of different species move between specific sites in a
mangrove/seagrass/coral reef seascape according to the interactive combination of
tide and time of day (S Schwamborn, Universidade do Estado da Bahia, Brazil, pers.
comm.). This results in more complex patterns of habitat connectivity in heteroge-
neous seascapes exposed to meso- and macrotides than in microtidal areas such as
the Caribbean.

Several hypotheses remain untested. Are there overall differences in life history
patterns (migrations, growth performance, or natural morality) within a species from
similar micro-, meso-, and macrotidal coasts? Do different tidal regimes lead to
detectable differences in the functioning of ecosystems?

If tidal range and the functioning of ecosystems in fact significantly interact, the
scope of broad-scale comparisons must be redefined with a new focus on varia-
tion caused by differences in tidal regimes. There is certainly a need for enhanced
international cooperation which should include multi-national projects, with stan-
dardized methods and sample designs to allow comparisons between results, in the
search for global patterns and improved conservation of tropical marine resources.
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Chapter 9
Living in Two Worlds: Diadromous Fishes,
and Factors Affecting Population Connectivity
Between Tropical Rivers and Coasts

David A. Milton

Abstract Among the large range of life history patterns of tropical fishes, about
200 species from 20 fish families undertake diadromous migrations. In most diadro-
mous fish species, only a proportion of the population undertakes migrations and
this proportion varies widely between species and families. Three different types of
migration are anadromy, catadromy, and amphidromy. Tropical anadromous species
are mostly clupeoids, including several shads and herrings. These species spawn in
freshwater and migrate to the sea as juveniles, and most of the population matures
there before returning to breed in freshwater. Catadromous species have the oppo-
site behavior – they spawn in the sea before migrating to freshwater where they
mature. Anguillid eels, mullets, and many centropomids from tropical regions are
catadromous. The most common form of diadromy in the tropics is amphidromy.
The largest groups of amphidromous fishes are the gobies and gudgeons. Amphidro-
mous fishes spawn in freshwater and the larvae migrate to the sea before migrating
back to freshwater, and are common on many islands of all the major oceans. The
freshwater and marine components of diadromous fish populations rely on fresh-
water flows to maintain their connectivity. Most tropical diadromous fishes migrate
between habitats during seasonal monsoonal floods. The construction of dams, and
shifts in the intensity and reductions in the quantity of rainfall from changing cli-
mate are two of the major threats to maintaining connectivity between freshwater
and marine populations. The examples of these effects presented here suggest that
tropical diadromous fishes will face increasing challenges in maintaining their pop-
ulations unless greater effort is made to facilitate their migrations.
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9.1 Introduction

Fish that migrate regularly between freshwater and coastal marine environments
in the tropics must adapt to a wide range of environmental conditions. In fresh-
water, they will often occur in strong currents many kilometers from the sea.
To reach these preferred habitats can require negotiating both artificial barriers,
such as dams and weirs, as well as natural barriers like waterfalls. In the estuary
and sea, they have to adapt to the physiological stress of increased salinity. Rel-
atively few fish species regularly undertake these migrations between marine and
freshwaters (between 250 and 300 species, McDowall 1997, Riede 2004). Over
two thirds of these species are found in the tropics (∼201 species, Table 9.1).
The majority of the fishes that regularly migrate between freshwater and the sea
are members of genera that also contain non-migratory species. The life cycles
adopted by fish species that utilize both freshwater and adjacent coastal marine
habitats form a subset of the range of adaptive strategies used by fishes. In this
chapter I discuss the range of types of diadromous migrations made by tropical
fish species. I then identify some of the factors that influence or are likely to influ-
ence the ability of the marine and freshwater populations of these species to remain
connected.

In this chapter, riverine habitats are defined as all freshwater reaches of rivers
and smaller streams and are above tidal influence. The intention is to consider the
connectivity of fish populations between freshwater and adjacent coastal marine
habitats. This will focus on species that live above the estuary during at least part
of their lives and spend variable periods in the lower estuary and adjacent coastal
marine habitats.

Species that undertake regular and predictable migrations between freshwa-
ter and the sea are called diadromous (Myers 1949, McDowall 1988, 2001).
Within diadromous fishes, there have been three recognized variations in migra-
tory behavior – anadromy, catadromy, and amphidromy (Myers 1949). Anadromous
fishes undertake migrations from the sea as mature adults to breed in freshwa-
ter. Temperate salmonids are the best known example of this type of migration.
Catadromous fishes such as Anguilla eels and several centropomids make spawn-
ing migrations from freshwater to the sea as mature adults. The third sub-group
within the diadromous fishes are the amphidromous species. These species under-
take migrations in both directions between freshwater and the sea usually for
trophic reasons (McDowall 2007). McDowall (1988) lists about 227 fish species
that are diadromous, but McDowall (1997) suggested that over 250 species may
eventually be found to be diadromous, as the ecology of many species remained
unknown. More recently, Riede (2004) re-examined the status of diadromous
fishes and his summary of the more recent literature has expanded the number
of species known to be diadromous to at least 300 species (Froese and Pauly
2003). Diadromy is not as common among tropical fish species, but some forms
of diadromy such as amphidromy, mostly occur in tropical species (McDowall
2007).
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9.2 Types of Connectivity

The classification of fish species into the three forms of migratory behavior can
be somewhat arbitrary and are part of a continuum of recognizable fish move-
ment patterns (Myers 1949, McDowall 1988, Elliot et al. 2007). McDowall (1988,
2007) summarizes the types of migrations that are associated with each migratory
behavior. Within species showing each type of migratory behavior, some individ-
uals and even populations can also be non-migratory. For example, among the
anguillid eels, most individuals of tropical eel species have so far been shown
to be obligate migrants, whereas recent studies have shown that some popula-
tions of temperate species are facultative migrants and only some migrate from
coastal spawning grounds to rivers (Daverat et al. 2006, Edeline 2007, Thibault
et al. 2007). Thus for facultative diadromous fishes, some individuals in a popu-
lation may migrate annually or infrequently, and others remain in the same habi-
tat throughout their lives (Tsukamoto et al. 1998, Milton and Chenery 2005,
Thibault et al. 2007).

In tropical regions, there are at least 20 families of fish that contain diadromous
species (Table 9.1) that make a variable proportion of the species in each family.
Diadromous species occur in all oceans, and this migratory behavior appears to have
evolved independently multiple times (McDowall 1997). Four of the 20 families in
Table 9.1 have species that make each of the three forms of migration (Centropomi-
dae, Clupeidae, Engraulidae, and Gobiidae). For other families such as the Anguill-
idae, all diadromous species are catadromous. There are fewer anadromous species
among tropical fishes, and few tropical families are entirely anadromous. This form
of migration usually only occurs in a subset of species within a family (Table 9.1).

The presence of many amphidromous and catadromous species in freshwater
on isolated tropical islands throughout the Indo-Pacific suggests that gene flow
and connectivity among populations should be limited. Indeed, McDowall (2004)
asked how remote and isolated islands (such as Hawaii or Guam) have any fresh-
water fish fauna. He found that the distribution patterns of many diadromous
species suggest that dispersal between regions was increased among migratory
species. Within fish families such as the gobies and eleotrids that have diadro-
mous and non-diadromous species, diadromous species are more widely distributed
(McDowall 2001). Chubb et al. (1998) also found limited evidence of inter-island
genetic structuring in four species of Hawaiian amphidromous fishes. Similarly,
Keith et al. (2005) examined genetic structure among nine species of amphidro-
mous sicydiine gobies, including the widely distributed Sicyopterus lagocephalus.
They suggested that S. lagocephalus had colonized islands throughout the Indo-
Pacific relatively recently (∼3.5 million yrs ago). Other species of sicydiine goby
that were endemic to single island groups had evolved earlier. McDowall (2003b)
and Keith et al. (2005) hypothesized that interspecific differences in the duration of
the larval and juvenile phase, and historical ocean current patterns had lead to the
current distribution patterns. All these studies suggest that diadromy has enhanced
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population dispersal in fishes during their marine phase by allowing colonization of
new habitats.

9.2.1 Amphidromy

This form of diadromy is the most widespread among tropical fishes, with at least
137 species (68% of 201 tropical species identified as diadromous) that under-
take amphidromous migrations (Table 9.1). The family with the largest number
of amphidromous species is the Gobiidae (55 species). Among the amphidromous
gobies, the sicydiine gobies are well represented (Fig. 9.1). These gobies are mostly
found on islands in the Pacific, Indian Ocean, and in the Caribbean, where they are
an important component of the freshwater fish faunas (McDowall 2004). Other fam-
ilies with several amphidromous species include gudgeons (Eleotridae), silver bid-
dies (Gerreidae), and catfishes (Ariidae) (Table 9.1). The catfish species are found
in large river systems around the Indo-Pacific, but the amphidromous gudgeons are
found widely in rivers along the margins of the eastern and western Pacific and both
sides of the Atlantic Ocean.

Fig. 9.1 The life cycle of amphidromous sicydiine gobies from Dominica in the Caribbean
(redrawn from Bell et al. 1995). The pyriform eggs laid under stones hatch and vertically swim
as they drift downstream while absorbing the yolk sac over 5–8 days, by which time they reach the
sea. Juveniles then return to freshwater at between 50–150 days (Bell et al. 1995)
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9.2.2 Anadromy

This form of migration occurs widely in a small number of species in many of the
tropical diadromous fish families. A total of 25 tropical species of fish are facul-
tative or obligate anadromous species (Table 9.1), especially in the Clupeiformes
(Clupeidae, Engraulidae, and Pristigasteridae; McDowall 2003a). Gross (1987) has
hypothesized that anadromy should have evolved from freshwater species, but as
McDowall (1997) argues, there are limited data to support this contention. Among
tropical species that are anadromous, most of these families and genera contain
other species that are mostly marine. Gross et al. (1988) suggested that anadromy
was more common in temperate waters as marine habitats in temperate regions are
more productive than nearby freshwater habitats. More recently, McDowall (2003)
showed that anadromy was most prevalent in northern latitudes, with few species in
tropical or southern temperate regions undertaking these types of movements. Thus,
anadromy may also have evolved in northern temperate regions with large rivers
that favor this form of migratory behavior.

9.2.3 Catadromy

At least 39 species of migratory tropical fishes have been classified as catadromous
(Table 9.1) and they mostly occur in the Indo-Pacific region. In this region, anguillid
eels and the mullets (Mugilidae) are two tropical families with several species that
live mostly in freshwater and migrate to the sea to spawn (Table 9.1). Most other
families and even individual fish show a broad range of variation in their degree of
catadromy. An important commercial catadromous species in Indo-Pacific region
is barramundi Lates calcarifer (Blaber 2000). Other Lates species are restricted to
freshwater and confined to various African lakes.

Gross et al. (1988) found that while anadromy was relatively common in tem-
perate regions, catadromy was more prevalence among fishes from tropical waters.
They hypothesized that this may be due to the higher productivity of tropical fresh-
water habitats relative to the adjacent marine spawning grounds. Data from studies
comparing growth and feeding by freshwater and marine populations of the tropical
catadromous fish Lates calcarifer (Anas 2008; see Section 9.3.3) appear to support
this hypothesis.

9.3 Examples of Tropical Diadromous Fish Life Cycles

9.3.1 Amphidromous Gobies and Gudgeons

In anadromous and amphidromous species, spawning occurs in freshwater, but
species vary in the life history strategies that they adopt. Amphidromy is relatively
common among the Gobiidae (55 species, Table 9.1). Amphidromous gobies are
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present in all the world’s tropical oceans and are an important component of the
freshwater fish faunas on many tropical islands. Some species of tropical amphidro-
mous gobies have some of the smallest eggs and larvae in the Gobiidae (Miller
1984). They lay their eggs on the substrate (Fig. 9.1) and these are guarded by males
until hatching (Keith 2003). Spawning occurs during increased river flow in the wet
season (Erdman 1961, Fitzsimmons et al. 2002, Lim et al. 2002). After hatching,
larvae move downstream with the current into estuarine and coastal marine waters
at 1–4 mm in size (Han et al. 1998, Keith et al. 1999). Larvae actively swim with the
current (Bell and Brown 1995) as there is little or no feeding during this migration
(Iguchi and Mizuno 1999). At this time, rivers are probably turbid and the reduced
water clarity should minimize predation (Blaber 2000). Plankton production is also
higher in tropical coastal waters during the wet season (Longhurst and Pauly 1987)
and this may enhance larval feeding and thus growth and survival.

Larvae of tropical amphidromous gobies remain in coastal waters for variable
periods from 30–266 days (Bell et al. 1995, Shen et al. 1998, Radtke et al. 1988,
2001, Hoareau et al. 2007, Yamasaki et al. 2007). They can have among the longest
larval phases of any tropical fish species with marine larvae (Radtke et al. 2001). Fol-
lowing their long larval phase, the gobies recruit to their adult freshwater habitats at
13–25 mm depending on the species (Keith 2003). Several species move upstream in
mass migrations and rapidly cue in to the direction of the current in order to migrate
upstream (Bell and Brown 1995, Keith 2003). This behavior of trying to find and
swim into the current probably helps them find their preferred freshwater habitats
(Erdmann 1986, Fievet and Le Guennec 1998). Tate (1997) found that the behav-
ioral differences among the Hawaiian amphidromous gobies contribute to their dis-
persal and settlement patterns within streams. Both the diel timing of recruitment
and inter- and intraspecific agonistic behavior were shown to influence the ultimate
distance fish migrate upstream. The presence of predatory adult Kuhlia rupestris and
Anguilla marmorata in the lower reaches of many freshwater streams of the islands
in the Pacific may also have influenced the in-stream distribution patterns (Nelson
et al. 1997).

Once in freshwater, the larvae grow more rapidly than on the coast and meta-
morphose from their pelagic larval shape to the benthic adult form (Erdman 1961,
Tate 1997, Nishimoto and Kuamo’o 1997, Shen et al. 1998, Radtke et al. 2001).
Many species of amphidromous goby (e.g., Sicydium punctatum) are known to be
strong swimmers. This strong swimming ability and their ability to use their pelvic
fins to grip and climb allow them to find and negotiate waterfalls and presumably
artificial barriers during migration (Smith and Smith 1998). Some species school in
the estuary before migrating into freshwater and undertake mass migrations. Other
species migrate as larvae, and change their color and metamorphose once they have
negotiated the first barrier to large predators such as waterfalls or rapids (Tate 1997,
Keith 2003). Once the fishes have negotiated these barriers, they change into their
adult form and settle and find their preferred microhabitat.

There are several tropical amphidromous gudgeon (sleepers – Eleotridae) that
have similar life cycles to the gobies. Gobiomorphus, Dormitator, and Eleotris
species from the tropical western Atlantic also have adhesive eggs that they lay
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on the substrate in the lower estuaries or tidal freshwater (Nordlie 1981, Teixeira
1994). Spawning occurs during the wet season and larvae form schools, as in the
gobies, and probably disperse upstream as they grow (Nordlie 1981, Winemiller
and Ponwith 1998). Unlike the gobies, they tend to grow to a larger size (>200 mm
standard length (SL)) and lack the fused pelvic fins that gobies use to adhere to the
substrate in strong currents. Instead, they favor off-river water bodies or reaches of
rivers with lower flow (Nordlie 1981, 2000).

Among Pacific Eleotris species, E. sandwicensis in Hawaii and E. acanthopoma
elsewhere in the northern tropical Pacific live in the lower reaches of freshwa-
ter streams and rarely ascend above small (1–2 m) barriers (Fitzsimmons et al.
2002, Maeda and Tachihara 2004). In contrast, Eleotris fusca is capable of ascend-
ing above falls of up to 10 m, similar to many of the amphidromous gobies
(Fitzsimmons et al. 2002, Maeda and Tchihara 2004, Maeda et al. 2007). Larval
duration of Eleotris can also be quite long (2–4 months), and they remain unpig-
mented until recruiting into waters with low salinity (Maeda and Tachihara 2005).
All species were found to recruit to freshwater at similar sizes to gobies (10–19 mm
SL; Shen et al. 1998, Maeda et al. 2007), and E. fusca migrated upstream against
the flow similar to amphidromous gobies (Maeda Tachihara 2005).

9.3.2 Anadromous Clupeoid Fishes

Anadromy is a relatively rare migratory behavior in tropical fishes and there are
few studies of obligate anadromous fishes from the tropics. The majority of trop-
ical anadromous species are clupeiform fishes (Table 9.1). Within these families
(Clupeidae, Engraulidae, and Pristigasteridae) most are non-migratory species that
spend their lives in estuarine or marine waters (Blaber 2000). Among the pristigas-
terids, Blaber et al. (1998) documented the biology of six species of Ilisha from the
northern coast of Borneo, including the anadromous Ilisha megaloptera and I. filig-
era. Ilisha filigera reach up to almost 1 m in length, making them one of the largest
clupeoids in the world (Whitehead 1985). Both species spawn during the wet sea-
son (I. filigera) or early dry season (I. megaloptera) in rivers with high turbidities
(34–1000 NTU), strong freshwater flows, and large tidal ranges (Blaber et al. 1997).
Fry and small juveniles (<30 mm SL) were found in the upper estuaries of the larger
rivers in low salinities (0–5) at the end of the wet season (March) suggesting spawn-
ing took place nearby during the period of increased river flow. Larval and juvenile
fishes then move downstream to the lower estuary and adjacent coast. Spawning at
this time appears to be adapted to reduce predation from visual predators (Blaber
2000). Coastal plankton production is also higher during the wet season (Longhurst
and Pauly 1987) and this should enhance larval and juvenile growth and survival.

Both Ilisha species are widespread in tropical estuaries and adjacent coasts from
the west coast of India to Southeast Asia (Whitehead 1985). A strong seasonal
monsoonal rainfall pattern is common throughout their range. Both species are
fast-growing, with I. megaloptera reaching sexual maturity within nine months and
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I. filigera in 18 months, and live for 2–4 yrs. They are both multiple spawners with
similar relative fecundities (Blaber et al. 1998). This life history strategy is common
among other tropical coastal clupeoids (Milton et al. 1994, 1995) and appears to be
an adaptation to the spatial and temporal dynamics of these tropical environments.

Another widespread anadromous clupeoid, Anadontostoma chacunda, is also
abundant in the lower estuaries and adjacent coastal waters throughout the Indo-
West Pacific (Munro et al. 1998). Like Ilisha, Anodontostoma also spawn during
the wet season (November–February) (Munro et al. 1998), but it appears not to be
strongly associated with large, fast-flowing turbid rivers. Instead, they seem to avoid
turbid waters in the upper estuary during the wet season (Cyrus and Blaber 1992)
and are more abundant in sandy rather than mangrove habitats (Jaafar et al. 2004).
In northern Australia, fish were caught only in the lower estuary except during the
late dry season when freshwater flows were minimal (Cyrus and Blaber 1992). This
preference for less turbid unstructured habitats in low flow areas suggests that the
factors influencing connectivity of freshwater and coastal components of the popu-
lation are quite different from those of Ilisha.

One of the best studied tropical anadromous clupeoid fishes is hilsa Tenualosa
ilisha. Hilsa are an abundant species of significant fisheries importance in south-
ern Asia, from the Arabian Gulf to northeastern Indonesia (Sumatra) (Blaber et al.
2003a, see http://dx.doi.org/10.1007/978-90-481-2406-0). It only occurs in rivers
with large flow volumes, and the adjacent coast where salinity is reduced (Blaber
et al. 2003a). Until recently, hilsa were thought to be strictly anadromous (Coad et al.
2003, Blaber et al. 2003a). However, a detailed study of the biology and movements
of hilsa in Bangladesh by Blaber et al. (2003b) and Milton and Chenery (2003)
have shown that fish can spawn in a range of salinities and many may not migrate
into freshwater at all (Fig. 9.2). Both studies found that most hilsa do spawn in

Fig. 9.2 The life cycle of the
anadromous clupeid, hilsa
Tenualosa ilisha in the Bay of
Bengal. Fish spawn
throughout the region in both
coastal marine and freshwater
reaches of the major rivers
where salinity is low (<5)
during the monsoonal wet
season (May – September)
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freshwater, mainly during the monsoon wet season (March–September). Spawning
conditions in rivers and on the coast at this time are similar to those experienced
by Ilisha. Turbidity is high and river flow is strong and many shallow coastal habi-
tats are inundated and colonized by small juveniles. Juveniles that are spawned in
freshwater migrate downstream and reach the lower reaches of the rivers or enter
the estuary at about 3–4 months of age. Fish grow rapidly and reach maturity within
12 months, when they migrate back to the spawning grounds (Milton and Chenery
2003). Milton and Chenery (2003) did not find that all fish returned to their natal
areas to spawn, although this appears to be the most common migration strategy.

9.3.3 Catadromous Barramundi

Barramundi (Lates calcarifer) is a protandrous hermaphrodite and has a complex
life history (Grey 1987; Fig. 9.3). Spawning occurs in high salinity in coastal waters
adjacent to estuary mouths during the summer wet season, with peak activity linked
to spring high tides (Moore 1982, Davis 1982, 1986). Spawning at this time enables
the larvae to migrate to, and utilize shallow coastal littoral marine and freshwa-
ter wetlands with few predators and an abundance of prey (Moore 1982, Davis
1988, Pender and Griffin 1996, Sheaves et al. 2007). Recent otolith chemistry stud-
ies have shown that most larval barramundi do not use freshwater habitats (Milton
and Chenery 2005, Anas 2008, Milton et al. 2008). This contrasts with the widely-
held belief that coastal freshwater wetlands were the most important nursery areas
(Moore 1982, Russell and Garrett 1985). Juvenile barramundi stay in protected tidal

Fig. 9.3 A schematic overview of the life cycle of barramundi Lates calcarifer in southern Papua
New Guinea
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creeks in the lower estuary until 1–2 yrs of age, when they disperse more widely
(Moore and Reynolds 1982, Russell and Garrett 1985, 1988). The majority of adult
barramundi live in large estuaries or coastal marine waters (Grey 1987).

In contrast, the barramundi larvae that migrate into coastal freshwater wetlands
do so at 2–4 months of age (Fig. 9.3). Once in freshwater, fish stay for periods
between 3 and 8 months (Papua New Guinea, Anas 2008) and 4 years (northern
Australia, Milton et al. 2008). After this time, fish move from these coastal wetlands
back to marine waters and disperse. Tagging studies in Papua New Guinea found
that immature fish (1–2 yrs old) in the coastal marine waters migrate into freshwater
parts of rivers from 2–3 yrs of age (Moore and Reynolds 1982; Fig. 9.4). Many
remain in freshwater for several years, apparently not contributing to the spawning
population (Milton and Chenery 2005).

In southern Papua New Guinea, the percentage of juvenile barramundi in coastal
waters that have grown in freshwater nurseries and the period they spent in fresh-
water varies between years (Anas 2008; Fig. 9.5). Fish are more likely to use fresh-
water in years when there is sufficient rainfall following the peak spawning period
in October–November (Moore 1982; Fig. 9.6). In other years, the majority of fish
remain in coastal marine waters. Anas (2008) found that juvenile barramundi in
freshwater swamps grew faster than fish from adjacent coastal marine nursery areas.
These freshwater swamps dry each year and the fish need to leave before the swamps
drain and they become trapped. Anas (2008), found however, that many fish do get
trapped in the swamp and either die or are eaten by scavenging birds or people. How
some fish know when to leave remains a mystery?

These studies show, that although connectivity between coastal marine and fresh-
water habitats is not obligatory for many diadromous species, such as barramundi,
those that do migrate into freshwater are more likely to grow faster and thus survive
better and produce more progeny by migrating to these more productive tropical
habitats (Gross et al. 1988). However, once in freshwater, catadromous fishes need
to return to the sea to spawn. They must rely on increased water levels during floods
to reconnect their isolated freshwater habitats with the sea.

Fig. 9.4 A young adult male
barramundi (3 yrs old) caught
in a coastal freshwater
waterhole in northern
Queensland. The pale silvery
color is characteristic of fish
that have grown up in
freshwater
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Fig. 9.5 The percentage of juvenile barramundi (± standard error) in southern Papua New Guinea
entering freshwater each year from 1999–2004, the length of time they spent in freshwater (a), and
the age (in days) they entered freshwater (b) (data from Anas 2008)

9.4 Factors Affecting the Connectivity Between Freshwater
and Marine Populations

9.4.1 Droughts and Floods

Seasonality in tropical areas is primarily associated with variation in rainfall (wet
and dry seasons). Most diadromous fishes in the tropics have evolved to take advan-
tage of these seasonal rainfall patterns and associated river flooding to migrate to
more productive habitats for breeding (Gross et al. 1988). Increased rainfall and
river flooding is believed to bring increased productivity to riverine, estuarine, and
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Fig. 9.6 The percentage (+ standard error) of juvenile barramundi (9–12 months old) in southern
Papua New Guinea born each month that had spent time in freshwater (data from Anas 2008).
Monthly rainfall (in mm) during the period is shown by the solid line. All fish were caught on the
coast after returning from their nursery habitats in either the coastal swamps or small mangrove
creeks

coastal waters by transporting exogenous nutrients and sediments that stimulate
increased primary production (Robins et al. 2006). Many studies have shown that
the wet season is the primary growth and reproductive season for fishes in tropical
areas (Lowe-McConnell 1987). In the tropics, this annual cycle of flush and renewal
is heavily influenced by the large-scale cyclical oceanographic-atmospheric phe-
nomena known as El Niño–Southern Oscillation (ENSO) (Rasmusson and Wallace
1983). One of the main consequences of the ENSO is the strong interannual vari-
ation in rainfall throughout the tropics (Ropelewski and Halpert 1996). This inter-
annual variation results from the Southern Oscillation surface pressure differential
in the Pacific Ocean that ‘flips’ irregularly at intervals of 2–10 yrs (Mol et al.
2000). Changes in the direction of this differential have the consequence of caus-
ing droughts and floods in different regions of the tropics. Impacts of drought on
fish communities have been documented at a range of scales from local population
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declines, loss of habitat, inducing movements to major changes in community com-
position (Matthews and Marsh-Matthews 2003). Diadromous fishes need water
flow to maintain connectivity between freshwater and estuarine and coastal habi-
tats, and so their populations are often heavily impacted by severe or prolonged
drought.

The large catadromous Indo-Pacific centropomid, barramundi (Lates calcarifer)
is an important commercial and recreational species of estuaries and freshwater
wetlands throughout southern and southeast Asia, Papua New Guinea and northern
Australia. In northern Australia, it reaches up to 30 kg and occurs widely in most
coastal marine, estuarine, and freshwater habitats. However, barrages and dams have
limited upstream access to freshwater by barramundi (and other species) in many
rivers. In other rivers, fish migrate upstream during floods and then are trapped in
freshwater impoundments and thus stopped from moving downstream to spawn. The
effect can be extreme in some rivers, to the extent that large predator species such as
barramundi become rare or no longer occur in freshwater reaches where they were
previously abundant (Fieve et al. 2001, Hogan and Vallance 2005).

In northern Australia, the barramundi that enter freshwater do so between 2 and
6 months of age, with some staying in freshwater until sexual maturity at age 4
(Milton et al. 2008). The freshwater wetlands they use are deeper and more perma-
nent than those in other parts of their range (such as in Papua New Guinea). They
are also only intermittently connected to the main river or estuary (Sheaves et al.
2007). Thus, high river flows at critical times can enhance the productivity of such
diadromous fish populations by either maintaining connectivity between habitats,
increasing nutrient and food supply, or allowing larval and juvenile fishes to access
more productive shallow freshwater habitats (Gross et al. 1988) with fewer preda-
tors. Once these fish have returned to the estuary, they usually disperse alongshore
and many migrate upstream into freshwater habitats (Russell and Garrett 1988).
Many of the barramundi that migrate into freshwater remain there until maturity
(>4 yrs old), when they move to coastal spawning grounds as mature males (Moore
1982, Davis 1986).

Barramundi of all sizes show extreme plasticity in growth rates among individu-
als, with fish within a single age cohort varying in size by 40–50% (Staunton-Smith
et al. 2004). Faster-growing fish in an age-class are more likely to have used fresh-
water habitats than those that remained in the estuary (Milton et al. 2008; Fig. 9.7).
Staunton-Smith et al. (2004) and Robins et al. (2006) found barramundi year-class
strength and growth rates correlated with river flows. They hypothesized three pos-
sible mechanisms to explain these patterns: by (1) an increase in the spawning pop-
ulation with migrants from land-locked freshwaters, (2) increased survival of larvae
and early juveniles through access to inundated littoral habitats, or (3) increased
survival (and growth) of older juveniles and sub-adults by accessing more produc-
tive freshwater habitats. The studies of Anas (2008), Milton and Chenery (2005),
McCulloch et al. (2005), and Milton et al. (2008) have all found that most barra-
mundi do not access freshwater during their larval and early juvenile stages, but only
enter freshwater as older juveniles (>3 months old). This would support the third
hypothesis that access to more permanent freshwater lagoons by older juveniles in
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Fig. 9.7 The percentage
(+ standard error) of fast and
slow growing adult
barramundi (defined by
Staunton-Smith et al. 2004) in
the Fitzroy River estuary,
Australia, caught after a large
flood in February 2003. Fish
were separated according to
whether they had accessed
freshwater or remained in the
estuary throughout their life
based on their otolith
chemistry (data from Milton
et al. 2008)

northern Australia is contributing to increased survival and growth of barramundi
during years of high freshwater flow (Fig. 9.7).

The advantage of using freshwater habitats appears to be from increased growth
due to a greater food supply (Sheaves et al. 2007) and possibly fewer predators of
larger fish. River floods would help fish find and access coastal freshwater lagoons.
In most years, the majority of barramundi do not use coastal freshwater wetlands
as juveniles, as the habitat is not widespread or as available as tidal creeks and
estuaries. Yet, for fish that can access freshwater, there appears to be a clear adaptive
benefit.

The mass upstream migratory behavior of amphidromous gobies (Erdmann
1986) and cueing to water flow (Fievet and Le Guennec 1998) can cause the poten-
tial loss of entire cohorts if they become confused between natural flowing rivers
and canalized water courses that outflow from facilities such as power stations.
Fievet and Le Guennec (1998) describe how migrating postlarval Sicyium plumieri
entered the wastewater canals of a hydroelectric power station on Guadeloupe in the
Caribbean when natural flowing streams were not accessible.

Clearly, the large numbers of dams on large and small river systems in trop-
ical areas (Nilsson et al. 2005) pose a major risk to the ability of diadromous
fishes to maintain the connectivity between freshwater and adjacent marine habi-
tats. Water resource managers need to include appropriately-timed freshwater flows
of sufficient magnitude to facilitate migrations. The alternative will be that more
fish species will become threatened like the anadromous shad Tenualosa reevesi
(Weimin et al. 2006). This species has become endangered from a combination of
unsustainable fisheries catch (He and Chen 1996) and the construction of terrace
dams that have disrupted their spawning migrations (Wang 2003).
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9.4.2 Impacts of dams

Water extraction for human activities has a major impact globally on the productiv-
ity of rivers, their estuaries, and associated wetlands (Gopal and Sah 1993, Jensen
2001, Hillman and Brierley 2002, Gillanders and Kingsford 2002). To reduce the
scale and severity of these impacts, governments worldwide are increasingly mov-
ing from engineering solutions to an environmental management approach to water
allocation (Finlayson and Brizga 2000). The recognition of the need for environ-
mental flows has now been incorporated in water management policy in over 30
countries (Hillman and Brierley 2002).

In order to maintain connectivity between freshwater and marine populations,
managers need to develop effective water management that includes freshwater
flows for riverine and estuarine organisms. However, in order to achieve this, we
need a greater understanding of the important mechanisms involved in maintaining
population connectivity (Staunton-Smith et al. 2004, Robins et al. 2005). Most stud-
ies to date have focused on comparing catch rates of commercial fisheries with fresh-
water flows (Sutcliffe et al. 1977, Lloret et al. 2001, Quiñones and Montes 2001,
Robins et al. 2005). These studies have found a significant relationship between
flow and catch of many marine and estuarine species. They suggest that freshwater
flows can influence fish spawning, survival, and growth during their first year of life
(Drinkwater and Frank 1994, Robins et al. 2006).

Mechanisms by which freshwater flow enhances estuarine and coastal marine
fish populations will vary between species and depend on their life history (Robins
et al. 2005). For diadromous fish species, freshwater flow is required to maintain
natural movements between freshwater and coastal marine habitats. In many regu-
lated rivers, this also requires development of structures to enable migratory species
to negotiate dams and barrages. Catadromous fish species such as centropomids can
have enhanced survival and growth in years when larvae and juveniles from coastal
spawning grounds access more productive freshwater habitats (Staunton-Smith et al.
2004). Shea and Peterson (2007) further show that even the stability and quantity of
habitats available within regulated rivers are also strongly influenced by the tempo-
ral and spatial variations in flow.

Many river systems in the tropics (e.g., Mekong, Indus, and Ganges) have bar-
rages or dams that restrict or even halt flows during the dry season low-flow period
(Chang and Naves 1984, Robins et al. 2005, Halliday and Robins 2007). They can
even cause physical alteration of the stream bed, and these habitat modifications can
have an impact on migration (McDowall 1995, Smith et al. 2003). Disruption of fish
migrations as a result can cause major changes in the abundance of species as well
as change the community structure above and below these structures (Duque et al.
1998, Greathouse 2006a, b). In order to maintain the connectivity between fresh-
water and marine populations of diadromous fishes there needs to be a minimum
flow in these regulated rivers before fish can migrate (Whitfield 2005, Greathouse
et al. 2006b, James et al. 2007). In seasonal tropical habitats, the timing of flows
is also important to allow larval and juvenile fishes to enter these more productive
freshwater habitats.
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In some tropical areas, such as northern Australia, unregulated rivers show high
annual variability in the timing and intensity of discharge (Finlayson and McMahon
1988). River flows in these seasonally dry tropical areas are stochastic, resulting
from pulse rainfall events (Benke et al. 2000, Gillanders and Kingsford 2002). In
many tropical areas, these flood events have high sediment loads. Diadromous clu-
peoids spawn at this time and the associated high turbidity may reduce the level
of predation by visual predators. Regulating river flow and altering the natural
pulse intensity will reduce the natural turbidity and potentially increase predation
on migrating larvae and juveniles of diadromous fishes. It would also increase the
time taken for migrating larvae of amphidromous and anadromous fishes to reach
coastal feeding habitats and thus increase mortality due to starvation (Iguchi and
Mizuno 1999, March et al. 2003).

9.4.3 Global Climate Change

The IPCC (Intergovernmental Panel on Climate Change 2002, 2007) clearly shows
that the world is warming faster now than ever before during recorded human his-
tory. It predicts that the effects of this warming on tropical parts of the world will
be measured through rising sea levels and increased precipitations in moist tropical
areas such as southern Asia. This precipitation is expected to be more intense and
less predictable than in the past. This alteration of rainfall patterns is predicted to
cause more frequent and intense flooding of tropical coastal wetlands and result in
increasing erosion (IPCC 2002). In contrast, dryland rivers in continents such as
Africa and Australia are expected to have lower rainfall in their catchments leading
to less runoff and lower and more variable flows. These changes in the river flow
and inundation of coastal habitats are likely to alter the connectivity between coastal
and freshwater populations of many diadromous fishes.

In western Africa, the salinity gradient in the estuary of the Saloum River in Sene-
gal has reversed as rainfall in the catchment has declined since the 1950s (Pages and
Citeau 1990). The salinity gradient in the estuary during the dry season now reaches
>100 in the upper estuary, 100 km from the coast. Annual precipitation and the
number of rainy days have also sharply declined in Ivory Coast further south in the
Gulf of Guinea (Servat et al. 1997). Pages and Citeau (1990) further predicted that
this salinization would worsen in the Saloum and the adjacent Casamance, Senegal,
and Gambia Rivers, as sea levels and temperatures rise.

These changes in the rainfall and subsequent increases in salinity have modified
the fish species composition in the Saloum Estuary compared with adjacent estuar-
ies with a ‘normal’ salinity gradient (Albaret et al. 2004, Simier et al. 2004, Ecoutin
et al. 2005). The catadromous clupeid Ethmalosa fimbriata and the amphidromous
gerreid Eucinostomus melanopterus appear to be similarly abundant in the Saloum
and the ‘normal’ Gambia River Estuary. Studies of the effects of these contrasting
salinity regimes on fish reproduction showed that the catadromous mullets Liza fal-
cipinnis and L. grandisquamis as well as Ethmalosa had a longer and more intensive
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reproductive season in the hypersaline Saloum Estuary (Panfili et al. 2004, 2006).
These species appear to show broad phenotypic plasticity in their responses to
changes in environmental conditions (Guyonnet et al. 2003). Ethmalosa grew more
slowly due to the poorer conditions. However, they adapted by maturing earlier with
increased fecundity in the hypersaline reaches of the Saloum Estuary (Panfili et al.
2004). Liza falcipinnis showed the opposite pattern, increasing in size at maturity
in the hypersaline Saloum Estuary (Panfili et al. 2006). Thus, although reproduction
is strongly linked to the wet season and rainfall in most tropical diadromous fishes,
many appear to be capable of adapting their life history to changes in environmental
conditions that will be expected as the climate changes.

The amphidromous gobies (subfamily Sicydinae) and eleotrids from high islands
in the Pacific Ocean have small and fragmented populations. These species are more
vulnerable to changes in the river flows and loss of coastal habitats from erosion and
sea level rise as the area of their preferred freshwater habitats are small. Populations
of these species would be more vulnerable than species from continental areas as
the amount of available habitat on continents is usually much larger.

Many other tropical diadromous fishes also rely on coastal marine and estuar-
ine habitats during their larval and juvenile life stages. Predicted intensification of
El Niño (ENSO) events (Poloczanska et al. 2007) will be expected to strongly influ-
ence recruitment and migration patterns of fishes in tropical estuarine habitats (Gar-
cia et al. 2001, 2003, 2004). Garcia et al. (2001, 2004) found that the catadromous
Mugil curema were more abundant in the Patos Lagoon Estuary in Brazil during
the drier La Niña years, whereas anadromous Lycengraulis grossidens were more
abundant during El Niño years when rainfall was high. The impacts of these climate-
related phenomena on the fish communities of estuaries and adjacent coastal waters
are complex (Garcia et al. 2004), and there are likely to be diadromous species that
increase as well as others that decrease as a result of environmental changes.

Increased storm surge from more violent tropical storms (Poloczanska et al.
2007) will result in increased erosion of natural habitats and increasing human
restructuring of the coast to protect the large coastal human population in all conti-
nents. Both effects will reduce the quality and quantity of nursery habitats of many
species, such as mullets, tarpon (Megalops), and centropomids. These species tend
to take several years to reach maturity and thus are adapted to low adult mortal-
ity and stable environments (Blaber 2000). Productivity per female is very high
(>106 eggs per spawning; Moore 1982, Garcia and Solano 1995, Blaber 2000) and
most are multiple spawners. Many species rely on tidal inundation to access pre-
ferred coastal habitats, and sea level rise is predicted to alter the magnitude of local
tidal ranges (Poloczanska et al. 2007). Catadromous and amphidromous species that
use mangroves as nurseries will also be at risk as they are considered particularly
susceptible to rapidly changing sea levels or prolonged reduction in salinity from
altered river flow.

Other groups such as anguillid eels and clupeiform fishes are probably less likely
to be affected by rising sea levels and changes to river flow. They tend to use deeper,
less-structured habitats during most coastal life-stages. These habitats should be
more resilient to changes in the frequency and intensity of storms and changes in
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river runoff. Nevertheless, prolonged droughts and changes in river flow patterns
may impact on the ability of anguillid leptocephala and glass eels to negotiate both
natural and artificial barriers and find suitable freshwater habitats. August and Hicks
(2008) found that temperate eel leptocephala have a water temperature optimum,
and that rising water temperatures (which is expected as a result of global warming)
reduce these migrations. Of greater concern is the potential for ocean warming to
increase leptocephala starvation, and thus reduce recruitment from reduced spring
thermocline mixing and nutrient circulation and productivity in anguillid spawn-
ing areas (Poloczanska et al. 2007). Knights (2003) showed that reductions in eel
recruitment between 1952 and 1995 were correlated with sea surface temperature
anomalies in both the Atlantic and Pacific Oceans.

There is increasing evidence that catadromy is less widespread in temperate
species compared to the tropical Anguilla (Shiao et al. 2003, Briones et al. 2007,
Edeline 2007, Thibault et al. 2007). Although the temperate Anguilla eels have
evolved from tropical species (Aoyama et al. 2001, Minegishi et al. 2005), the tem-
perate species are much more flexible in their use of freshwater habitats than their
tropical counterparts (Edeline 2007, Thibault et al. 2007). Most individuals of all the
tropical species of eel studied so far have spent time in freshwater (Shiao et al. 2003,
Briones et al. 2007). However, not all individuals showed this migratory behavior.
This suggests that maintaining connectivity between freshwater and coastal marine
habitats may be less critical for sustaining some tropical eel populations than for
other groups such as the sicydiine gobies and diadromous eleotrids. Clearly, there
will be tropical diadromous fish species that are advantaged by changes in world
climate and others that are disadvantaged. Our task is to take the necessary steps
to minimize the additional impacts of anthropogenic factors on natural changes in
climate.

Acknowledgment I thank the three anonymous reviewers for their constructive comments.
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Chapter 10
Evaluation of Nursery function of Mangroves
and Seagrass beds for Tropical Decapods
and Reef fishes: Patterns and Underlying
Mechanisms

Ivan Nagelkerken

Abstract Shallow-water tropical coastal habitats, such as mangroves and seagrass
beds, have long been associated with high primary and secondary productivity. The
ubiquitous presence of juvenile fish and decapods in these systems has led to the
hypothesis that they act as nurseries. Earlier studies mainly focused on the faunal
community structure of these systems, leaving us with little detailed insight into
their potential role as nurseries. Habitats are considered nurseries if their contribu-
tion, in terms of production, to the adult population is greater than the average pro-
duction of all juvenile habitats, measured by the factors density, growth, survival,
and/or movement. High food abundance and low predation risk form the most likely
factors that contribute to the attractiveness of tropical nursery habitats. Here, the cur-
rent state of knowledge on nursery function of shallow-water coastal habitats, par-
ticularly mangroves and seagrass beds, is reviewed for each of the above-mentioned
factors. Most data show that mangroves and/or seagrass beds have high densities
of various fish species and some of their food items, and a lower predation risk for
fish and decapods due to factors such as low predator abundance, high water tur-
bidity, and complex habitat structure. In contrast, growth rates of fish appear higher
on coral reefs. There is increasing evidence that at least part of the fish or decapod
population in these putative nurseries eventually moves away to offshore habitats.
The current review shows that mangrove and/or seagrass habitats may act as nurs-
eries through higher juvenile densities and survival rates than offshore habitats, but
that trade-offs may exist to the detriment of growth rate. With the lack of detailed
movement studies, the exact degree to which mangroves and seagrass beds sustain
offshore fish and decapod populations remains largely unclear.
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10.1 Introduction

Mangrove forests and seagrass beds are prominent features of sheltered tropical
coastlines. They typically occur in shallow-water environments that are protected
from the ocean surge, such as lagoons, embayments, and estuaries. One conspicu-
ous feature of these habitats is their high densities of juvenile fish and decapods,
including species for which the adults live on adjacent coral reefs or offshore areas
(Ogden and Zieman 1977, Parrish 1989, Robertson and Blaber 1992). Based on this
spatial separation between juvenile and adult populations, mangroves and seagrass
beds have been assumed to function as important nursery areas that contribute to
adult populations (Fig. 10.1; Parrish 1989). Not only was this assumption long-time
based on qualitative observations (see Nagelkerken et al. 2000c), also few efforts
were made to define clearly what a nursery habitat constitutes. Beck et al. (2001)
provided a clear definition of a nursery habitat with testable predictions related to the
nursery-role concept: ‘A habitat is a nursery for juveniles of a particular species if its
contribution per unit area to the production of individuals that recruit to adult popu-
lations is greater, on average, than production from other habitats in which juveniles
occur’. Beck et al. (2001) further argue that ‘The ecological processes operating in
nursery habitats, as compared with other habitats, must support greater contributions
to adult recruitment from any combination of four factors: (1) density, (2) growth,
(3) survival of juveniles, and (4) movement to adult habitats’. Dahlgren et al. (2006)
suggested an additional definition asserting that the contribution of nursery habitats
could also be calculated on basis of total number of individuals per habitat instead

PELAGIC PHASE:
Egg and larval phase
in the open waters
of the ocean

BENTHIC PHASE:
Juvenile and adult phase in benthic habitats

SETTLEMENT
Juveniles

2

Ocean Coral Reef Rock and 
coral

formations

Bare sand
bottom

Seagrass MangrovesCoral Reef

RECRUITMENT

Larvae

AdultsAdults

1

Eggs

Fig. 10.1 Overview of life cycle of reef fishes defined as ontogenetic shifters (sensu Adams et al.
2006)
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of individuals per unit surface area. This approach would be more valuable in con-
serving habitats that provide highest overall contribution to adult populations but
that would otherwise not be defined as nursery habitats following the definition by
Beck et al. (2001). For example, conserving seagrass beds with large surface areas
but lower per unit faunal abundances instead of targeting small coral patches with
small surface areas but relatively high densities.

Three hypotheses have been proposed to explain the attractiveness of mangroves
and seagrass beds for faunal assemblages: (1) the food availability hypothesis,
which suggests that these habitats harbor a high abundance of food, (2) the pre-
dation risk hypothesis, which suggests that the lower densities of predators, and
the higher water turbidity compared to offshore habitats result in a lower preda-
tion pressure, and (3) the structural heterogeneity hypothesis, which suggests that
animals are attracted to the complex structure provided by mangrove prop-roots
or seagrass shoots (Parrish 1989, Blaber 2000, Laegdsgaard and Johnson 2001,
Verweij et al. 2006a, Nagelkerken and Faunce 2008). These hypotheses are not
mutually exclusive; for example, increased habitat structural complexity due to pres-
ence of vegetation could provide for more living space, higher food abundance due
to a larger habitat surface area that functions as living space for small prey organisms
and epibionts, and a reduction in predation risk. The above hypotheses are all related
to the ‘minimize μ/g hypothesis’ which states that habitats are selected where the
ratio of mortality risk (μ) to growth rate (g) is minimized (Utne et al. 1993, Dahlgren
and Eggleston 2000). As such, the factors food abundance, predator abundance,
turbidity, and structure likely contribute either directly or indirectly to the under-
lying mechanisms that regulate the nursery-role measures of density, growth, and
survival.

Until recently, little was known about growth, survival, and movement of fish
and decapods across multiple tropical coastal habitats (Beck et al. 2001, Heck et al.
1997, 2003, Sheridan and Hays 2003). Fish density has by far received the most
attention, but even in this case studies have provided us with relatively little infor-
mation on potential linkages among habitats (see Section 10.2.1 and Chapter 11).
Although faunal density as a factor has been reviewed earlier, there is need for a
more detailed review. Earlier reviews were written from either a mangrove (Sheridan
and Hays 2003, Manson et al. 2005, Faunce and Serafy 2006, Nagelkerken 2007)
or seagrass (Heck et al. 1997, Jackson et al. 2001, Heck et al. 2003, Minello et al.
2003) perspective. In addition, most studies did not provide a comparison with the
coral reef habitat, or were largely based on temperate coastal habitats (Beck et al.
2001, Jackson et al. 2001, Heck et al. 2003, Minello et al. 2003). The current review
provides a first-time overview of all hypothesized nursery-role factors and potential
underlying mechanisms in multiple tropical coastal habitats.

The focus of the current review is on mangrove, seagrass, and coral reef ecosys-
tems as they occur worldwide as extensive areas along (sub)tropical shorelines. I
specifically only review studies that compared multiple tropical habitats, and that
included juvenile habitats (i.e., various habitats located in embayments, lagoons, or
estuaries) as well as adult habitats (i.e., coral reefs or offshore areas) for fish and
decapods, so as to evaluate the nursery function of the former for species living
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as adults in the latter. Only tropical studies are reviewed here (the tropics defined
as the area located between latitudes 23◦N and 23◦S), with the exception of some
studies from the Indo-Pacific (Japan, up to 28◦N; eastern Australia, down to 27◦S)
and studies from the western Atlantic (southern Florida, up to 26◦N). As there are
still relatively few published studies on nursery-role factors, I not only review the
results of these studies, but also comment on some of the methodology used and
how this has or has not increased our understanding of the juvenile habitat function
of mangroves and seagrass beds. I start by reviewing the existing data on the main
components of nursery-role determination, i.e., density, growth, survival, and move-
ment. Second, I review potential underlying mechanisms that determine the attrac-
tiveness of shallow-water tropical habitats for juvenile fish and decapods, including
food abundance and predation risk. Finally, I combine these results and synthesize
the current state of knowledge on nursery role of shallow-water tropical coastal
habitats for species that live in offshore habitats as adults.

10.2 Existing Evidence for Nursery role of Shallow-Water
Tropical Coastal Habitats

10.2.1 Density

Of all fish species found on Indo-Pacific and Caribbean coral reefs only a few dozen
co-occur in shallow-water habitats located in back-reef areas, and even fewer (at
least 17 species in the Caribbean) occur there abundantly as juveniles (see review
by Nagelkerken 2007). Reef fish species of which the juveniles are mainly found
in embayments or lagoons, and the adults mainly on the coral reef have been called
‘nursery species’ in the Caribbean (Nagelkerken and van der Velde 2002). In the
Indo-Pacific, this term was first used for species of which the mean juvenile den-
sity in mangroves and/or seagrass beds is >70% of the total juvenile density in all
habitats, and of which the mean adult density on coral reefs is >70% of the total
adult density in all habitats (Dorenbosch et al. 2005a). These definitions do not
imply, however, that these species occur in equal densities in all available shallow-
water habitat types. In addition, they were formulated for studies done at single
geographical locations, and there is no reason to assume beforehand that these pat-
terns hold true for other locations as well. Therefore, this section reviews for the
nursery species as identified by Nagelkerken and van der Velde (2002) and Doren-
bosch et al. (2005a), whether other studies also found them to be most abundant as
juveniles in back-reef areas, and which specific shallow-water habitat is most com-
monly used by juveniles of individual species. The comparison is restricted to fish,
as size-frequency studies for tropical decapods in multiple habitats are practically
non-existent.

The majority of studies focusing on juvenile fish densities in multiple shallow-
water coastal habitats have been done in the Caribbean (Table 10.1). Ten out of 15
studies in this region show that most or all nursery fish species studied had high-
est juvenile densities in the mangroves only. Only a few species showed highest
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densities in seagrass or channel habitats (four studies), while some species occurred
commonly in multiple shallow-water habitats (seven studies). Three studies found
high(est) juvenile densities on the coral reef, but just for one or two species.

In the Indo-Pacific region, comparative habitat utilization studies have only been
done in the last few years. Six out of eight studies show that seagrass beds alone
harbored highest juvenile fish densities of various nursery species (Table 10.1). One
study showed highest densities in mangroves for three species, while two studies
found highest juvenile densities for two species on corals habitats located in back-
reef areas.

The nursery function of mangroves has long been questioned in the Indo-Pacific
(Blaber and Milton 1990, Thollot 1992; Chapter 11). Also the current review found
little support for their nursery function, in terms of juvenile fish densities of reef
fish. Some studies in the Indo-Pacific have found higher fish densities in mangroves
than in seagrass beds (Robertson and Duke 1987, Blaber et al. 1989), but juvenile
and adult densities were not separated nor were nursery species distinguished from
species that spent most of their life cycle in estuaries. Hence, little information on
nursery function can be obtained from such studies. Blaber et al. (1989) showed
that a pattern of higher fish densities in mangroves was only present for truly estu-
arine species, while the strong correlation between mangrove abundance and off-
shore fisheries in the Indo-Pacific mainly applies to estuarine-dependent species as
opposed to coral reef species (see Chapter 15).

Although numerous studies have investigated fish communities of mangroves,
seagrass beds, or other shallow-water habitats, few can be used to support the
nursery-role hypothesis with respect to density. The main caveats are: (1) most stud-
ies focused on a single habitat, (2) in cases where multiple habitats were studied the
adult habitat was excluded, (3) no distinction was made between juvenile and adult
densities, or (4) different methodologies were used across habitats. In addition, con-
clusions of studies vary due to differences in definitions, and variation in time, space,
and species (Chapter 11). As few studies are currently available that have tackled
these caveats, we still know relatively little of the precise ontogenetic habitat shifts
of decapods and fish among tropical coastal habitats.

Comparison of species overlap or total fish densities among habitats, as has been
done in some studies in the past (e.g., Thollot 1992), does little to increase our under-
standing of the potential habitat linkages, because of the large differences in ecology
among species. These studies correctly identified that the majority of the species
living on coral reefs are not associated with mangrove or seagrass habitats. How-
ever, for some common and ecologically important species this association (based
on density) is highly evident, and these species show significantly smaller adult
population sizes when nearby mangrove and seagrass juvenile habitats are lacking
(Nagelkerken et al. 2002, Dorenbosch et al. 2004, Mumby et al. 2004). Recently,
studies have been done for complete coral reef fish communities to identify the
specific species that are commonly associated with mangroves/seagrass beds dur-
ing their juvenile life stage (Nagelkerken et al. 2000b, Dorenbosch et al. 2005a).
For these species, there is growing evidence that of various shallow-water habitats,
mangroves or seagrass beds commonly harbor the highest densities of juveniles,
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Fig. 10.2 Ontogenetic utilization of tropical coastal habitats by 17 Caribbean nursery fish species
in Curaçao. Nursery species are defined as species that largely inhabit back-reef areas as juveniles
and coral reefs as adults (sensu Nagelkerken and van der Velde 2002). For each size class of each
fish species the relative abundance per habitat is shown as the percentage of the total abundance per
size class (in all habitats), rounded off to portions of 20%. Figure reproduced from Nagelkerken
et al. (2000b), with kind permission from Inter-Research Science Centre

depending on the species and life stage considered (Fig. 10.2). This pattern seems to
be consistent across various study locations and geographic regions, and is probably
caused by the fact that vegetated habitats harbor higher faunal densities than unveg-
etated habitats (Orth et al. 1984, Heck et al. 2003). As stated earlier, total habitat
surface area is an important factor to consider when comparing habitat value for
juveniles.
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10.2.2 Growth

It has been hypothesized that growth rates of fauna are higher in vegetated than
in unvegetated habitats because the former provide a greater abundance of food
sources (seagrass: Heck et al. 1997, mangrove: Laegdsgaard and Johnson 2001).
Very few studies have compared growth rates of fish among the coral reef–seagrass–
mangrove continuum, and such studies are lacking for decapods. Two studies (Grol
et al. 2008; M Grol et al., Radboud University Nijmegen, unpubl. data) showed
that for a wide size range of the grunt Haemulon flavolineatum growth rates were
higher on the coral reef than in mangroves and seagrass beds (Table 10.2, Fig. 10.3),
which is the opposite of that expected from the putative nursery role of the latter
two habitats. Also lagoonal (i.e., located in shallow marine lagoons) habitats har-
boring coral colonies showed higher fish growth rates than other lagoonal habitats
(Dahlgren and Eggleston 2000, Tupper 2007). Grol et al. (2008) found that differ-
ences in fish growth rates (from enclosures) among habitats were consistent with
patterns of food densities, providing a potential explanation for the among-habitat
differences in fish growth (see Section 10.3.1). Comparison between mangroves and
seagrass beds alone shows contrasting results. While a preliminary study showed
higher growth for early juveniles of two fish species in mangroves than in seagrass
beds (I Mateo, University of Rhode Island, pers. comm.), another study did not
find any differences in growth rate between these two habitats (Grol et al. 2008;
Fig. 10.3).

Some growth studies were done in microhabitats (i.e., small-sized habitats within
ecosystems) within lagoonal environments, and are therefore less useful for test-
ing the nursery-role concept for larger and spatially separated habitats such as
mangroves, seagrass beds, and coral reefs. For example, two studies focused on
microhabitats located within a relatively small seascape (i.e., microhabitats located
at single ‘lagoon sites’ by Tupper 2007, and microhabitats located within ‘tidal
creeks’ by Dahlgren and Eggleston 2000). With various microhabitats in such close
proximity to one another, fish could have shown regular short-distance migra-
tions among microhabitats, making it difficult to separate the effect on individ-
ual microhabitats and extrapolating these results to larger-sized habitats. Another
important consideration is that habitats may show different growth rates for dif-
ferent size classes of fish. The currently available data mostly apply to the early
juvenile stage (<6 cm total length; Table 10.2). Dahlgren and Eggleston (2000)
and Grol et al. (unpubl. data) were the only ones to study growth rates for differ-
ent fish size classes, but found a consistent pattern of habitat differences through
ontogeny.

Various methods have been used to study growth of fishes in different habitats,
including in situ measurements of somatic growth in enclosures (Grol et al. 2008), in
situ mark and recapture of fish (Tupper 2007), incremental growth in stained otoliths
(Reichert et al. 2000), incremental width between otolith growth rings (Levin et al.
1997), and length–age regressions based on otolith ageing (Rypel and Layman
2008). Potential problems of the different techniques include: stress as a result of
fish handling (enclosures, mark–recapture, otolith staining), reduced home range
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Fig. 10.3 (a) Enclosures used to study somatic growth of Haemulon flavolineatum on the coral
reef, and results (mean + standard error) of such growth experiments across mangrove (MG), sea-
grass (SG), and coral reef (REEF) habitats on two Caribbean islands for (b) growth in length (GL),
(c) growth in weight (GW), (d) growth in weight–length ratio (WL). Different letters indicate sig-
nificant differences (p < 0.05) across habitats. Figure reproduced from Grol et al. (2008), with kind
permission from Inter-Research Science Centre

(enclosures), movements among habitats which makes the contribution of individ-
ual habitats to growth difficult to distinguish (mark–recapture, all otolith studies),
and differential growth rates with increasing fish size (mark–recapture when dura-
tion of time at liberty of marked fish is not considered).

All five studies from Table 10.2 have measured growth in length, which works
well for small fish growing fast lengthwise, but is less suitable for larger fish because
at a certain size fishes show a faster increase in biomass than in length (Wootton
1998). This probably makes growth in biomass, or the weight–length ratio, a more
appropriate unit of measure for larger fish. Alternative approaches could include
various condition indices, body lipid content, tissue RNA:DNA ratios, and glycine
uptake rates by scales (Wootton 1998). Furthermore, considering that many fish
species make feeding, diel, or tidal movements between habitats (see Chapter 8),
measuring growth rates (somatic or from otoliths) for fishes held in enclosures
seems to be the best approach, if indeed the enclosures are large enough for the fish
to be able to feed normally. Independent of the differences in methodology used
among studies, however, there is currently no evidence to support the assumption of
higher growth rates of fish or decapods in mangrove/seagrass habitats than in adult
(reef) habitats (Table 10.2), although too few studies have been done to accept this
as a general conclusion.
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10.2.3 Survival

Very few studies have quantified survival of fish and decapods in multiple tropical
coastal habitats. Typically, comparative studies among shallow tropical ecosystems
have evaluated survival based on predation rates using tethering techniques. How-
ever, natural survival depends on more factors than predation alone (e.g., food abun-
dance, competition, interaction between predation and density-dependent survival;
Booth and Hixon 1999, Hixon and Jones 2005). Results from tethering studies alone
are therefore reviewed in Section 10.3.2.4 which deals with predation risk.

One of the few relevant studies on fish survival found a significantly higher
survival over time of juvenile Cheilinus undulatus in low branching coral with asso-
ciated macroalgae compared to seagrass, macroalgal, coral rubble, and coral micro-
habitats, all of which were situated with a marine lagoon (Tupper 2007). In another
relevant study, Risk (1997) found higher survival of juvenile surgeonfish on pave-
ment areas than on sand areas or dead Acropora palmata corals in back-reef areas,
and attributed this to the presence of abundant shelter holes and food resources in
the former. Both studies were done in (micro)habitats located within lagoons, not
providing insight into the degree of fish survival at larger spatial scales or between
nearshore juvenile and offshore adult habitats.

Probably the most difficult aspect of quantifying survival is accounting for the
potential movement of fish or decapods and thus confounding natural mortality
with emigration. This is probably why some studies on survival use the term ‘per-
sistence’ instead of ‘survival’. Tupper (2007) addressed this problem by externally
tagging fishes in multiple habitats, and found that it was very unlikely that fish
had migrated away since tagged individuals showed little movement (i.e., <5 m)
from their release sites during the first three months. Early juvenile fish generally
show high fidelity to shelter sites in tropical shallow-water habitats (Watson et al.
2002, Verweij and Nagelkerken 2007), making density estimates of small juveniles
over time a potential technique to study in situ survival. This technique is less reli-
able or unusable, however, when considering larger-sized animals that show less
site fidelity, or when considering animals that show regular feeding, tidal, or diur-
nal migrations to adjacent habitats (see Chapter 8; Verweij and Nagelkerken 2007,
Verweij et al. 2007). In both cases, population size could be affected by mortality
in temporary feeding or shelter habitats, and may thus not be representative for the
respective habitat studied.

10.2.4 Movement

Movement from juvenile to adult habitats is an important factor underlying the
nursery-role concept, because potentially higher production in juvenile habitats such
as mangroves and seagrass beds does not transfer to adjacent coral reefs when
such linkages are lacking. Tagging studies on fauna that are associated with man-
groves or seagrasses during their juvenile life stage have been done as early as the
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1960’s, and were initially focused on linkages between coastal estuaries and off-
shore commercial shrimp stocks (Table 10.3). Fish tagging studies investigating
mangrove/seagrass – reef linkages have only been published in the last decade. The
majority of the studies used external tags or measurement of stable isotopes in tissue
or fish otoliths. Focus has mostly been on penaeid shrimp, and fish species belong-
ing to the families Haemulidae and Lutjanidae. Maximum distances of movement
ranged from a few hundred meters to 315 km.

Although the number of studies that shows evidence of nearshore–offshore
movement of fauna has been growing, these studies still tell us little about the degree
to which offshore populations are replenished by mangrove and seagrass habitats.
There are several reasons for this, as listed and discussed below.

First, results from different studies vary considerably. Offshore recaptures of ani-
mals that had been artificially tagged in mangroves/seagrass beds are extremely low
(range 0.1–6.8%, with all but one study <2%; Table 10.3), and it can be debated
to what degree results from tagging studies reflect natural behavior and movement
patterns. In contrast, much higher estimates of movement have been obtained on
basis of measurement of stable isotopes or microelements in animal tissue or fish
otoliths. Such studies suggest contributions ranging from 36–98% of offshore pop-
ulations that are derived from juveniles living in nearshore mangrove and seagrass
areas (Fig. 10.4; Fry et al. 1999, Chittaro et al. 2004, Nakamura et al. 2008, Verweij
et al. 2008; M Lara and D Jones, University of Miami, unpubl. data). However, the
latter four studies all sampled reefs near mangrove/seagrass areas, while migration
distances away from these juvenile habitats can be up to a few hundred kilometers
for tropical shrimp as well as fish (Table 10.3; Gillanders et al. 2003). If animals con-
gregate on reefs near mangrove/seagrass areas, then results of studies are a function
of distance of sampled reefs to potential nursery areas. Thus, conclusions regarding
the contribution of nursery habitats to offshore populations are clearly affected by
the study setup and methodology. For more details on advantages and disadvantages
of various tagging techniques, see Chapter 13.

Second, none of the studies in Table 10.3 that have found offshore migration
of fish and decapods were able to separate the contribution of individual juvenile
habitats. Instead, contribution from embayment/estuary vs. offshore was the main
variable tested. Therefore, the degree to which, e.g., mangrove vs. seagrass habitats
individually contribute to this offshore production remains inconclusive. The ques-
tion remains whether this is a testable factor in general. Juvenile fish show frequent
tidal and diurnal migrations among lagoonal habitats (see Chapter 8), and it will
therefore be difficult to separate the contribution of each of these habitats.

Third, there is some ambiguity in what is considered an adult habitat or adult pop-
ulation. For example, gray snapper Lutjanus griseus and bluestriped grunt Haemu-
lon sciurus use mangroves as juvenile habitats, but inland mangroves in Florida with
relatively deep water under their canopy (especially during the dry season) also har-
bor adult populations (e.g., Faunce and Serafy 2007) even though these species are
generally associated with offshore reefs as adults. The stated ambiguity also relates
to the variability of the reef habitat. Patch reefs, fringing reefs, and coral patches
in back-reef areas are often used as synonyms for ‘coral reef’ (Nagelkerken et al.
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Fig. 10.4 Results of stable carbon isotope (δ13C) analysis in otoliths of juvenile (collected from a
mangrove/seagrass embayment) and adult (collected from the adjacent coral reef) Ocyurus chrysu-
rus, showing the degree of adult fish on the reef that have lived in seagrass beds during earlier life
stages for (a) Spanish Water Bay, and (b) Piscadera Bay in Curaçao. Inset shows location where
carbon samples were taken on cross sections of adult reef fish and juvenile bay fish otolith. Dashed
lines represent otolith width (x-axis). JZ = juvenile zone (diamonds = otolith margin of bay juve-
niles, white circles= juvenile zone of reef fishes), RM= otolith margin of reef fish (black circles),
FL = fork length. Figure reprinted from Verweij et al. (2008), p. 1544. Copyright (2008) by the
American Society of Limnology and Oceanography, Inc.

2008). Chittaro et al. (2004), for example, calculate the degree to which mangroves
contribute to fish populations on ‘coral reef habitats’. However, these habitats were
located in shallow waters (2 m depth) in the back-reef area while adult grunts are
typically found in deeper waters on fore-reefs. Another example is that of Tupper
(2007) who showed movement of juvenile fish to deeper patch reefs. These reefs
were located within the lagoon where the juvenile habitats were also situated; the
ultimate adult habitat for these species is located on the deeper offshore reefs outside
the lagoon. To complicate the matter, adult habitat utilization may vary according to
the geomorphology of the shelf (see Appeldoorn et al. 1997). If the shelf is narrow,
fish are likely to show movement to the adjacent fore-reef. If the shelf is large, how-
ever, fish may either take permanent residence on nearby patch reefs on the shelf,
or may show a gradual movement towards the shelf break (e.g., Kanashiro 1998,
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Bouwmeester 2005) in which case the dispersal distance is related to the degree of
isolation of the reefs (Appeldoorn et al. 1997). Bouwmeester (2005), for example,
showed that of the 27-recaptured tagged sub-adult Haemulon flavolineatum, 12 had
moved up to 300 m towards the adjacent reef front within a period at liberty of
3–16 months.

Fourth, when can movement be considered as permanent? Recent studies have
suggested that fish may show repetitive movements between juvenile and adja-
cent adult habitats. For example, Layman (unpubl. data; Table 10.3) observed that
ultrasonically tagged fishes moved >2 km from the upper reaches of a mangrove-
dominated tidal creek system out of the mouth of the creek and into the marine
environment. Residence time in the creek (after the tagging event) ranged from ten
days to over a year and some fish moved to the marine environment and then >2 km
back into the creek system. Also Verweij et al. (2007) showed regular movement
of Lutjanus apodus between shallow-water bay habitats and shallow reef habitats,
up to a few hundreds meters away from the mouth of the embayment (Fig. 10.5).

10 m 
isobaths

sandy seabed
(5–8 m)

channel 
(11–18 m)

100 m

sand / rubble 
      zone

reef zone 1

      reef zone 2

      

= seagrass beds

= coral reef

= catch 
location

= catch 
location
of reef-
visitors

(a)

(b)

reef zone 3

Spanish Water Bay

0 250 500 m = mangroves
= seagrass beds
= coral reef

Fig. 10.5 (a) Lutjanus apodus tagged externally (see arrow) with monofilament line and beads
(photo: S Wartenbergh) to study (b) movement (indicated by thick arrow) between juvenile back-
reef habitats in Spanish Water Bay and the adjacent coral reef in Curaçao. Catch locations of
L. apodus within embayment are shown for all fish and those that were resighted on the coral reef.
Thin lines along coastline (on reef and in seagrass) indicate transect lines searched for tagged fish.
Figure modified and reproduced from Verweij et al. (2007), with kind permission from Bulletin of
Marine Science
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It is unclear whether such movements are a strategy to explore the adult habitat, or
if they are perhaps related to spawning migrations on the reef, after which the fish
return to their shallow-water shelter sites. If such a mechanism of non-unidirectional
movements is more of a rule rather than an occasional event, it will make quantifica-
tion of juvenile habitat contribution to adult populations more difficult. Two studies
have potentially overcome this problem by analyzing stable isotope analysis of fish
tissue, their stomach contents, and prey items collected from coral reefs (adult fish)
and from mangroves/seagrass areas (juvenile fish) (Nakamura et al. 2008, Verweij
et al. 2008). Fish collected from coral reefs that had a mangrove/seagrass stable iso-
tope signature could either live/feed permanently on the reef but have grown up in
the mangrove/seagrass areas and recently moved to the reef, or could still live in
these nursery areas but temporarily visit the adjacent coral reef (during the time at
which they were caught). Stable isotope signatures of stomach contents of the reef
fish matched those of prey items collected on the reef, however (Nakamura et al.
2008, Verweij et al. 2008). As these signatures were significantly different from
those in mangrove/seagrass areas, it was clear that the collected reef fish were reef
residents that fed on the coral reef.

It is clear that several problems still exist in performing movement studies and
in interpreting those that have already been published, to support the nursery-role
hypothesis. A variety of tagging techniques has been used so far, with different
degrees of success (Table 10.3; see Chapter 13). Nevertheless, there is sufficient
evidence present that shows the existence of ecological linkages between juvenile
mangrove/seagrass habitats and adult offshore areas by fish as well as shrimp, sug-
gesting at least a partial contribution of these shallow-water habitats to adult stocks.

10.3 Underlying Factors Determining Nursery-role Potential

10.3.1 Food Availability Hypothesis

Only a few studies exist that have compared benthic or planktonic food abundance
in mangrove, seagrass, as well as coral reef habitats. For most taxa, prey densities
or biomass were typically higher in seagrass beds than on coral reefs (Table 10.4).
An interesting pattern was observed in a study by Nakamura and Sano (2005): total
density of epi- and infauna was higher on seagrass beds than on coral reefs, but the
opposite was true for biomass. The higher biomass on the reef was mainly caused by
the higher abundance of large-sized benthic invertebrates such as crabs, mollusks,
and shrimp, whereas the higher abundance on the seagrass beds mainly consisted of
smaller macrofauna such as Annelida, Copepoda, and Tanaidacea.

The usefulness of food density estimations to support nursery-role factors is
debatable, however. Several reasons can be mentioned for this. First, interactions
exist between presence of predators and food availability. For example, when preda-
tors were present, small fish selected suboptimal feeding habitats with lower preda-
tion risk which led to lower growth rates than when predators were absent (Werner
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et al. 1983). This left more resources available in optimal, but predator-rich, food
habitats for larger size classes of fish that were less vulnerable to predation, and led
to higher growth rates than when predators were absent (Werner et al. 1983). In such
way, predators alone can determine growth rates of fish to the point that growth is
not directly related to food availability. Second, if food is not limiting in a habitat,
then more food does not translate to higher growth rates (Sale 1974, Barrett 1999).
Third, it is production of prey that is important, and not standing stock of prey. A
favored prey item may show a high production rate, but low standing stock due to
continuous removal by predators. Fourth, the number of prey available to individual
predators should be considered. In this respect, competition among predators for the
same prey species is important, and the relative abundance of competitors and prey
determines potential prey availability.

Dealing with all of the above issues to determine which topical coastal habitats
are optimal for feeding, is probably nearly impossible in most field studies. On top
of that, the specific diet of predators needs to be known. Diet is not constant and
varies through time and space; fish often show ontogenetic changes in diet (e.g.,
Eggleston et al. 1998, Cocheret de la Morinière et al. 2003b), and flexibility in food
consumption depending on what food sources are available (e.g., Jennings et al.
1997).

Even if productivity of individual prey items, diet of individual predators, and the
relative abundance of competitors and prey are known, it will be difficult to estab-
lish to degree to which predators are successful in targeting the available prey items.
Prey species seek cover and show evasive behavior when attacked (Meager et al.
2005, Scharf et al. 2006). In addition, some prey species may be sheltering in the
substratum during daytime when many diurnally active fish species are foraging. It
is known that many invertebrate prey species emerge at night (Jacoby and Green-
wood 1989, Laprise and Blaber 1992, Rı́os-Jara 2005). In addition, size or biomass
of prey items are important to consider. Clearly, a large shrimp provides much more
food for a fish than a small shrimp. Foraging theory suggests that in order to min-
imize the energy cost-benefit ratio, predators should select fewer large preys rather
than many smaller preys (Schoener 1971, Stephens and Krebs 1986). There are also
issues concerning the size of prey that a particular size class of predator is able to
handle (Kruitwagen et al. 2007). Additionally, nutritional value may vary among
food items (Wilson and Bellwood 1997, Graham 2007). Finally, production of prey
items varies, for example, with season (e.g., Day et al. 1989, Edgar and Shaw 1995).

Even though it is difficult to calculate and compare food production and availabil-
ity among tropical habitats, several studies in the Caribbean have shown that various
species of nocturnal zoobenthivorous fishes show daily feeding movements from
daytime shelter sites (e.g., mangroves and patch reefs) to nocturnal feeding habitats
(typically seagrass beds) (Ogden and Ehrlich 1977, Burke 1995, Nagelkerken et al.
2000a, Nagelkerken and van der Velde 2004, Verweij et al. 2006b, Nagelkerken
et al. 2008). This could indicate that production of prey items is higher in seagrass
beds, possibly due to the structure provided to prey items by the seagrass blades,
as stated earlier. An alternative explanation, however, could be that seagrass beds
are preferred feeding habitats because of their more extensive surface areas than
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other shallow-water habitats, in such way potentially reducing competition for food
(Nagelkerken et al. 2000a).

10.3.2 Predation Risk Hypothesis

10.3.2.1 Predator Abundance

Very few comparative studies have been done on predator assemblages in multiple
tropical coastal habitats, and they have mainly focused on fish as predators. In the
current review, only studies focusing on complete fish predator assemblages were
included because different predator species or types (e.g., ambush vs. actively swim-
ming predators; resident vs. transient predators) may have very different effects
on juvenile fish communities. All studies listed in Table 10.5 suggest that under
most circumstances, in the western Atlantic as well as in the Indo-Pacific, offshore
habitats harbor higher abundances or species richness of fish predators than various
shallow-water habitats such as coral rubble, sandy areas, seagrass beds, and man-
grove channels or creeks. A clear exception is formed by permanently inundated
Caribbean mangrove prop-root habitats that can harbor comparable or higher day-
time densities of predators than the coral reef (Table 10.5).

One problem with interpreting data on piscivore abundances is related to the
question of what constitutes a piscivore, as exemplified by the following three
points. First, studies typically focus on strict piscivores and not on species for which
fish form a minor component of the diet. Second, various lagoonal/estuarine fish
species show ontogenetic shifts in diet from zoobenthivory to piscivory at a size
when they are still considered juveniles that reside in back-reef habitats (Fig. 10.6).
Third, juvenile densities of large-body predator species are often excluded in quan-
titative studies. Such juvenile piscivores are much more numerous than their larger
conspecifics, and they are more likely to access shallow-water habitats. Therefore,
they can exert significant effects on juvenile fish abundances (see review by Sheaves
2001). In fact, various species that utilize shallow-water habitats during their juve-
nile stage predate on other juvenile fishes in the same juvenile habitats (Dorenbosch
et al. 2009). This probably explains why some Caribbean mangroves harbor such
high densities of piscivores: larger specimens of various fish species occur in higher
densities in the mangroves than in other shallow-water habitats, at a size at which
they have switched to from zoobenthivory to piscivory (Nagelkerken et al. 2000b,
Cocheret de la Morinière et al. 2003a, b, Nagelkerken and van der Velde 2003).

Spatial and habitat variation clearly cause an additional source of variation
with respect to predator densities. Chapter 11 deals in more detail with these
kinds of variations for juvenile fish, but the same applies to (juvenile) pisci-
vores. An important observation with respect to predation risk is that piscivore
densities seem to decrease with distance away from reefs (Valentine et al. 2007,
Vanderklift et al. 2007), potentially causing juvenile populations in areas located
further into lagoons/estuaries to experience less predation. In addition, predator den-
sities may decrease from the mangrove fringe towards the shoreline due to the lower
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(b)

(a)Fig. 10.6 Nursery species or
predator? (a) Juvenile
Lutjanus apodus mainly as a
zoobenthivore in mangroves,
and (b) as a subadult
predator/piscivore on the
coral reef

accessibility caused by shallower water and a denser prop-root system (Vance et al.
1996).

Another source of variation is temporal variation. Piscivore densities in man-
groves are often higher during daytime than at night (Table 10.5), because pisci-
vores that utilize mangroves as shelter habitats during daytime typically leave at
night to forage in adjacent seagrass and mud flat habitats (Rooker and Dennis 1991,
Nagelkerken et al. 2000a, Dorenbosch et al. 2009). In addition, densities of roving
piscivores may be underestimated because they are transient (e.g., from adjacent
coral reefs or deeper waters; Blaber et al. 1992). Even though they are often only
temporarily present in estuarine/lagoonal habitats, they can cause high mortality
rates among early juveniles in a relatively short time period (Carr and Hixon 1995,
Hixon and Carr 1997, I Nagelkerken pers. observ.).

Several recent studies have shown high abundances of predators that forage on
fish and shrimp in some estuarine habitats (e.g., Salini et al. 1990, Brewer et al.
1995, Baker and Sheaves 2005, Kulbicki et al. 2005, Baker and Sheaves 2006) and
it has been argued that the protective value of these areas to juvenile fishes may
be smaller than previously assumed (Sheaves 2001). Nevertheless, when compar-
ing specific shallow-water juvenile habitats to offshore adult habitats, the studies
in Table 10.5 show significantly lower piscivore densities in the former than in the
latter, supporting a refuge role for fish of various estuarine/lagoonal habitats; man-
groves sometimes appear to form an important exception to this pattern, though.
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10.3.2.2 Turbidity Hypothesis

The turbidity hypothesis provides another potential explanation for lower preda-
tion risk in estuarine or lagoonal habitats: due to the typically higher turbidity in
these shallow-water habitats, predation pressure is significantly lowered (Blaber and
Blaber 1980). This hypothesis has been heavily debated, however. It has been tested
using a variety of field and aquarium studies, but with different outcomes (Blaber
and Blaber 1980, Cyrus and Blaber 1987, Benfield and Minello 1996, Macia et al.
2003, Meager et al. 2005, Johnston et al. 2007). The interpretation of these results
are heavily affected by, for example, (1) the difference between field studies describ-
ing fish distribution in areas with different turbidities vs. aquarium studies testing
predation risk at various turbidity levels, (2) the differential effects of light intensity
vs. light scattering on predation risk, (3) the different behavioral reactions of prey
and predators in situations with different turbidity and habitat types, (4) differences
in absolute turbidity levels studied, and (5) differences in species, size classes, and
habitats tested.

10.3.2.3 Structural Heterogeneity Hypothesis

The ultimate reason why structure is attractive to fauna is related to provision of
food and/or reduction of predation. Increased structural complexity can increase
densities of potential prey items (Heck and Orth 1980, Orth et al. 1984, Verweij
et al. 2006a), but little evidence is present of how the structure of different shallow-
water habitats provides for differences in food availability. Therefore, the structural
heterogeneity hypothesis is discussed here only in relation to the factor predation
risk. There is a wide body of literature available that shows that structure is effec-
tive in reducing predation risk, and which specific elements of habitat structure are
preferred by fish and decapods (e.g., see references in Hixon and Beets 1993, and
reviews by Orth et al. 1984, Horinouchi 2007). Most studies have been done for
single habitats, testing variables such as size and number of shelter holes, habitat
rigidity, vegetation cover, substratum type, density of mangrove roots or seagrass
shoots, structure formed by epibionts, and degree of shade (e.g., Bell and Westoby
1986, Laprise and Blaber 1992, Hixon and Beets 1993, Cocheret de la Morinière
et al. 2004, Nakamura et al. 2007, MacDonald et al. 2008). Studies have shown that
fish often prefer dense and/or dark structure (e.g., Cocheret de la Morinière et al.
2004), but the attractiveness of the structure partially depends on fish species, size,
life-stage, behavior, coloration, etc. For shrimp, it has been shown that they prefer
soft bottom over hard bottom, in which they can burrow to escape predation (e.g.,
Laprise and Blaber 1992). Less common are studies comparing preference of fish
or decapods for structure of different habitat types. An exception is formed by a
large number of studies having investigated preference of fish or decapods for veg-
etated (mostly seagrass) vs. unvegetated (mostly sand or mud) habitats (e.g., review
by Heck et al. 2003). Table 10.6 lists some of the few studies that have compared
preference by fish or decapods for structure of multiple vegetated shallow-water
microhabitat types.
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Two of the four studies that have included multiple reef and non-reef habitat
structures in choice experiments, showed lowest preference for mangroves (Table
10.6). However, when the structure was not accessible to the fish (i.e., separated
by glass compartments), fish of 4 – 15 cm in length preferentially chose for the
dark mangrove microhabitat. Coral and/or seagrass microhabitats were most often
preferred (Table 10.6), though. This result remained the same whether or not fish
species were studied that are associated with mangroves/seagrass beds during their
juvenile life stage (Nakamura et al. 2007).

Results from a study that only compared preference by fish for the lagoonal
habitats mangrove, seagrass, or sand structure, revealed that habitat preference
by fish varied with trophic group and activity pattern (Table 10.6; Verweij et al.
2006a). This study used experimental units with various combinations of arti-
ficial mangrove roots and seagrass leaves. Diurnal herbivores showed increas-
ing preference for units with increased structure (mangrove and seagrass com-
bined > only mangrove > only seagrass or sand) because they offered a larger
surface area for algal grazing (Figs. 10.7a, c); when the structure was cleaned
of epibionts, herbivores no longer showed any preference for a specific habi-
tat structure (Verweij et al. 2006a). In contrast, nocturnally active zoobenthivores
only sheltered and did not feed in the experimental units during daytime and
thus preferred structure above no structure; however, the specific habitat struc-
ture preferred showed a strong interaction with absence/presence of shade (Ver-
weij et al. 2006a; Table 10.6, Fig. 10.7d). For decapods, few habitat choice
experiments have been done. Herrnkind and Butler (1986) showed that spiny
lobsters of two different life stages preferred algal clumps above seagrasses
(Table 10.6), a pattern that was also reflected in the density distribution of lobsters
in the field.

It remains largely unclear which specific elements of the different microhabitat
types explain habitat preferences by fish and decapods, as most of the above studies
did not measure the structural heterogeneity of the habitats offered. This is quite
difficult as the various habitat types differ so much in their shape, rigidity, color,
overgrowth by epibionts, etc. Nakamura et al. (2007) attempted to overcome this
problem by manipulating various aspects of the coral and seagrass structure. They
showed preference in species of Pomacentridae for rigid over flexible structure,

�
Fig. 10.7 (continued) (a) Schematic drawing of an experimental unit with artificial mangrove
roots, artificial seagrass leaves, and shade, to study habitat preference by juvenile fishes. Food
was either absent or present as fouling algae and associated macrofauna on roots and leaves, and
with or without access to zoobenthos in the sandy substratum. (b) Juvenile Sphyraena barracuda
(arrow) hiding in an experimental unit with mangrove root mimics cleaned off epibionts and with
shade (photo: A De Schrijver). Results of habitat preference by fishes are shown for (c) diurnal
herbivores, and (d) nocturnal zoobenthivores. Empty= empty unit, AS = artificial seagrass leaves
only, AM = artificial mangrove roots only, AS + AM = artificial seagrass leaves and artificial
mangrove roots, N = total number of fish observed in all units. Figure reproduced from Verweij et
al. (2006), with kind permission from Inter-Research Science Centre
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independent of shape (coral vs. seagrass mimics), suggesting that rigidity of the
habitat structure can play a role in its attractiveness.

Clearly, preference for different habitat structure also varies with body size
(Fig. 10.7b; Eggleston and Lipcius 1992, Hixon and Beets 1993); larger fish may
outgrow the shelter provided by specific habitat types, large fish are less vulnerable
to predation (e.g., Laegdsgaard and Johnson 2001), and dense aquatic vegetation
may interfere with their feeding (e.g., Spitzer et al. 2000). Furthermore, prefer-
ence for degree of habitat heterogeneity and shade varies with species (Cocheret
de la Morinière et al. 2004). Finally, some species may be better shaped or col-
ored/camouflaged for one habitat above the other (e.g., Laprise and Blaber 1992).

10.3.2.4 Predation Risk

Predation risk is the resultant of factors such as predator abundance, turbidity, and
availability and type of structure. A review of studies on predation risk in multiple
habitats (Table 10.7) shows that six out of eight studies found significantly higher
predation on fish and decapods on coral reefs, or in coral microhabitats, than in
vegetated habitats such as mangroves and seagrass beds. The higher predation was
independent of whether the coral habitats were located on the shelf (fore-reefs) or
in back-reef areas (patch reefs). Two additional studies show that this effect was
only present for the smaller size classes of fish and decapods tested (Table 10.7).
Several studies have shown that even at distances as small as 2–20 m away from the
edges of patch reefs, predation risk is greatly reduced on seagrass beds compared
to that on the patch reefs themselves (Shulman 1985, Sweatman and Robertson
1994, Valentine et al. 2008). A higher predation risk on the coral reef could be
expected, as predator density and species richness are also higher there (see Section
10.3.2.1). Whether the higher predation risk on the reef is also influenced by a lower
availability of shelter or presence of less suitable shelter on the reef remains unclear.

When only habitats within estuaries/lagoons are considered, vegetated habitats
mostly provide more protection from predation than unvegetated habitats (Laprise
and Blaber 1992, Heck et al. 2003, Horinouchi 2007; Table 10.7). Within vegetated
habitats differences also occur. For example, Dorenbosch et al. (2009) found higher
predation rates on small juvenile fish in some mangroves than in seagrass beds, and
accounted this to high densities of large nursery species seeking refuge in man-
groves. For lobsters, on the other hand, Acosta and Butler (1997) showed higher
predation rates in the seagrass beds than in the mangroves.

A detailed comparison of predation risk across studies is difficult to make as
predation risk clearly depends on factors such as species and size class considered,
methodology used, geomorphology of the habitat, and distance to the coral reef.
Predation risk is related to the behavior of prey as well as predator (Main 1987,
Primavera 1997), and varies with prey body size relative to shelter size (Eggleston
and Lipcius 1992, Bartholomew 2002). Predation risk may also vary according to
time of day. Various studies have observed higher predation rates during dusk, dawn,
or nighttime compared to daytime (McFarland 1991, Laprise and Blaber 1992,
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Danilowicz and Sale 1999), while Chittaro et al. (2005) found higher predation rates
in the afternoon than in the morning at one of two coral reef sites and in the man-
groves/seagrass beds. As most studies were done during daytime (Table 10.7), little
is known of relative predation risk among habitats during dusk or at night. For lob-
ster, Herrnkind and Butler (1986) found the same pattern for predation rate among
habitats at night as during the day, however.

The selected methodology may also affect the results. Tethering is a commonly
used technique in predation studies. It has several disadvantages such as unnatu-
ral behavior of tethered prey (Zimmer-Faust et al. 1994, Curran and Able 1998),
and it may potentially make prey vulnerable to predators that are not normally able
to capture them (Haywood et al. 2003). Nevertheless, results from a study using
un-tethered juvenile fish in glass bottle enclosures showed higher rates of predator
attacks on patch reefs than on seagrass beds (Sweatman and Robertson 1994), just
as was the case for tethering studies. Studies have furthermore shown that factors
such as distance from reefs (Shulman 1985) and water depth (Rypel et al. 2007)
affect predation risk. Although all of the above-mentioned factors cause variability
in the results of predation studies, the current evidence shows that fish and decapods
utilizing mangroves and/or seagrass beds often benefit from a lower predation risk
as compared to coral reef habitats.

10.4 Synthesis: Nursery role of Mangroves and Seagrass beds

The current review does not provide unequivocal evidence that mangroves or sea-
grass beds act as nurseries for species of fish or decapods that live as adults on coral
reefs or in offshore areas. No single study has successfully tested all four nursery-
role factors as postulated by Beck et al. (2001) (Table 10.8). The two studies that
tested most factors were done in Palau (Tupper 2007) and Curaçao (for Haemulon
flavolineatum, based on various studies – see Table 10.8), but neither of the two
studies showed (significant) movement to adult populations on adjacent coral reefs.
Combining separate studies that have investigated different nursery-role factors in
the same study area on the same species, shows that in six out of seven cases where
mangroves and/or seagrass beds were studied these two habitats (sometimes in com-
bination with another habitat) harbored higher fish densities or showed higher sur-
vival rates than coral reefs. Growth rates, on the other hand, were never highest in
mangroves or seagrass beds.

All studies listed in Table 10.8 furthermore failed to evaluate their results in terms
of production of fish or decapod populations from different habitats, which forms
the underlying basis for quantifying nursery contribution (Beck et al. 2001). Most
studies also failed to study movement, or show significant movement from putative
nurseries to offshore adult populations. It is therefore still unclear to what degree
habitats that showed higher fish densities or survival rates contributed to adult pop-
ulations.

Probably the best evidence of nursery role so far, is from studies that have
attempted to quantify which proportion of individuals from adult populations have



390 I. Nagelkerken

Ta
bl

e
10

.8
St

ud
ie

s,
or

co
m

bi
na

tio
n

of
st

ud
ie

s
do

ne
at

th
e

sa
m

e
lo

ca
tio

n,
th

at
ha

ve
in

ve
st

ig
at

ed
m

or
e

th
an

on
e

nu
rs

er
y-

ro
le

fa
ct

or
fo

rt
he

sa
m

e
sp

ec
ie

s.
H

ab
ita

ts
ar

e
sh

ow
n

th
at

ha
d

hi
gh

es
td

en
si

ty
,g

ro
w

th
,o

r
su

rv
iv

al
.+
=

m
ov

em
en

to
f

fa
un

a
fr

om
sh

al
lo

w
-w

at
er

ar
ea

s
to

co
ra

lr
ee

fs
;i

n
sa

m
e

co
lu

m
n:
−
=

m
ov

em
en

tn
ot

in
ve

st
ig

at
ed

.C
on

tr
ib

ut
io

n
to

ad
ul

t
po

pu
la

tio
n

in
di

ca
te

s
th

e
pe

rc
en

ta
ge

of
in

di
vi

du
al

s
co

lle
ct

ed
fr

om
co

ra
l

re
ef

s
th

at
ha

ve
or

ig
in

at
ed

fr
om

a
sp

ec
ifi

c
sh

al
lo

w
-

w
at

er
ha

bi
ta

t(
be

tw
ee

n
br

ac
ke

ts
).

B
C

M
=

br
an

ch
in

g
co

ra
lw

ith
as

so
ci

at
ed

m
ac

ro
al

ga
e,

B
M
=

bu
sh

y
m

ac
ro

al
ga

e,
C

h
=

tid
al

ch
an

ne
ls

,C
R
=

co
ra

lr
ee

f,
C

R
b

=
co

ra
lr

ub
bl

e,
M

g
=

m
an

gr
ov

e,
Sg
=

se
ag

ra
ss

.P
os

ta
lg

al
=

ha
bi

ta
th

ar
bo

ri
ng

co
ra

ls
,r

ub
bl

e,
se

ag
ra

ss
,a

nd
sp

on
ge

s

R
ef

er
en

ce
L

oc
at

io
n

Ta
xa

Sp
ec

ie
s

D
en

si
ty

(j
uv

en
ile

s)
G

ro
w

th
Su

rv
iv

al

M
ov

em
en

t
to

co
ra

l
re

ef

C
on

tr
ib

ut
io

n
to

ad
ul

t
po

pu
la

tio
n

D
ah

lg
re

n
an

d
E

gg
le

st
on

(2
00

0)
B

ah
am

as
;G

re
at

E
xu

m
a

Is
la

nd
Fi

sh
E

pi
ne

ph
el

us
st

ri
at

us
–

Po
st

al
ga

l
B

M
(o

nl
y

fo
r

3.
5–

4.
0

cm
fis

h)

–
–

G
ro

le
ta

l.
(2

00
8,

un
pu

bl
.d

at
a)

A
ru

ba
;c

oa
st

al
la

go
on

Fi
sh

H
ae

m
ul

on
fla

vo
li

ne
at

um
C

R
b

+
M

g
C

R
–

–
–

C
hi

tta
ro

et
al

.(
20

04
,2

00
5)

B
el

iz
e;

T
ur

ne
ff

e
A

to
ll

Fi
sh

H
ae

m
ul

on
fla

vo
li

ne
at

um
M

g1
–

M
g-

Sg
+

36
%

(M
g)

N
ag

el
ke

rk
en

an
d

va
n

de
r

V
el

de
(2

00
2)

,G
ro

le
ta

l.
(2

00
9)

,
D

or
en

bo
sc

h
et

al
.(

20
09

),
V

er
w

ei
j

an
d

N
ag

el
ke

rk
en

(2
00

7)

C
ur

aç
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aç
ao

;S
pa

ni
sh

W
at

er
B

ay
Fi

sh
O

cy
ur

us
ch

ry
su

ru
s

C
h

+
M

g
–

–
+

98
%

(M
g/

Sg
em

ba
ym

en
t)

T
up

pe
r

(2
00

7)
Pa

la
u;

va
ri

ou
s

si
te

s
w

ith
in

th
e

la
go

on
Fi

sh
C

he
il

in
us

un
du

la
tu

s
B

C
M

B
C

M
2

B
C

M
±5

–

N
ak

am
ur

a
an

d
Sa

no
(2

00
4a

,2
00

4b
)

Ja
pa

n;
Ir

io
m

ot
e

Is
la

nd
,

A
m

ito
ri

B
ay

Fi
sh

St
et

ho
ju

li
s

st
ri

gi
ve

nt
er

Sg
–

Sg
–

–

N
ak

am
ur

a
et

al
.(

20
08

),
Sh

ib
un

o
et

al
.(

20
08

)
Ja

pa
n;

Is
hi

ga
ki

Is
la

nd
,

It
on

a
co

as
t

Fi
sh

L
ut

ja
nu

s
fu

lv
us

M
g

–
–

+
88

%
(M

g)

1
ba

se
d

on
re

la
tiv

e
de

ns
ity

;p
at

te
rn

no
tp

re
se

nt
fo

r
al

ls
tu

dy
si

te
s

2
no

ts
ta

tis
tic

al
ly

si
gn

ifi
ca

nt
3

de
pe

nd
in

g
on

sp
at

ia
ls

et
tin

g
al

on
g

oc
ea

n–
ba

y
gr

ad
ie

nt
4

re
st

ri
ct

ed
m

ov
em

en
t(

N
=

3)
5

m
ov

em
en

tt
ow

ar
ds

ad
ul

tf
or

e-
re

ef
ha

bi
ta

t(
i.e

.,
co

ra
l/a

lg
al

m
ic

ro
ha

bi
ta

ts
to

de
ep

er
pa

tc
h

re
ef

s
in

la
go

on
)



10 Evaluation of Nursery function of Mangroves and Seagrass beds 391

passed through mangrove/seagrass habitats during their juvenile life stage. Even
movement studies that have not incorporated other nursery role factors (see Section
10.2.4 and Table 10.3) are valuable, because they show actual transfer of individuals
from juvenile to adult habitats. So far, three studies have shown higher (>50%) con-
tributions to adult populations from areas with mangrove/seagrasses than from coral
reefs (Table 10.8). However, these studies were based on number of individuals, and
it is therefore unclear whether the higher contribution in number is also reflected by
a higher production. Considering the high percentage of contributions (88 – 98%)
the latter seems likely, though. It remains unclear whether this contribution from
mangrove/seagrass areas was accomplished through a higher density, faster growth,
or a higher survival rate compared to coral reefs, as measurements of these factors
were not directly linked to the individuals that had moved to the reef.

So where do we go from here? Testing the Beck et al. (2001) nursery hypothesis
will be quite a challenge. Measuring the total biomass transferred by individuals
that recruit to adult habitats, for example, is not easy. Biomass measurements are in
fact only representative when measured at the time of movement from juvenile to
adult habitat. Before this transfer, biomass of individuals can still increase during
further residency in the juvenile habitats, whereas just after this transfer a potential
rapid change in biomass due to arrival in a new environment (e.g., more food), or
rapid predation upon recruitment in the new habitat, may obscure the contribution
of biomass produced during residency in the juvenile habitats.

Evaluating nursery role on a per-unit-area basis as postulated by Beck et al.
(2001) is a specific complicating factor. What is the minimum surface area of a
habitat for it to be included in the nursery value calculations (i.e., average for all
habitats where juveniles occur)? For habitats with large surface areas there is little
doubt, but what about microhabitats? For example, should small sand patches within
seagrass beds be considered as separate habitats, or do they form part of the seagrass
bed? At what point are coral formations considered as a separate habitat type vs. part
of an existing habitat (e.g., seagrass beds)? Seascapes that harbor many small-scale
‘patch’ habitats may thus form almost impossible cases for the study of nursery-role
value. It may therefore be more valuable to use the approach postulated by Dahlgren
et al. (2006), based on the overall contribution of each habitat, so that small-sized
habitats that contribute little do not need to be considered in detail. The question
is furthermore to what degree habitats can be considered separately. Habitats with
very large surface areas that have few interlinkages with adjacent habitats are easy
to delineate, but this is not the case for complex mosaics of habitats, especially when
they are linked by tidal and diurnal feeding migrations (see Chapter 8). For exam-
ple, shelter is sought in one habitat and food in another, making it almost impossible
to separate the individual contribution of each juvenile habitat. In these situations,
it is often easier – and more valuable for management purposes – to calculate total
contribution per lagoon or estuary to the adult population.

In conclusion, although worldwide many mangroves and/or seagrass beds seem
to harbor higher densities and show increased survival of fish and decapods com-
pared to coral reefs or offshore habitats, little direct evidence demonstrates that this
translates to a higher production of populations from mangroves or seagrass beds,
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and there is little empirical evidence of the degree to which this ultimately supports
adult population on reefs or offshore habitats. A recent review identified the most
urgent studies that need to be undertaken, and provided a research strategy to assess
nursery function of back-reef habitats (Adams et al. 2006). Their four-level strat-
egy consists of (1) building conceptual models to guide the research, (2) identifying
juvenile habitat use patterns, (3) assessing habitat connectivity, and (4) experimen-
tally examining the underlying mechanisms for patterns observed at levels two and
three. Carefully designed experiments to measure nursery-role factors, and use of
advanced techniques to study animal movements in detail (see Chapter 13) are criti-
cal for a better insight into the nursery role of tropical mangroves and seagrass beds
for coral reef populations. This is of utmost importance for the conservation and
management of these ecosystems, which are among the most threatened tropical
coastal habitats (see Chapter 16; Alongi 2002, Duarte 2002, Hughes et al. 2003)

Acknowledgments I would like to thank Dr. J Serafy and the Cooperative Institute for Marine and
Atmospheric Studies at the Rosenstiel School of Marine and Atmospheric Science of the University
of Miami for hosting me during my stay in Miami while writing this chapter. This chapter was
written while supported by a Vidi fellowship from the Netherlands Organization for Scientific
Research (NWO) to I Nagelkerken. I thank Drs. C Layman, S Blaber, C Faunce, and M Haywood
for providing critical comments on the manuscript.

References

Acosta CA, Butler IV MJ (1997) Role of mangrove habitat as a nursery for juvenile spiny lobster,
Panulirus argus, in Belize. Mar Freshw Res 48:721–728

Acosta CA, Butler IV MJ (1999) Adaptive strategies that reduce predation on Caribbean spiny
lobster postlarvae during onshore transport. Limnol Oceanogr 44:494–501

Adams AJ, Dahlgren CP, Kellison GT et al (2006) Nursery function of tropical backreef systems.
Mar Ecol Prog Ser 318:287–301

Alongi DM (2002) Present state and future of the world’s mangrove forests. Environ Conserv
29:331–349

Appeldoorn RS, Recksiek CW, Hill RL et al (1997) Marine protected areas and reef fish move-
ments: the role of habitat in controlling ontogenetic migration. Proc 8th Int Coral Reef Symp
2:1917–1922

Aguilar-Perera A, Appeldoorn RS (2007) Variation in juvenile fish density along the mangrove-
seagrass-coral reef continuum in SW Puerto Rico. Mar Ecol Prog Ser 348:139–148

Baker R, Sheaves M (2005) Redefining the piscivore assemblage of shallow estuarine nursery
habitats. Mar Ecol Prog Ser 291:197–213

Baker R, Sheaves M (2006) Visual surveys reveal high densities of large piscivores in shallow
estuarine nurseries. Mar Ecol Prog Ser 323:75–82

Barrett NS (1999) Food availability is not a limiting factor in the growth of three Australian tem-
perate reef fishes. Environ Biol Fish 56:419–428

Bartholomew A (2002) Faunal colonization of artificial seagrass plots: the importance of surface
area versus space size relative to body size. Estuaries 25:1045–1052

Beck MW, Heck KL, Able KW et al (2001) The identification, conservation and management of
estuarine and marine nurseries for fish and invertebrates. BioScience 51:633–641

Bell JD, Westoby M (1986) Abundance of macrofauna in dense seagrass is due to habitat prefer-
ence, not predation. Oecologia 68:205–209

Benfield MC, Minello TJ (1996) Relative effects of turbidity and light intensity on reactive distance
and feeding of an estuarine fish. Environ Biol Fish 46:211–216



10 Evaluation of Nursery function of Mangroves and Seagrass beds 393

Blaber SJM (1980) Fish of the Trinity Inlet system of north Queensland with notes on the ecology
of fish faunas of tropical Indo-Pacific estuaries. Aust J Mar Freshw Res 31:137–146

Blaber SJM (2000) Tropical estuarine fishes: ecology, exploitation and conservation. Blackwell,
Oxford

Blaber SJM, Blaber TG (1980) Factors affecting the distribution of juvenile estuarine and inshore
fish. J Fish Biol 17:143–162

Blaber SJM, Milton DA (1990) Species composition, community structure and zoogeography of
fishes of mangrove estuaries in the Solomon Islands. Mar Biol 105:259–267

Blaber SJM, Young JW, Dunning MC (1985) Community structure and zoogeographic affinities
of the coastal fishes of the Dampier region of north-western Australia. Aust J Mar Freshw Res
36:247–266

Blaber SJM, Brewer DT, Salini JP (1989) Composition and biomasses of fishes in different habitats
of a tropical northern Australian estuary – their occurrence in the adjoining sea and estuarine
dependence. Estuar Coast Shelf Sci 29:509–531

Blaber SJM, Brewer DT, Salini JP et al (1992) Species composition and biomasses of fishes in
tropical seagrasses at Groote-Eylandt, Northern Australia. Estuar Coast Shelf Sci 35:605–620

Booth DJ, Hixon MA (1999) Food ration and condition affect early survival of the coral reef
damselfish, Stegastes partitus. Oecologia 121:364–368

Bouwmeester BLK (2005) Ontogenetic migration and growth of French grunt (Teleostei: Haemu-
lon flavolineatum) as determined by coded wire tags. M.Sc. thesis, University of Puerto Rico,
Mayaguëz
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Chapter 11
Sources of Variation that Affect Perceived
Nursery Function of Mangroves

Craig H. Faunce and Craig A. Layman

Abstract Mangroves are considered among the most productive ecosystems on the
planet. While mangroves provide numerous critical ecosystem services to surround-
ing environments, there is particular interest in the role of mangroves as nursery
habitats for fish and decapods. Despite this interest, scientific consensus regarding
the role of mangroves as nurseries remains elusive. In this chapter, we identify four
principal sources of variability that underlie conflicting conclusions regarding the
function of mangroves as nursery habitat. We provide brief sketches of the reasons
why these sources of variability may affect the role of mangroves as nursery habitat,
drawing particularly on recent empirical advances in the field, and conclude with a
conceptual model summarizing the different levels at which the nursery function of
mangroves is evaluated.

‘It is time that we biologists accept diversity and variability for what they are, two
of the essential features of the biological world. We would be wise to restructure our
search for orderly patterns in the natural world. We should stop thinking primarily in
terms of central tendencies . . . .Variation among and within species is fundamental
to organisms. Analysis of variation can offer insights just as surely as can traditional
delineation of central tendencies.’ (Bartholomew 1986).

Keywords Variance · Nursery · Biogeography · Hydrology · Conceptual model

11.1 Introduction

Mangroves are considered among the most productive ecosystems on the planet,
and provide numerous other critical ecosystem services (Costanza et al. 1997, see
Chapter 16). They often are believed to augment fishery production in estuaries and
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adjacent areas due to the abundant food resources and protection from predators
that they may provide (see papers in Serafy and Araujo 2007, and Chapter 10).
Of particular interest is the role that mangroves may play as nursery habitat, and
thus the way mangroves are inter-connected with other ‘back reef’ habitats through
the export of fish biomass (Adams et al. 2006). However, the extent to which man-
groves serve as nurseries, or serve a mangrove nursery function, remains a subject
of much debate in the scientific literature (Blaber 2007). We believe that much of
the disagreement regarding their value as nursery habitat stems directly from the
underlying variability in mangrove systems (Ewel et al. 1998, Blaber 2007), as well
as the way in which the systems are studied. In the present chapter, we will out-
line some of these sources of variability, and discuss how they explicitly affect the
interpretation of mangroves’ role as nursery habitat.

Variability in abiotic and biotic variables is an intrinsic property of biological
systems (Bartholomew 1986). Yet scientists seek to identify general rules, laws, or
theories that would unite scientific inquiry across these sources of variability. The
study of mangrove ecology/biology is no exception. For example, there seems to
be a pervasive desire to provide a singular answer to the question: ‘are mangroves
nursery habitats?’ Yet there is likely no simple answer to this question. Mangroves
are likely critical nursery habitat in some instances, and have no nursery function in
others.

In this chapter, we identify four principal sources of variability that underlie
the conflicting conclusions regarding the function of mangroves as nursery habitat.
The first is related to how researchers define nursery habitat and mangrove ecosys-
tems, and the next three deal with intrinsic sources of biological variability: vari-
ation in space (geomorphology, habitat type, and configuration), variation in time
(hydrodynamics, time of day), and variation in species (assemblage vs. species-level
analyses). This is not intended as another comprehensive review of the important
functions mangroves play with respect to nursery function and fishery production
(e.g., Sheridan and Hays 2003, Faunce and Serafy 2006, Blaber 2007, Nagelkerken
2007, see Chapter 10). Instead, we endeavor to provide targeted examples of how
variability may lead to different conclusions regarding the role of mangroves as
nursery habitat. We hope the end result will be that researchers explicitly consider
each of these sources of variability (and others) when evaluating the role of man-
groves as nursery habitat.

11.2 Variation in Definitions

11.2.1 What Defines a Nursery?

One of the reasons that researchers have reached different conclusions regarding the
role of mangroves as nursery habitat relates to the specific definition of ‘nursery’
that has been employed (Table 11.1). Historically, nurseries were regarded as those
areas that supported a higher density or abundance of immature fishes than other
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Table 11.1 A summary of different connotations of the term ‘nursery’

Definition Description Source

Historical
connotation

A habitat type which supports a higher density or
abundance of juvenile individuals than other habitat
types

–

Predation/food-
based

A habitat must provide adequate protection from
predators or a food source which is both varied and
concentrated

Thayer et al.
(1978)

Juvenile
contribution
function

Nursery habitats for a particular species are those that
contribute a greater than average number of
individuals to the adult population on a per-unit-area
basis in comparison to other habitat types used by
juveniles

Beck et al.
(2001)

Effective juvenile
habitat

A habitat type is considered a nursery if, for a particular
species, it contributes a greater proportion of
individuals to the adult population than the mean
level contributed by all habitats used by juveniles

Dahlgren et al.
(2006)

Essential fish
habitat

Those waters and substrate necessary to fish for
spawning, breeding, feeding, or growth to maturity

NOAA (1996)

adjacent habitats. This criterion allows much latitude in attributing the nursery label
to a particular habitat type and provides no standardized guide for evaluation. In this
context, the methodologies employed to estimate faunal densities are critical to
assessment of nursery function, and identifying nursery habitat often may depend
as much on the sampling method employed as the underlying biological or eco-
logical drivers. And since methodologies often are not employed in a fashion that
allows direct comparisons among habitat types (Faunce and Serafy 2006), it is not
surprising that many different conclusions have been reached regarding the role of
mangroves as nursery habitat.

The lack of rigor in defining nursery habitat led Beck et al. (2001) to propose
a more stringent set of criteria: ‘A habitat is a nursery for juveniles of a particular
species if its contribution per unit area to the production of individuals that recruit
to adult populations is greater, on average, than production from other habitats in
which juveniles occur.’ In this context, nursery habitats could support greater pro-
duction through increased density, growth, survival, or export of juveniles. The main
limitation of this definition is that area coverage of habitat types is not considered,
so one habitat type may support fewer individuals per unit area, but yet still be the
most important contributor in absolute numbers to an adult population. To this end,
Dahlgren et al. (2006) suggested that in some contexts it may be useful to iden-
tify ‘effective juvenile habitats’: a habitat for a particular species that contributes a
greater proportion of individuals to the adult population than the mean level con-
tributed by all habitats used by individuals, regardless of area coverage. Different
conclusions can be reached regarding which habitat types are nurseries depending
on which of these two approaches is employed (e.g., see the example outlined in
Dahlgren et al. 2006).
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Despite the suggestion that a standard, quantifiable, framework is essential to
adequately determine whether a habitat functions as a nursery (Beck et al. 2001,
Dahlgren et al. 2006), the majority of studies rely on the historical connotation of
the term. That is, mangroves are nominally alluded to as ‘nurseries’ simply if they
support a relatively high abundance of juvenile individuals. This is likely due to the
difficulty in assessing the production (based on abundance, growth, and survival)
and export of individuals that utilize habitats of interest. Any one of these factors
is challenging to measure alone, and to measure all four simultaneously may be
impossible in many situations (although there are some recent attempts toward this
end, see Koenig et al. 2007, Valentine-Rose et al. 2007, Faunce and Serafy 2008a).
As such, there is a dearth of information that can used to quantitatively infer man-
groves’ role in supporting secondary production based on the more stringent defini-
tions provided by Beck et al. (2001) and Dahlgren et al. (2006).

For the remainder of this chapter, we will follow the nursery definition of Beck
et al. (2001). As such, we endeavor to point out some of the sources of variability
that affect the estimation of the density, growth, mortality, or export of juveniles
within coastal habitat types, and how these sources of variability may contribute
to the lack of an established consensus of whether mangrove habitat functions in a
nursery role.

11.2.2 What Defines a Mangrove Forest?

There have been several attempts to provide a framework for the study of man-
grove forests. These frameworks were considered necessary after it was recog-
nized that several different forest types, each with their own physical configura-
tion and production properties, could result from identical mangrove communities
exposed to different abiotic regimes. Lugo and Snedaker (1974) and later Lugo
(1980) described six types of Florida mangrove forest based on topographic location
and geomorphologic form. Moving across a landscape in an upland direction, these
forests include those: (1) completely inundated by daily tides (overwash; up to 7
m tall), (2) fringing emergent shorelines (fringe; up to 10 m tall), (3) along flowing
waters (riverine; up to 18 m tall), (4) located in a depression behind a berm (basin; up
to 15 m tall), (5) located in extreme environments, e.g., poor water exchange (dwarf,
or ‘scrub’; less than 2 m tall; Fig. 11.1), and (6) located on ‘peat islands’ within the
Everglades (hammock; up to 5 m tall). Woodroffe (1992) developed a more general
classification system in Australia that included river-dominated, tide-dominated, and
interior mangrove forests. Extending these works, Ewel et al. (1998) developed a
hybrid classification scheme used (which we use hereafter): tide-dominated sys-
tems are termed fringe mangroves, river-dominated mangroves are termed riverine
mangroves, and interior mangroves are termed basin mangroves.

Forest-type is rarely defined in studies of mangrove-associated fauna. Yet dif-
ferences in forest type have important implications on our perceived value of man-
groves as nursery habitats because each forest type serves a different ecological
function and is utilized by different motile fauna. For example, because they connect
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Overwash Fringe

Riverine Basin

HammockDwarf or Scrub

Fig. 11.1 Schematic cross-section view of various forest-type architectures exhibited from a single
species of mangrove (Rhizophora mangle) in south Florida (following Lugo 1980)

upstream freshwater sources and downstream estuarine waters, riverine mangroves
are used opportunistically as a conduit for motile fauna on seasonal, lunar, or daily
tidal cycles. However, the same static patch of riverine mangrove may experience a
suite of salinities throughout a tidal cycle or season. Consequently, identical loca-
tions of habitat may be inhabited by animals from freshwater, estuarine, or marine
guilds, and decisions as to the relative importance of the mangle in the lives of
fishes becomes an ever-changing target that must be carefully qualified. In contrast,
basin-type forests are inundated much less often, but for longer duration than fring-
ing forests (Lewis 2005). These forests are utilized during the flooded period by
small-bodied (<100 mm) individuals that include juveniles of estuarine and marine
spawning species and resident species that spend their entire lives within the man-
gle. The dynamics of these fauna are strongly driven by water levels. Within a sea-
sonally flooded Florida mangle, density, biomass, and ultimately secondary produc-
tion of fishes were positively related to water level and flooding duration (Lorenz
1999). However as water levels decrease, animals must seek deep water refugia at
the edges of riverine or fringe forests or be stranded, causing negative correlations
between abundance metrics and water levels in these forest types (e.g., Faunce et al.
2004, Serafy et al. 2007). Thus upper basin-type forests function as fish nurseries
when flooded, and as important food sources during subsequent dry periods for ani-
mals such as birds. Because they are both speciose and abundant, resident fauna
are largely responsible for trends in assemblage metrics (e.g., species richness and
total abundance). For example, in the Philippines it was found that the density of
fishes among stands of different mangrove species and distance to open water were
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greatest within the upper (shallow) Avicennia portions (Rönnbäck et al. 1999). The
remainder of our discussion will focus on variation in animal use of well-studied
fringing forests.

11.3 Spatial Variation

11.3.1 Geographic Regions

The common ancestry of mangroves has resulted in the global distribution
between the 20 C̊ aquatic isotherms (Alongi 2002), yet individual regions have
unique oceanographic and geologic histories. Spalding et al. (1997) identified five
regions based on present-day geomorphology and biodiversity of mangrove forests:
Australasia (Australia, Papua New Guinea, New Zealand, and the South Pacific
islands), South and Southeast Asia (Pakistan to the west, China and Japan to the
northeast, including Indonesia), East Africa and the Middle East (Iran to South
Africa eastwards, including the islands in the Indian Ocean), West Africa, and the
Americas (north, central, and south). Based on mangrove forest composition and
richness, West Africa is most similar to the Americas (hereafter Western Atlantic),
and East Africa to the Indo-Pacific (hereafter Indo-Pacific), with the latter group
roughly three times more speciose than the former (Hogarth 2007).

The divide between the Western Atlantic and the Indo-Pacific is reflected in
the current body of literature on mangrove use by motile fauna, with generally
all studies within the former accepting the paradigm that mangroves serve a nurs-
ery function, and challenges to this paradigm arising from studies conducted in
the latter. Such differences in opinion can be explained by the differences in the
spatial configuration of shelves, habitat configuration, and/or hydrology between
regions.

11.3.2 Shelf Configuration

The availability of mangroves to juveniles determines their nursery value. For
species that spawn offshore, availability of mangrove habitats depends directly on
the amount of submerged shoreline, the location of reproduction relative to man-
groves, the prominent oceanographic conditions during and after the spawn, and the
larval duration. These factors are substantially influenced by bathymetry. Obligate-
group and pair-group spawning strategies have evolved within functionally and tax-
onomically related species in the Caribbean region (e.g., Lutjanidae: snappers).
Which strategy prevails is related to local differences in shelf slope and resultant
mangrove area. In obligate-group spawning, fish aggregate en masse at very spe-
cific geographic locations to reproduce, and these locations are near local gyres
that ideally retain larvae nearshore for a period of time approximating their average
larval duration (Heyman et al. 2005, Paris et al. 2005). This spawning strategy is
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largely documented in locations with limited emergent coastline and steep shelves
with limited available hard-bottom promontories, e.g., Belize, southwest Cuba, and
the lower Florida Keys.

Because the area of mangrove relative to alternative submerged habitats is rela-
tively small, and the presence and persistence of gyres needed for favorable larval
advection are variable, spawning on promontories may be a very risky reproduction
strategy if juveniles require mangrove-lined bays to survive. Parrish (1989) pro-
posed that mangrove-lined embayments act as ‘waiting rooms’ that collect excess
larvae from species that spawn offshore, and that the majority of offspring necessary
for the maintenance of adult populations are resident to the reef. Parrish (1989) also
postulated that mangrove residence may act to mitigate the negative effects of poor
juvenile recruitment to adulthood within reef environments. Thus, while juveniles
of marine-spawning species on steep slopes do utilize mangroves, their reliance on
these systems does not appear to be obligate and they likely do not function as nurs-
eries in this context.

A pair-group spawning strategy is employed by dominant snapper within low-
relief continental geomorphologies within the Caribbean (e.g., southeastern Florida,
northeastern Cuba, Yucatan peninsula). For example, Lutjanus griseus (known
locally as mangrove snapper) has evolved a life history strategy to take advan-
tage of the comparatively larger areas of emergent vegetation proximate to broad
shelves. This species is capable of spawning in pairs or in groups of <20 indi-
viduals; small aggregations can form at numerous, less-specified, locations, and
individuals are commonly found in mangroves at most post-larval stages (Serafy
et al. 2003, Faunce et al. 2007). Therefore, the reliance on mangroves for the main-
tenance of healthy adult populations of fish and decapods may be greater within
continental low-relief systems with large mangrove area than within steep-sloped
insular systems with less mangrove area. Indeed, when data for the same genera
(Lujanidae and Haemulidae) residing in mangroves are compared, groupings based
on either continental (low relief) or insular (high relief) geomorphologies are evident
(Fig. 11.2).

11.3.3 Habitat Configuration

Because they can tolerate a variety of abiotic conditions, mangroves occur in many
different areas of coastal and estuarine ecosystems. It is important that the rela-
tive position, area, and configuration of the mangrove patch, as well as the devel-
opmental stage of the individual, be considered when determining nursery value
of mangrove habitat. Because they are located closest to marine source popula-
tions, mangroves along oceanic-facing shorelines are more likely to receive marine-
derived post-larval recruits than other mangrove locations. Yet, unlike locations
within bays, ocean-facing shorelines within much of the Caribbean lack sufficient
sediment (due to erosion), and mangrove roots may penetrate into the water only a
few centimeters. Thus, along ocean-facing shorelines, their availability (relative area
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(a)

(b)

Fig. 11.2 Summary of data for snappers (Lutjanidae) and grunts (Haemulidae) reported from
21 studies conducted within Florida-Caribbean mangroves vetted from the literature (1971–2005)
following Faunce and Serafy (2006). Density or biomass were relativized to maximum within
each study and entered into agglomerative cluster analysis using Bray-Curtis distances with flex-
ible beta (−0.25) linkage (a). Indicator Species Analysis (Dufrêne and Legendre 1997) identified
three groups that are related to shelf configuration (b). The species Haemulon flavolineatum and
Lutjanus apodus distinguished the Caribbean group, L. griseus distinguished the continental Amer-
ican group, and H. bonariense, H. aurolineatum, and L. jocu distinguished the French West Indies
group

coverage) may be comparatively low. In cases where mangrove roots are submerged
enough to create fish habitat, comparative study has demonstrated that oceanic
fringes are utilized much more than their availability would suggest, indicating pos-
itive selection for this shoreline type (Faunce and Serafy 2008b).

Compared to oceanic fringes, a much greater proportion of our current knowl-
edge of fish and decapod use of mangroves comes from studies conducted within
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inlets and protected bays. It follows that for species of marine origin, the acces-
sibility of mangroves would not only be influenced by proximity of shoreline to
spawning locations (described above), but also by the width and depth of the
bay-ocean interface, local currents, and tidal flow. A decline in total abundance
and richness of reef-associated demersal fishes has been observed with distance
inland from the outer bay mouth in the Caribbean (Nagelkerken et al. 2000a),
Brazil (Araujo et al. 2002), Africa (Little et al. 1988), and the Indo-Pacific (Quinn
1980, Blaber et al. 1989, Hajisamae and Chou 2003). Because the pool of avail-
able species is likely larger within offshore areas relative to bays, comparisons of
total species, total density, and species-specific density will result in a negative rela-
tion between these metrics and distance of the mangrove patch from marine source
waters.

Given the variation in geomorphology and hydrology described above, it follows
that different basins within a single system may vary substantially in their physi-
cal and environmental properties, and this will be reflected in animal use patterns.
Robertson and Duke (1987) were among the first to propose that each mangrove
embayment may be considered its own unit, and that nursery function changes from
unit to unit. Ley et al. (1999) first provided evidence consistent with this hypothesis
by showing that distinct fish assemblages existed within three connected embay-
ments with varying levels of freshwater flow in Florida. These results compare well
with those reported from northeastern Australia, where it has been demonstrated that
faunal assemblages can be delimited largely based on characterization of estuaries
by catchment hydrology (tide or wave dominated), configuration of estuary mouth,
substrate, and mangrove area (Ley 2005). Characterization of a nursery will depend
on whether the species under investigation is of freshwater or marine origin, and
where the mangle is located relative to fresh and marine water sources.

Mangroves are not the only habitat available to fish and decapods within sub-
tropical and tropical bays, and the relative importance of mangroves compared to
other structurally complex habitats is a major focus of current research (Faunce
and Serafy 2006). Comparisons of fish size has revealed larger size-class occurs
within mangroves than seagrass beds in Florida (Eggleston et al. 2004, Faunce
and Serafy 2007) and Curaçao (Nagelkerken et al. 2000a, b, Cocheret de la
Morinière et al. 2002). From these observations it has been concluded that man-
groves act as secondary habitats for fishes of the region, and it is for this rea-
son that the evaluation of mangroves as nursery habitat need to be carefully con-
sidered. For species that undergo ontogenetic habitat shifts, e.g., from seagrass to
mangroves to coral reefs, comparisons of relative abundance between habitats are
flawed because population dynamics dictate that the smallest and youngest indi-
viduals will have the greatest absolute abundance (Ricker 1975). In this example,
even for equally-sized patches, total abundance will be lower in mangroves com-
pared to seagrass beds, and yet higher within mangroves compared to coral reefs.
This situation, i.e. where seagrass beds comprise the greatest area and contain a
greater absolute number of animals relative to mangroves, may explain why com-
parisons by Sheridan and Hays (2003) failed to find a nursery function role for
mangroves.
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11.4 Temporal Variation

11.4.1 Hydrology

A temporal perspective also reveals intrinsic differences in the function of man-
grove ecosystems in the Western Atlantic and the Indo-Pacific. In the latter region,
there is greater influence of freshwater from larger catchments and dramatic changes
in water level with tidal flow. These differences at the bay scale translate into
great differences in the nature of variation in habitat availability to motile fauna.
In the two often studied portions of the Western Atlantic, Southeast Florida, and
the Caribbean islands, smaller tidal ranges result in the availability (i.e., inundation)
of structurally-heterogeneous habitats (largely fringe mangroves) nearly year-round
(Provost 1973). Under this temporal regime, animals are able to reside and select
between different microhabitats best suited for their survival, and a positive rela-
tionship between depth and body size is apparent (Dahlgren and Eggleston 2000).
In contrast, large tidal fluctuations (>2 m) can completely drain and re-flood man-
grove forests twice daily in portions of the Indo-Pacific (Wolanski et al. 1992,
Blaber 2000). This dynamic forces fishes and shrimps to reside within subtidal
riverine forests and adjacent mudflats during ebb periods, and rapidly utilize basin
mangroves during flood periods (Wassenberg and Hill 1993, Lugendo et al. 2007).
Under such a regime, it becomes apparent why animal assemblages in mangroves
are more similar to mud flats than to coral reefs in such areas, and how segrega-
tion of prey from predators may be poorly maintained (Thollot and Kulbicki 1988,
Sheaves 2001, Baker and Sheaves 2006).

11.4.2 Time of Day

Another source of variation relevant to mangroves’ nursery function is the time of
day sampling is conducted. Comparisons between day- and night-time use of man-
groves have consistently demonstrated that this habitat is predominantly utilized
during the former period (Rooker and Dennis 1991, Nagelkerken et al. 2000c). This
has major implications, since virtually all observations of mangroves are taken dur-
ing the day. Results of multifactorial experiments demonstrate that the relative influ-
ence of structure, food, and shade in attracting fishes is dependent upon the diurnal
activity of the species; artificial mangrove units with structure and shade were the
most attractive to nocturnally active zoobenthivores compared to diurnally active
herbivores (Verweij et al. 2006a). For the former taxa, assimilation of energy and
resultant growth are the result of foraging in adjacent habitats such as seagrass beds
(Loneragan et al. 1997, Cocheret de la Morinière et al. 2003). For this reason, the
proximity of a mangrove stand to suitable nocturnal feeding areas (inter-patch dis-
tance) may, at least partially, explain why the mangroves support a higher density of
fish during the day. It follows that the value of mangroves as nursery habitat may be
over-estimated in systems with extensive connectivity among different habitats.
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11.5 Species Variation

11.5.1 Variation Among Species

Each mangrove system may be inhabited by different species, and the number of
shared species will be conditional on a variety of factors. Nonetheless, the liter-
ature is rich in examples of studies that have concluded that mangroves are not
nursery habitats because of few shared species between mangroves and adjacent
habitats. The most prominent comparison is between mangroves and coral reefs,
and this may be one of the primary reasons opinions differ over whether mangroves
are nursery habitats (Table 11.2). Blaber et al. (1985) cited that only 22 of over

Table 11.2 Summary of studies (in chronological order, 1971–present) we feel have made impor-
tant statements counter to the paradigm that mangroves are nursery habitats. Although some of
these studies examined both fish and decapods, all statements pertain to mangroves as nursery
habitats for fish. Geographic region following Spalding et al. (1997)

Author Location Region Rationale

Blaber and
Blaber (1980)

Trinity Inlet
system,
Australia

Australasia Fish assemblages result of quiet
water, not mangrove presence

Blaber et al.
(1985)

Dampier region,
Northwest
Australia

Australasia Only 22 of 1,000 species on shelf
occur as juveniles within the
estuary

Robertson and
Duke (1987)

Alligator Creek,
Australia

Australasia Only 3 of top 30 species of
commercial importance

Thollot and
Kulbicki
(1988)

Saint-Vincent
Bay, New
Caledonia

Australasia Overlap in species present between
mangroves and reef low (13)
compared to soft-bottom and coral
reef (92)

First to state the interaction between
mangroves and coral reefs has
been overstated

Blaber and
Milton (1990)

Solomon Islands,
Western
Pacific

Australasia Only 8–9% of snappers of marine
origin

Chong et al.
(1990)

Selangor,
Malaysia

South and
Southeast Asia

Fishes found within mangroves
ubiquitous within estuary

Weng (1990) Moreton Bay,
Australia

Australasia Only 5 of 86 species within
mangroves were of marine origin,
and only two of these of
commercial importance

Dennis (1992) La Parguera,
Puerto Rico

Americas Proposes fundamental difference
between mangroves on islands
and their counterparts on
continental margins

First to state value of mangroves as
fish nurseries has been overstated
in Caribbean
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1,000 species that occur on the northeast Australian shelf were found in mangroves.
Thollot and Kulbicki (1988) found that there was little overlap in faunal assemblages
between mangroves and coral reefs in New Caledonia and concluded that linkages
between the two were exaggerated. Similar conclusions have been drawn by Blaber
and Milton (1990), Weng (1990), and Lin and Shao (1999). All of these studies
have been conducted in the Indo-Pacific. Although not widely acknowledged, sim-
ilar observations have been made in the Western Atlantic. For example, in south-
eastern Florida less than ten of over 70 species within mangroves can be considered
reef fishes (Ley et al. 1999). Thus, for both the Indo-Pacific and Western Atlantic,
when assessed at the level of entire fish assemblages, mangroves do not appear to
be significant nurseries for coral reef fishes.

How then did such widely different opinions on the function of mangroves as
nursery habitats evolve between the Indo-Pacific and the Caribbean? One explana-
tion may be the level at which the majority of studies in the regions are conducted.
Whereas studies from the Indo-Pacific have stressed the lack of congruence in fau-
nal composition between mangroves and coral reefs at the assemblage-level, many
studies from the Caribbean basin focus on the nursery function of mangroves with
respect to particular species. For example, in the Florida Keys, mangroves contain
the greatest densities of gray snapper (Lutjanus griseus) and barracuda (Sphyraena
barracuda) relative to other available habitats (Eggleston et al. 2004). The rela-
tive abundance of Haemulon flavolineatum, H. sciurus, and Lutjanus apodus was
greater within mangroves that within six other biotopes in Curaçao (Nagelkerken
et al. 2000a). Further, the presence of bays containing mangroves has been shown
to be positively related to adult fish stocks of certain species. Offshore Curaçao,
the densities of grunts (H. sciurus), snapper (L. analis, L. apodus, L. mahogoni,
O. chrysurus), parrotfish (Scarus coeruleus), and barracuda (Sphyraena barracuda)
are greater on coral reefs adjacent to bays containing seagrass beds and mangroves
than on coral reefs adjacent to bays without these habitats (Dorenbosch et al. 2004).
Similarly, adult biomass of grunts (H. sciurus, H. flavolineatum, H. plumieri), and
snapper (O. chrysurus, L. apodus) have been shown to be substantially greater in
proximity to ‘rich’ mangrove forests than near ‘mangrove scarce’ areas (Nagelk-
erken et al. 2002, Mumby et al. 2004). This trend is not simply indicative of man-
groves of the Western Atlantic; recent studies using the species-based approach have
concluded that mangroves in the Indo-Pacific also contribute to the maintenance of
healthy adult populations located in other habitats (Dorenbosch et al. 2005, 2006,
Lugendo et al. 2005).

Because positive relationships between fishery yield and mangrove area has
been demonstrated for shrimps and fishes (see review by Manson et al. 2005 and
Chapter 15), some have used economic importance as a basis for making decisions
as to the relevance of mangroves as nursery habitat. This approach is often problem-
atic because ecological factors relevant to individuals of a population (e.g., growth
and survival) are different from factors influencing the population maintenance with
respect to fishery yield (e.g., catch and effort regulations). In addition, what species
are exploited will vary based on location and the type (gear, size, and technology) of
the fishery. In Southeast Florida, for example, recreational landings outnumber those
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from the commercial sector, shifting the label of ‘economically important species’
towards groupers, snappers, and grunts (i.e., fishes which utilize bays with seagrass
beds and mangroves; Ault et al. 1998). In contrast, Robertson and Duke (1987) con-
cluded that Australian mangroves were not important nursery habitats because only
three of the top 30 species in total catch were of commercial importance, and Dennis
(1992) concluded that the role of mangroves in Puerto Rico may be over-estimated
since mangrove dependent species made up a small portion of commercial catches.

11.5.2 Variation Within Species

Another source of variation that confounds attributing nursery function to mangrove
habitat is intraspecific variation in habitat utilization, behavior, or diet. Species long
have been treated as homogenous units, with intraspecific variation among indi-
viduals regarded as non-existent or unimportant. Yet increasing evidence, across a
broad range of taxa, suggest that intraspecific variation in niche characteristics may
be substantial, and critical to include in ecological models (Bolnick et al. 2003,
Bolnick et al. 2007). Ecology of tropical and sub-tropical organisms is no excep-
tion, e.g., almost all of the examples in this book seek to identify patterns at the
level of ‘species’ or ‘population’, tacitly ignoring important aspects of intraspecific
variation.

For species that undergo ontogenetic habitat shifts, the life-history stage of the
individual must be qualified for adequate comparison of nursery value. For ingress-
ing larvae from marine sources, mangroves may offer an attractive habitat for settle-
ment (compared to bare substrates) because of their structural complexity. However,
while modeling exercises indicate that mangroves may create complex currents that
act as a hydrodynamic ‘trap’ for incoming larvae in the case of prawns (Wolanski
and Sarenski 1997), relatively few eggs and larval fishes have been collected within
mangroves compared to other habitats or life-stages in India (Krishnamurthy and
Jeyasslan 1981), Australia (Robertson and Duke 1990), Puerto Rico (Dennis 1992),
and Brazil (Barletta-Bergan et al. 2002). Mangroves appear to be utilized much
more by individuals after settlement, and as we have discussed, comparison of
size-distributions reveals that mangroves likely act as a secondary habitat in the
Caribbean after seagrass beds for many species. However, while species-specific
comparisons of abundance among different habitats have been extensively con-
ducted, evaluation of how different life-history stages are distributed within patches
of the same habitat has been rarely studied. In southeastern Florida, comparison of
mangrove shoreline use by two marine fishes revealed that juveniles (age 0), sub-
adults (<50% maturity), and adults were physically sorted along a bay-ocean gra-
dient >10 km, with juveniles almost exclusively present near the bay-ocean mouth
and adults restricted to inland portions (Faunce and Serafy 2007). Such patterns are
likely due to an expansion of home range and mobility with body size, as well as
intraspecific variation in habitat utilization among individuals.
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11.5.3 Variation Among Individuals

Intraspecific variation can occur at a much finer scale. Even individuals of the same
species and size (or age) class, which are ‘resident’ to the same habitat or area,
may develop diverse behavioral (and presumably dietary) patterns (e.g., Verweij
et al. 2006b). Such variation rarely is incorporated into the study of purported
nursery habitats. We present a simplistic empirical example of individual habitat
choice in Fig. 11.3. These data are drawn from an extensive acoustic telemetry
monitoring program (Vemco equipment system) on Abaco Island, Bahamas (see
http://www.adoptafish.net/). Individual fishes had acoustic transmitters surgically
implanted into their body cavity, and stationary receivers recorded each time the
‘tagged’ fishes passed within their detection range (for more detail on such method-
ologies see Szedlmayer and Schroepfer (2005)). Such studies provide for remote
monitoring of fishes, and a means by which to assess their habitat utilization and
presumed foraging excursions. In Fig. 11.3, we depict the proportion of time two
Lutjanus cyanopterus (cubera snapper) spent at different locations within an inter-
tidal, mangrove-dominated, creek system. Each fish was tagged on the same day,
was approximately the same size, and each spent the majority of daylight hours
associated with a subtidal sinkhole adjacent to a mangrove stand. At night, each fish

Daytime 
refuge

100 m 100 m

Fig. 11.3 Proportion of time (white <5%, gray 5–50%, black >50%) over a two week period
two cubera snapper (Lutjanus cyanopterus) spent at different locations in a mangrove-lined inter-
tidal creek system (Abaco Island, Bahamas). Both fishes are daytime residents to the same sub-
tidal habitat, but exhibit distinct nighttime movement patterns. Snapper ‘86’ moves upstream
at night and snapper ‘87’ downstream (presumably related to feeding movements). Data from
www.adoptafish.net, and based on an acoustic telemetry monitoring system. Size of the symbols
represents approximate detection range of telemetry receivers
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exhibited a distinct behavioral pattern. Over the same two week period, fish ‘86’
repeatedly moved upstream at night, whereas fish ‘87’ moved downstream. Presum-
ably, this reflects differential utilization of proximate habitats to feed. When scaling
up from two fish to an entire population, it is easy to envision how such variation
among individuals renders it difficult to assess which habitats may serve as nurseries
for an entire species.

In presumed ‘generalist’ species, intraspecific variation in habitat utilization and
foraging behaviors likely increases with increasing heterogeneity of the environ-
ment (Layman et al. 2007). That is, the more diverse the habitat mosaic (e.g.,
seagrass, macroalgal beds, rocky reefs, etc.), and the more diverse the associated
food resources, the more likely that intraspecific variation in feeding behaviors may
develop. In this context, perhaps individuals is the level at which habitat utiliza-
tion and nursery function should be evaluated. In seeking generalities for an entire
species, we may be in danger of oversimplification when attributing a single habitat
as the ‘nursery’ for a species. Especially for those species which are characterized
by high intraspecific variation in behaviors or dietary patterns, answering the ques-
tion ‘are mangroves nursery habitat?’ becomes yet more complicated.

Individual variation can be reflected in the resultant chemical composition of
various organs or hard parts such as otoliths. For example, comparison of the sig-
natures deriving from the juvenile portion of the otolith relative to the adult portion
can yield information on the relative contribution of individuals from bays contain-
ing mangroves to the adult populations located elsewhere. The estimated contribu-
tion of nearshore habitats (expressed as a percentage of the total adult population
that inhabited bays as juveniles) is estimated at 41% for blue grouper (Achoerodus
viridis), 32–65% for stone flounder (Platichthys bicoloratus), 7–53% for snapper
(Pagrus suratus), and 40% for Haemulon flavolineatum (Gillanders and Kingsford
1996, Yamashita et al. 2000, Gillanders 2002, Chittaro et al. 2004). Because contri-
bution of individuals from mangroves is not 100%, it can be concluded that while
bays containing mangroves contribute individuals to the adult population, such con-
tributions are limited. Because mangroves are not the only source of recruits to
offshore populations of adult marine fishes, it appears that the export of individuals
from mangroves provide enhancement (and not maintenance) of offshore popula-
tions of certain species, as originally proposed by Bardach (1959) and later Parrish
(1989).

11.6 Conclusions

The sources of variability outlined herein are only a partial list of the myriad of fac-
tors that affect the role of mangroves as nursery habitat. Two important themes have
emerged relevant to mangrove nursery function: (1) attribution of nursery function is
influenced by how ‘nursery’ or ‘mangrove ecosystem’ is defined, and (2) the impor-
tance of mangroves as nursery habitat is dependent on ecological, biological, and
hydrological factors that operate at multiple scales. Recent studies have made great
strides toward developing more rigorous frameworks for precise quantification and
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categorization of the most important nursery habitats for various organisms (Beck
et al. 2001, Dahlgren et al. 2006). Yet even these frameworks remain limited in
many ways, largely because of the difficulty in estimating the production (based on
abundance, growth, and survival) and export of individuals that utilize mangroves
(or other habitats). We hope this chapter will encourage researchers to state more
explicitly their study approach (definitions and analysis focus) and to acknowledge
how resultant opinions regarding the importance of mangroves as nurseries stem
from real underlying differences among mangrove ecosystems or species of interest.

So where does the future lie? In Fig. 11.4, we outline two parallel frameworks
for identifying: (1) ‘essential fish habitat’ (NOAA 1996), and (2) the levels of study
outlined in this chapter at which nursery function can be evaluated. These frame-
works are analogous in that the endpoint (highest level) each requires a diverse suite
of detailed information (from lower levels). Yet most existing data sets fall far short
of these rigorous requirements. As has been emphasized throughout this chapter,
much study on the nursery function of mangroves remains at the ‘assemblage-’ and
‘species-’ levels, i.e., identifying which species are present and their relative abun-
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Fig. 11.4 Scheme depicting the parallels between the four levels of information used to assess
essential fish habitat by the US Federal Government (left) and the levels of analysis focus described
herein to assess the nursery value of mangroves. Each framework is designed so that the analysis
of each successive tier (box, solid arrows) poses additional data requirements, some examples of
which are illustrated in ovals with dashed arrows. Abbreviations: #= number of fish, wt.= weight
of fish
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dance among a range of potential habitats. Yet the most robust investigations of the
nursery value of mangroves require far more extensive and specific data. As scien-
tists continue to move toward compiling these data sets, we hope that an understand-
ing of the inherent sources of variability in attributing nursery function will remain
at the forefront of such efforts.
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Chapter 12
Tools for Studying Biogeochemical Connectivity
Among Tropical Coastal Ecosystems

Thorsten Dittmar, Boris Koch and Rudolf Jaffé

Abstract To understand ecosystem functioning in coastal zones it is essential to
identify the main pathways and magnitude of nutrient and organic matter fluxes.
The different methods that have been applied to quantify material fluxes in tropical
coastal ecosystems can be categorized into two fundamentally distinct approaches:
direct flux measurements (Section 12.2) and chemical tracer techniques (Section
12.3). For direct flux measurements, the bidirectional flow of water is determined
and multiplied with concentrations to obtain fluxes of inorganic nutrients or organic
constituents. Water discharge can be measured directly with help of current meters
and gauges, or indirectly through use of water tracers. The source of nutrients and
organic matter can then be identified with help of specific chemical tracers, mainly
isotopes or molecular properties. A combination of tracer techniques and direct flux
measurements is most powerful to obtain quantitative information on the fluxes of
organic matter and nutrients from the various sources in coastal systems but has
very rarely been applied. Regarding source assessments of suspended and sedimen-
tary organic matter, a large number of molecular biomarkers are readily available
(Section 12.4). For dissolved organic matter, emerging molecular fingerprinting
techniques including ultra-high resolution mass spectrometry may lead to major
advances in the future.

Keywords Outwelling ·Molecular tracers · Isotopes · Organic matter · Nutrients

12.1 Introduction

Estuaries are at the interface where the land meets the sea and are important conduits
of nutrients and organic matter to the ocean (e.g., Hedges and Keil 1995, Gordon
and Goñi 2004). Commonly, the contributions of terrigenous and marine-derived
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organic matter in estuaries have been assessed by a two end-member mixing model
(e.g., Prahl et al. 1994, Gordon and Goñi 2004) with little attention on the estu-
arine biomass contributions to the organic matter pool. Fringe mangrove ecosys-
tems in tropical and subtropical coastal zones are one such estuarine organic mat-
ter contributor and need to be carefully considered as an important bioreactor for
nutrient fluxes to the oceans (e.g., Lee 1995, Dittmar et al. 2006, Bouillon et al.
2007).

Nutrient fluxes in coastal zones have sharply increased over the last decades
for multiple reasons. Changes in land use associated with enhanced mineraliza-
tion of soil organic matter, runoff of excess nutrients from agricultural areas, and
sewage discharge from urban areas are the main causes. It has been argued that
mangroves may trap excess nutrients and thus alleviate negative impacts of nutrient
pollution in tropical coastal regions (e.g., Primavera et al. 2007, Maie et al. 2008).
Pristine mangrove systems, however, can also present a significant net-source of
nutrients to the coastal ocean. For instance, considerable outwelling of dissolved
inorganic nutrients (N, P, and Si compounds) was observed from North Brazilian
mangroves that exceeded the local riverine fluxes by orders of magnitude (Dittmar
and Lara 2001a, b). Autochthonous nutrients in the mangrove sediments are prob-
ably derived from nitrogen fixation and gradual weathering of P- and Si-rich min-
erals. Other mangrove systems are nutrient limited and their net ecosystem produc-
tivity increases with inputs of inorganic N, P, or both (e.g., McKee et al. 2002).
Those systems can efficiently absorb nutrients from external sources. Nutrients are
assimilated into biomass by a variety of different primary producers in mangroves,
mainly trees and phytobenthos that can grow in dense mats on the sediments and
roots. A significant fraction of net-primary production is exported as particulate and
dissolved organic matter (POM and DOM) to adjacent coastal waters (e.g., Dittmar
et al. 2001a). On a global scale, numerous studies indicate that mangrove forests
are a significant net-source of detritus and DOM to adjacent coastal water, and it
was estimated that mangroves account for >10% of the terrestrially-derived DOM
transported to the ocean (Dittmar et al. 2006), while they cover only <0.1% of the
continents’ surface.

DOM in aquatic environments has been widely studied because of its importance
in a variety of physical, geochemical, and biological processes (e.g., Scully and Lean
1994, Alberts and Takacs 1999, Cai et al. 1999, Del Castillo et al. 2000). Mangrove-
derived organic matter that is exported to the ocean consists of a complex mixture
of many thousands of different organic compounds (Tremblay et al. 2007). Some of
these compounds resist rapid degradation by microorganisms, others are labile and
comprise a source of energy and nutrients to heterotrophic organisms (Dittmar et al.
2006). Outwelling of organic matter can thus fuel secondary production in coastal
areas. Nutrients are released back into the water column and oxygen is consumed.
The extent of this process not only depends on the amount of organic matter being
released from a mangrove system but also on its nutritional quality. Refractory com-
pounds can be dispersed over large distances on continental shelves and nutrients
are slowly released in small quantities into the water column (Dittmar et al. 2006).
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Labile compounds, on the other hand, can be quickly consumed in direct vicinity of
the mangrove, which can return large quantities of inorganic nutrients into the water
column and may reduce oxygen even to hypoxia levels.

Coastal outwelling is different in several aspects from riverine transport. While
river mouths often act as a point-source destination for continental materials onto the
shelf, intertidal zones generally accommodate highly productive ecosystems cov-
ering broad geographic areas. Transport mechanisms and water sources that may
facilitate coastal outwelling include precipitation, surface water runoff, overland
flow, groundwater discharge, tidal recharge/discharge through sediments, and bi-
directional tidal currents linking the mangrove to the ocean (Valiela et al. 1978,
Harvey et al. 1987, Childers et al. 1993, Troccaz et al. 1994, Krest et al. 2000, Tobias
et al. 2001, Dittmar and Lara 2001b). The complex geomorphology of tidal creek
systems resembles a fractal geometry in which a high proportion of the sediment
surface is exposed to tidal waters (Morris 1995, Fagherazzi and Sun 2004, Mudd
et al. 2004, D’Alapaos et al. 2005). Likewise, a high proportion of the ecosystem
is in contact with coastal aquifers (Novakowski et al. 2004, Gardner 2005). Tidal
pumping of surface and pore waters, and groundwater discharge can contribute a
substantial water input to the coastal ocean (Moore 1999, Taniguchi et al. 2002,
Wilson and Gardner 2006).

Although the importance of estuarine and coastal waters in the global DOM
cycling has been recognized, sources, transport, and transformation of DOM are
not sufficiently understood. A key challenge in this field is tracing DOM from dif-
ferent sources in complex ecosystems such as coastal wetlands and estuaries. Quan-
titative determinations of dissolved and particulate organic carbon (DOC and POC)
are commonly reported, but also the ‘quality’, source, and the degree of degrada-
tion of organic matter need to be determined to better understand organic matter
dynamics in these ecosystems. A suite of analytical methods has been developed
and applied for such purpose, ranging from simple optical DOM property measure-
ments in bulk water samples (e.g., Jaffé et al. 2004, Maie et al. 2006a) to complex
molecular characterizations (e.g., Maie et al. 2005, Tremblay et al. 2007, Xu et al.
2007).

The different methods that have been applied to assess nutrient and organic
matter fluxes in mangrove ecosystems can be categorized into two fundamentally
distinct approaches: direct flux measurements (Section 12.2) and chemical tracer
techniques (Section 12.3). For direct flux measurements, the bidirectional flow of
water is determined and multiplied with concentrations to obtain fluxes of inor-
ganic nutrients or organic constituents. Water discharge can be measured directly
with help of current meters and gauges, or indirectly through use of water tracers.
The source of nutrients and organic matter can then be identified with help of spe-
cific chemical tracers, mainly isotopes or molecular properties. A combination of
both approaches is most powerful to obtain quantitative information on the fluxes of
organic matter and nutrients from the various sources in mangrove-fringed systems
and to assess the impact of these fluxes on coastal and marine ecosystem functioning
(e.g., Dittmar et al. 2006).
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12.2 Direct Flux Measurements

Water flow patterns in estuaries and tidal creeks are highly complex. Water flow
is turbulent, continuously changes in magnitude and direction with the tides, and
does not take place in well-defined flow channels. This complexity makes direct
water-discharge measurements via gauges and current meters a challenging task
in tidal environments. A detailed discussion on the hydrodynamics of mangrove
swamps and their coastal waters can be found in Wolanski and Ridd (1990) and
Wolanski (1992). Numerical models have been developed for a detailed descrip-
tion of fluxes and associated material fluxes in these challenging environments. The
‘General Estuarine Transport Model’ (GETM) has been specifically designed for
reproducing baroclinic, bathymetry-guided flows where the tidal range may exceed
the mean water depth in large parts of the domain such that drying and flooding pro-
cesses are relevant (Burchard and Bolding 2002). This model has been successfully
applied, e.g., in a three-dimensional simulation of the Elbe estuary and its turbidity
zone in Northern Germany (Burchard et al. 2004) and on the extensive tidal flats in
the East Frisian Wadden Sea (Stanev et al. 2003). The use of this or similar numeri-
cal models in the context of this chapter is not known, but it has enormous potential
for the quantitative analysis of the nutrient and organic matter exchange in tropi-
cal coastal environments. In the following, two comparatively simple and common
approaches are described to quantify material fluxes on estuarine and tidal creek
scales.

A common method to quantify estuarine source and sink terms is to determine
river discharge as a proxy for total freshwater input and salinity as a conservative
tracer for seawater in the estuary and coastal zone (e.g., Bianchi 2007). The uptake
or release of nutrients and organic matter in the estuary can then be assessed via
a simple two-source mixing model. This approach has often been applied to iden-
tify non-conservative behavior of constituents in the estuarine water column (e.g.,
Dittmar and Lara 2001a). If the hydrology of the estuary is sufficiently known,
the same model can be used in a quantitative way to determine estuarine fluxes
(Fig. 12.1). Input parameters are riverwater discharge, nutrient concentrations of the
riverine and marine endmembers, and nutrient concentrations along the salinity gra-
dient of the estuary. Output parameter is an estuarine flux term that quantitatively
integrates all additional fluxes in and out of the estuary, aside riverine and oceanic
fluxes. The input parameters can be determined at relatively high precision. An ade-
quate sampling strategy is crucial for the successful application of this approach.
Deviations from conservative mixing are rarely as consistent as suggested in
Fig. 12.1. Plankton blooms, accumulation of detritus along fronts, outwelling
blooms and other localized features can cause inconsistent distribution patterns of
nutrient and organic matter concentrations along the salinity gradient. The sampling
density in the estuary has to be sufficient to capture these heterogeneities in space
and time.

An important assumption of the two-source mixing model is that all freshwater
is riverine. This assumption is reasonable for many, if not most estuaries. In some
coastal areas, however, submarine groundwater discharge may impact the freshwater
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Fig. 12.1 An estuarine two-source mixing model, using salinity as a conservative tracer for fresh-
water. (a) Deviations from conservative mixing can be explored to quantify inputs or losses of
nutrients and other constituents in the estuary. (b, c) Equations and a theoretical example for estu-
arine flux calculations are given. Details on the applicability and assumptions are given in the text

balance of estuaries. Submarine groundwater discharge can also be a significant
source of nutrients and organic matter to the coastal ocean (e.g., Santos et al.
2008). The submarine discharge of groundwater and associated solutes has received
increased attention during recent decades, and its impact on coastal biogeochem-
istry is widely recognized (Moore 2006). The flux of groundwater into coastal
waters can be estimated with help of radioisotopes. In particular 226Ra and 228Ra
are widely applied as tracers for submarine groundwater discharge (Moore 2006).
Ra is a decay product of Thorium, which is tightly bound to particles, whereas Ra
may desorb. As groundwater percolates through sediments, Ra can be transferred to
the water column, where it behaves conservatively and can thus be used as a tracer
for submarine groundwater discharge. If the nutrient or organic matter concentra-
tions of the groundwater endmember are sufficiently known, the respective fluxes
can be estimated by multiplying the water discharge with the concentrations in the
groundwater endmember (e.g., Hwang et al. 2005). This approach is complicated
by the fact that nutrients and organic matter are subject to extensive biogeochemi-
cal transformations in the sediments and that endmember concentrations can often
not be established precisely. Nutrient and organic matter concentrations can vary
over several orders of magnitude even in a single aquifer (Santos et al. 2008). The
discharge of nutrients and organic matter through submarine groundwater has not
been studied in mangrove systems yet, but should gain increased attention in future
studies.
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Although the estuarine mixing model can quantify estuarine source and sink
terms of nutrients and organic matter, the sources and sinks can only be localized
relative to salinity, but not directly linked to specific processes or environments.
For instance, in mangrove-fringed estuaries organic matter or nutrient inputs at
mid salinity can be of planktonic or mangrove origin which the estuarine mixing
model cannot distinguish. Flux measurements on a smaller scale can yield quantita-
tive information related to a specific source or sink. Many mangroves, in particular
in macrotidal regions, exchange water and constituents with the estuary through
well-defined tidal creeks (e.g., Dittmar and Lara 2001a). The bidirectional flux of
water in these tidal channels can be quantified with current meters and water gauges.
The published data for nutrient and organic matter fluxes in mangroves (see below)
were all obtained with conventional one-point current meters. The recent advent of
shallow-water acoustic Doppler current profilers (ADCP) that continuously monitor
two-dimensional current profiles in cross sections has strongly improved our capa-
bilities to precisely monitor currents in tidal creeks. Current measurements com-
bined with water sampling over a tidal cycle yield flux data of solutes or suspended
matter (Fig. 12.2). Net fluxes between the mangrove and estuary are obtained by
integrating the fluxes over a complete ebb and flood cycle. This method has been
applied in most flux studies (e.g., Boto and Bunt 1981, Twilley 1985, Alongi et al.
1998, Dittmar and Lara 2001a). Wattayakorn et al. (1990) and Ayukai et al. (1998)
modified this approach by calculating the material flux in mangrove creeks from the
tidal diffusion equation assuming a conservative behavior of the material of interest.
Dittmar and Lara (2001b) pointed out that fluxes at day and night can be signifi-
cantly different, because of aquatic primary production and respiration, leading to
significant asymmetries in material fluxes between day and night. It is therefore

Fig. 12.2 The determination of dissolved inorganic nitrogen (DIN) fluxes in a mangrove tidal
creek in Northern Brazil (right-hand panel): DIN concentrations (dotted line) can be multiplied
with water discharge (black line) to obtain DIN fluxes (grey areas). The net flux can be calculated
as the integral of the DIN fluxes, i.e., the sum of all in- and output over a complete tidal cycle. If
the catchment area of the tidal creek is well know, net-fluxes can be normalized to the mangrove
area to obtain flux rates (mol. d−1.. m−2). The schematic sketch (left-hand panel) illustrates a tidal
creek system with a well-defined catchment area (area within dotted line); the star represents the
location of a sampling station at the mouth of the tidal creek where the fluxes in and out of the
catchment area can be determined. Data from Dittmar and Lara (2001a)
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important to monitor tidal fluxes of nutrients and organic matter at least over the
course of one day, and not only over one tidal cycle. Vertical stratification can be
strong in tidal creeks, which has to be properly addressed. Stratification can be tested
with CTD sensors (electric conductivity, temperature, and depth), and an adequate
water sampling strategy should be developed accordingly.

If the drainage area of a creek is well-defined, the net material and water fluxes
can be normalized to the specific drainage area to obtain area-normalized net-
exchange rates (Dittmar and Lara 2001a). It is important that below-ground connec-
tions between tidal creeks or creek connections through forest inundation at high
tide can be excluded (Fig. 12.2). Some studies applied artificial flumes to monitor
fluxes in mangroves. Rivera Monroy et al. (1995) and Romigh et al. (2006) used
an artificial 12-m flume to determine material exchange between a small area of
mangroves and a tidal creek in the Everglades (Florida). This approach is partic-
ularly advantageous if tidal creeks with well-defined flow channels and drainage
areas are absent. However, flumes usually drain smaller mangrove areas than nat-
ural creeks. Therefore, tidal signals in artificial flumes are usually less pronounced
than in creeks, which may cause larger methodological uncertainties.

A general drawback of all direct flux measurements is the fact that net-fluxes
have to be calculated as the difference between net-inflow and net-outflow. Poten-
tially large errors are introduced by the inaccuracy of flow and concentration mea-
surements (e.g., Kjerfve et al. 1981). Flow measurements have a relatively large
methodological uncertainty and the difference between in- and outflow can be sim-
ilar or less than the methodological error margin, in which case reliable net-fluxes
cannot be determined. Dittmar and Lara (2001a) introduced an approach to correct
for systematic uncertainties with help of salinity, assuming that the net balance of
salt over a tidal cycle is zero. The overall quality of material net flux estimates can
be assessed by the analysis of water balance asymmetries. Ideally, the water flux in
a tidal creek with a well-defined drainage area is balanced, i.e., the outflow of water
is equal to its inflow. The precision of flux estimates can be further tested during
major rain events. For instance, Dittmar and Lara (2001a) detected a net outflow of
36 mm·d−1 from a 2.2 km2 mangrove area in Brazil, which corresponded to a major
rain event of 34 mm·d−1 during flood. The method was therefore sensitive enough
to detect this water flux asymmetry caused by a rainwater pulse.

12.3 Tracing the Source of Organic Matter in the Water Column

12.3.1 General Remarks

Direct flux measurements as described in the previous section are essential for any
quantitative understanding of element fluxes in the coastal zone. The ultimate source
and the processing of organic matter and nutrients in the coastal zone, however,
remain often unclear. For instance, photochemical reactions in combination with
bacterial remineralization can remove terrigenous DOM from the water column
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(e.g., Dittmar et al. 2006) and release nutrients at the same time. These nutrients
can be taken up by phytoplankton in the estuary and are ultimately returned to the
DOM pool. In this case DOC and nutrient concentrations can show conservative
behavior, even though terrigenous DOM is replaced by planktonic DOM through
complex biogeochemical processes in the estuary. The identification of these pro-
cesses is essential for a full understanding of ecosystem functioning. Several natural
tracer techniques have been developed over the last decades that shed more light on
the origin and processing of estuarine organic matter. The different approaches that
have been successfully applied in tropical coastal systems will be discussed in the
following sub-sections.

An ideal tracer is specific for an organic matter source (species, vegetation type,
etc.) and is persistent enough to survive degradation processes on the time scale
considered. In addition, the most suitable tracer techniques also provide quantita-
tive information on degradation processes. Obviously, no single tracer technique can
provide all this information at the same time. In addition, all available biomarkers
are to some extent selectively degraded in comparison to the bulk organic material
and therefore are limited in quantitatively characterizing organic matter fluxes. The
large variety of different compound classes in fresh organic material is subject to dif-
ferent partitioning and decay mechanisms such as adsorption, photo- or microbial
degradation. For each type of organic molecule the reaction dynamics in these pro-
cesses are different. Some biomolecules are preserved for longer time scales but the
majority is degraded quickly, and most of the degradation products escape our ana-
lytical window (Hedges et al. 2000). To overcome these difficulties a combination
of different approaches can be used, each of which has its strength and drawbacks.

Bulk chemical information, such as optical properties, isotope ratios (e.g., δ13C),
or elemental composition (e.g., C/N ratios) can usually be determined on a larger
number of samples than molecular biomarkers. However, bulk parameters often lack
the specificity of biomarkers, and modifications in the course of degradation often
limit their quantitative application. Some of the molecular biomarkers are highly
source specific and organic matter from individual ecosystems or even species
can be traced in sediments and in the water column. The validation of chemical
approaches is often possible through comparison with microfossil analysis (e.g.,
pollen or foraminifera shells). Since this opportunity is not given in the dissolved
phase, the tracing of DOM fluxes is more challenging.

12.3.2 Optical Approaches

Due to the ease of operation, high sample throughput, and high sensitivity, UV-
visible and fluorescence spectroscopic techniques have been widely used to charac-
terize sources, degree of degradation, and transformation of DOM in many aquatic
environments (e.g., de Souza Sierra et al. 1994, Coble 1996, Lombardi and Jardim
1999, McKnight et al. 2001, Clark et al. 2002). The term CDOM represents the chro-
mophoric or optically active fraction of the DOM pool. The absorbance at 254 nm
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(A254) is often used as a quantitative measure for CDOM (e.g., Martin-Mousset et al.
1997, Jaffé et al. 2004), while the DOC-normalized absorbance (or Specific Ultra
violet Absorbance-SUVA) at 254 nm reflects the degree of aromaticity of the sam-
ple (Weishaar et al. 2003). Other optical parameters used to assess DOM quality
are the UV-Visible Index (A254/A436) and a related parameter, the exponential slope
(S). S can be estimated after applying a nonlinear exponential regression to the
UV-Vis absorbance spectrum (290–700 nm). These parameters have been success-
fully used to assess the source and transformation history of CDOM (e.g., Zepp and
Schlotzhauer 1981, Blough and Green 1995, Jaffé et al. 2004). For example, S val-
ues of about 0.012 nm−1 were reported for tropical rivers (Battin 1998) while brown
coastal waters and blue oligotrophic waters were characterized by values of 0.018
and 0.020 respectively (Blough et al. 1993). Thus, these parameters should be use-
ful in tracing DOM in coastal systems. However, limitations have been reported for
aquatic ecosystems with significant inputs of freshly leached, plant-derived DOM
(Jaffé et al. 2004) as such materials are susceptible to photobleaching (Scully et al.
2004) causing changes of the UV-Vis based indices.

Fluorescence-based optical properties are also commonly used to trace DOM
sources, in particular the maximum fluorescence emission wavelength (λmax) and
the Fluorescence Index (F.I.). The λmax value, determined at 313 nm excitation, has
been reported to be higher for terrestrially-derived DOM compared with marine-
derived DOM. λmax has been used to assess DOM source changes along estuar-
ine salinity gradients and on spatial and temporal scales (e.g., de Souza Sierra
et al. 1994, 1997, Jaffé et al. 2004, Maie et al. 2006a). Similarly, the F.I. as ini-
tially proposed by McKnight et al. (2001) is a fluorescence emission-based index
(f450/500) determined at 370 nm excitation. F.I. has been used to differentiate between
autochthonous and allochtonous CDOM in tropical rivers (Battin 1998), sub tropi-
cal wetlands (Lu et al. 2003) and estuaries (Jaffé et al. 2004, Maie et al. 2006a), and
for a variety of different bodies of water (McKnight et al. 2001, Jaffe et al. 2008).
The index is based on terrestrial and aquatic/microbial DOM end member values
reported as 1.4 and 1.9, respectively (McKnight et al. 2001). It has recently been
suggested that more consistent F.I. values can be obtained using f470/520 instead of
the originally proposed index as fluorescence values at these wavelengths are less
affected by analytical and instrument corrections (Cory and McKnight 2005, Maie
et al. 2006a, Jaffe et al. 2008).

A detailed study of DOM optical characteristics in estuaries of the Everglades
National Park (Jaffé et al. 2004) suggested that DOM was mainly derived from
freshwater marshes, mangrove forests, and marine organisms. Spatial data on the
F.I. (f450/500) and synchronous fluorescence (see below) showed clear differences in
DOM optical characteristics between the geomorphologically variable sub-regions.
Although bulk DOM concentration behaved conservatively in the estuaries of the
southwestern Florida Everglades (Clark et al. 2002), at salinities ≥30 there was
a clear change in the DOM fluorescence characteristics. This change suggested a
switch from allochtonous to autochthonous DOM, i.e., a change in the nature and
origin of the dominant organic matter, and not just a simple dilution of terrestrial
DOM (Jaffé et al. 2004).
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In addition to the optical methods described above, other fluorescence techniques
have been successfully applied for DOM source characterizations. Synchronous
excitation-emission fluorescence is a two-dimensional fluorescence method that has
been used in a variety of DOM studies (e.g., de Souza Sierra et al. 1994, Kalbitz
et al. 2000, Lu and Jaffé 2001, Lu et al. 2003). Synchronous fluorescence spec-
tra of DOM usually show the presence of four distinct, but broad peaks (Ferrari
and Mingazzini 1995, Lu et al. 2003) that can be assigned to: Peak-I polyphenolic
and/or proteinaceous materials, Peak-II compounds of two condensed ring systems,
Peak-III fulvic acids, and Peak-IV humic acids and other humic-like substances. As
such, synchronous fluorescence has the potential to discriminate between marine
and terrestrial DOM in estuaries. While it has been suggested that Peak I is indica-
tive of fresh, marine-derived, possibly protein-like DOM components in estuaries
(de Souza Sierra et al. 1994, Jaffé et al. 2004), it is important to keep in mind that
polyphenols (such as mangrove-derived tannins) may also produce a fluorescent
signal in this spectral region (Ferrari and Mingazzini 1995, Maie et al. 2007).

A higher spectral resolution compared with synchronous fluorescence can
be obtained using three-dimensional fluorescence, or excitation-emission-matrix
(EEM) fluorescence techniques (Fig. 12.3). These have been widely applied for
DOM source assessments, particularly in marine systems (e.g., Coble 1996, Del
Castillo et al. 2000, Marhaba et al. 2000, Kowalczuk et al. 2003, Yamashita and
Tanoue 2003). The presence of different EEM fluorescence maxima allows for the
characterization of DOM into humic-like, marine humic-like, and protein-like con-
tributions (e.g., Coble 1996, Coble et al. 1998, Parlanti et al. 2000). More recently,
this EEM ‘peak picking’ based technique was further refined for DOM tracing pur-
poses by incorporating parallel factor analysis (PARAFAC) for the statistical pro-
cessing of EEM data (Stedmon et al. 2003). The PARAFAC application can decon-

Fig. 12.3 Excitation emission florescence spectra (EEM) of two water samples from (a) open
water in Florida Bay and (b) within the Everglades mangrove swamp (R Jaffé et al. unpubl. data)
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Fig. 12.4 PARAFAC analysis of excitation emission matrix florescence spectra in the Florida
Everglades and adjacent coastal water distinguished between eleven DOM components, of which
two were most suited to distinguish allochthonous (terrestrial) DOM (dotted line, open circles)
from autochthonous (marine) DOM (black line, closed circles). The input of terrigenous DOM
during high flow conditions and autochthonous DOM during low flow conditions could be clearly
identified (modified from Jaffé et al. 2008)

volute the EEM spectra into individual DOM components which can be modeled
and quantified individually (Fig. 12.4). This statistical analysis avoids problems
with peak overlap and other analytical interferences, and thus leads to increased
resolution.

EEM-PARAFAC has now been applied to several DOM tracing studies including
watersheds and estuaries (Stedmon et al. 2003, Stedmon and Markager 2005, Hall
et al. 2005, Hall and Kenny 2007, Yamashita et al. 2008), in the assessment of
environmental redox conditions based on DOM characteristics (Fulton et al. 2004,
Cory and McKnight 2005), water quality assessment (Wang et al. 2007), DOM
in soils (Ohno and Bro 2006, Ohno et al. 2007), and laboratory simulation and
mesocosm experiments (Muller et al. 2005, Stedmon et al. 2007). For most reported
applications DOM components of terrestrial, microbial/marine, and of protein-like
origin were reported (Stedmon et al. 2003, Stedmon and Markager 2005). As such,
EEM-PARAFAC has an enormous potential to become the leading DOM tracer
method, once DOM endmembers are better characterized and a larger user base is
established.

Recent monitoring data for a sampling grid across Florida Bay using EEM-
PARAFAC resulted in the identification of eleven DOM components ranging in ori-
gin from terrestrial, to marine and protein-like. Some of these components showed
seasonal trends (Fig. 12.4; Jaffé et al. 2008), which were clearly controlled by a
combination of hydrological drivers, such as terrestrial CDOM inputs from the Ever-
glades freshwater marshes and fringe mangrove communities during the high water
discharge period (September–December), and by primary productivity, likely from
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the seagrass community, during the peak summer season (May–August). As such,
the application of CDOM optical properties in tropical and sub tropical ecosystems
with the objective of tracing organic matter sources has advanced our understanding
of DOM dynamics in these environmental settings, but many more such studies are
required to make significant strides in this field of biogeosciences.

12.3.3 Isotopic Approaches

Stable isotope measurements, in particular carbon and nitrogen, have often been
used to trace the fate of organic matter in aquatic environments and food webs. Like
molecular or optical tracer techniques, the stable isotope approach to trace element
transfers within the environment relies on different producers having distinct iso-
topic ratios. The lighter isotope has slightly higher reactivity in metabolic reactions
(Fry and Sherr 1984). 12C is preferentially incorporated into biomass during photo-
synthesis, leading to lower 13C/12C-ratios in plant tissue than in the initial inorganic
carbon. The exact isotope ratio in plant material depends mainly on the photosyn-
thetic mechanism and the source of inorganic carbon. Several primary producers
therefore exhibit different isotope ratios. C3-plants generally show lower 13C/12C-
ratios than C4-plants, and algae which assimilate dissolved inorganic carbon from
the water show different isotope fractionations during photosynthesis than terrestrial
plants (Fry and Sherr 1984). Decomposition often leads to isotope fractionation.
Isotopic fractionations caused by degradation are usually small compared with the
sharp isotopic differences between terrigenous and algal-derived organic matter in
coastal zones. Stable carbon isotope measurements were applied to trace mangrove-
derived detritus in coastal food webs or to study the dynamics of suspended and
dissolved organic carbon in mangrove environments (e.g., Rodelli et al. 1984,
Zieman et al. 1984, Lin et al. 1991, Hemminga et al. 1994, Primavera 1996, Dittmar
et al. 2006, Bouillon et al. 2007; see Chapter 3).

Stable carbon isotope ratios are usually expressed as δ13C relative to the Pee Dee
Belemnite (PDB) standard:

δ13C =
(

(12C/13C)sample

(12C/13C)PDB
− 1

)
× 1000 ‰

Typical δ13C in mangrove ecosystems are, for instance: detritus from mangrove
trees –28‰, seagrass: –11‰, and phytoplankton: –21‰. The actual δ13C values
in mangroves can deviate substantially from these approximate average values. For
instance, heterotrophic respiration cause significant isotopic fractionation, and phy-
toplankton in estuaries can be isotopically very light, because it often grows on
recycled carbon from terrestrial or aquatic sources (e.g., Peterson and Fry 1989).

The determination of δ13C in particulate samples is routinely performed with
isotope-ratio mass spectrometers (ir-MS) that are coupled to high-temperature com-
bustion units. The determination of δ13C in DOC is technically more challenging,
because a coupling between a liquid-phase combustion unit and ir-MS is commer-
cially not yet available. Dittmar et al. (2006, 2008) isolated DOM from seawater via
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solid-phase extraction (SPE). These DOM extracts are salt-free and can be freeze-
dried to obtain a powder that can be analyzed via conventional ir-MS. The disad-
vantage of this approach is that approximately half of DOM cannot be isolated via
SPE and thus escapes the analytical window. Recently, Bouillon et al. (2006) and
Beaupré et al. (2007) introduced new methods where conventional DOC oxidation
units were coupled to ir-MS to obtained δ13C on bulk DOC. Examples for the appli-
cation of this new technique are discussed in Chapter 3.

The parameter δ13C changes linearly with respect to 12C concentrations, but not
linearly with respect to total C (13C+ 12C) concentrations (Perdue and Koprivnjak
2007). However, because 13C contributes only about 1.1% to total carbon, it can be
assumed that δ13C represents total C (13C+ 12C), which facilitates the establishment
of linear mixing models. Because of the relatively large differences, most marine
sources can be distinguished from mangrove detritus with help of stable carbon
isotopes. For instance, based on a simple two-source mixing model Dittmar et al.
(2006) identified mangrove-derived DOM on the North Brazilian shelf (Fig. 12.5).
Rezende et al. (1990) proposed a high contribution of marine-derived organic matter
to total outwelling of POM from mangroves in Sepetiba Bay (Rio de Janeiro, Brazil)
and suggested that outwelling may be much less significant than expected by sim-
ple mass balance studies. In complex mangrove systems with multiple terrigenous
and marine sources, a single parameter model (δ13C) is not sufficient to distinguish
between all possible sources. In addition, only a broad classification of organic mat-
ter sources is possible on the basis of δ13C, e.g., different terrestrial C3-plants can
usually not be distinguished.

Multi-isotope approaches, in particular the combination of stable carbon (δ13C)
and stable nitrogen (δ15N) isotopes can help to differentiate multiple sources and
organic matter processing in tropical estuaries and their trophic systems (e.g., Pri-
mavera 1996, Marguillier et al. 1997). If the nitrogen concentration in a sample
is sufficiently high, δ13C and δ15N are simultaneously obtained through conven-
tional ir-MS. Techniques are also available for δ15N determination on inorganic
nitrogen species at natural-abundance levels (Sigman et al. 1997). δ15N is normal-
ized to atmospheric N2, thus freshly fixed nitrogen and synthetic fertilizers usually

Fig. 12.5 On the North Brazilian shelf, a two-source mixing model for marine and mangrove-
derived DOC could be established by using δ13C (modified after Dittmar et al. 2006)
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have δ15N close to 0‰. During the process of denitrification, δ15N of the remain-
ing organic matter increases sometimes to values beyond 30‰ in manure or septic
systems (e.g., Chang et al. 2002). δ15N can therefore be a good tracer for nitrogen
fixation/denitrification or anthropogenic impacts. However, in many tropical estu-
aries these processes occur simultaneously which blurs the isotopic signal and can
make the identification of a single biogeochemical process or the identification of
sources ambiguous.

There are relatively few estuarine isotope studies that have used other elements
than carbon and nitrogen. Stable sulfur isotopes (δ34S) have been used to further
clarify trophic relationships in tropical coastal systems (e.g., Hsieh et al. 2002, Con-
nolly et al. 2004). δ34S can also be a powerful tracer for organic matter from coastal
wetlands, because redox processes strongly fractionate sulfur isotopes. Dissimilia-
tory sulfate reduction causes enrichment of 32S in sulfide relative to the residual
sulfate, and the uptake of sulfide by marsh plants results in isotopically depleted
δ34S plant tissue. This fractionation caused well-defined sedimentary δ34S profiles
of organic matter and inorganic sulfur species in the Everglades, Florida (Bates et al.
1989).

Combinations of molecular biomarker distributions and compound-specific iso-
tope (δ13C) measurements using GC-ir-MS have also been successfully applied
to trace organic matter sources in fringe mangrove estuaries (Mead et al. 2005,
Hernandez et al. 2001). This technique offers enhanced resolving power compared
with either bulk δ13C determinations or biomarker analyses alone.

12.3.4 Molecular Approaches and Multiple-Source Mixing Models

Molecular tracer approaches can be analytically challenging, but some of them are
highly specific, and organic matter from different terrestrial ecosystems or even
species can be distinguished. It is possible to establish multiple-source mixing mod-
els through the combination of several tracers. For DOM, few molecular tracers
are established, and lignin is the only molecular tracer used thus far to trace DOM
in mangrove systems (Dittmar et al. 2001b). Lignin is unique for vascular plant
material and it is possible to distinguish vegetation types, e.g., woody angiosperms,
gymnosperms, or non-woody vascular plants (e.g., Hedges et al. 1986). Therefore,
it has been used to trace the fate and transport of terrestrial organic matter in rivers
and marine environments (e.g., Hedges and Ertel 1982, Ertel et al. 1984, Hedges
et al. 1986, Moran and Hodson 1994, Kattner et al. 1999, Maie et al. 2005). The
most commonly used analytical approach for lignin is the quantification of phenolic
subunits (Fig. 12.6) via gas or liquid chromatography after sample oxidation with
CuO. Some studies used thermochemolytical techniques (Maie et al. 2005). Either
method yields an array of several phenolic subunits, whose relative abundance can
be indicative for a specific source. Benner et al. (1990) found that lignin-derived
phenols are leached in considerable amount from mangrove leaves (Rhizophora
mangle). Mangrove-derived DOM is therefore rich in lignin.
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Fig. 12.6 The molecular structure of some lignin-derived phenols which were used to distin-
guish mangrove-derived DOM from other sources in a North Brazilian estuary (see Fig. 12.7), and
taraxerol which is indicative for mangrove detritus in sediments

Moran et al. (1991) traced DOM from a mangrove swamp ecosystem at the Berry
Islands (Bahamas) by analysis of dissolved lignin-derived phenols and naturally
fluorescing compounds. Dittmar et al. (2001b) established a three-source mixing
model for dissolved and suspended organic carbon in a North Brazilian mangrove-
fringed estuary (Fig. 12.7 ). This model uses different lignin-derived phenols and
stable carbon isotopes to quantitatively distinguish between mangrove, algae, and
riverine organic matter (Fig. 12.8 ). It is important to note that in contrast to δ13C
the use of phenolic ratios requires the establishment of non-linear mixing equations.
Dittmar et al. (2001b) also proposed a method for error propagation in three-source
models.

Fig. 12.7 Three-source mixing models to distinguish mangrove, algal-derived, and riverine par-
ticular and dissolved organic matter in a North Brazilian estuary (Dittmar et al. 2001b). For these
models, carbon-normalized lignin yields (Xlignin), δ13C, and the ratio of syringyl and vanillyl phe-
nols were used. Algal-derived organic matter does not contain lignin, and mangrove detritus has
a higher content of syringyl phenols than riverine organic matter (modified after Dittmar et al.
2001b)
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Fig. 12.8 The application of
the three-source mixing
model (see Fig. 12.7)
revealed a major contribution
of mangrove-derived DOM in
the mouth of a North
Brazilian estuary (modified
after Dittmar et al. 2001b)

In addition to lignin, amino acid enantiomers, neutral sugars, and amino sugars
can be analyzed on the molecular level. These tracers have been used mainly in
open ocean environments to trace the fate of planktonic DOM in the water column
(e.g., Dittmar et al. 2001a) but have also recently been applied to assess organic
matter sources in coastal wetlands and estuaries (Jones et al. 2005, Maie et al. 2005,
2006b). These tracers could be included in multiple-source mixing models in man-
grove systems to further improve current models. Most mangrove trees, in partic-
ular Rhizophora mangle, are rich in tannins (Hernes et al. 2001). Tannins are very
soluble in seawater and easily degrade in the water column. Tannins can strongly
sorb to sediments and react with organic nitrogen (Maie et al. 2007). Tannins thus
have the potential to be used as a highly specific tracer for labile mangrove-derived
DOM in the coastal zone. Recently, an analytical method for the molecular-level
determination of combustion-derived organic matter (‘black carbon’) in DOM was
presented (Dittmar 2008). Above-ground biomass frequently burns in the tropics,
whereas submerged vegetation (including vascular seagrasses) cannot burn. Black
carbon may therefore be a powerful molecular tool for source identification of DOM
and POM in coastal systems.

12.3.5 Molecular Fingerprinting Techniques

Molecular analyses of lignin phenols and other individual components can yield
valuable information on a molecular level, suitable to distinguish sources or pro-
cesses involved in the flux of organic matter. However, these analytical parame-
ters only represent structural subunits of the original molecules. Extensive research
efforts have been undertaken to unravel the molecular structure of the original



12 Tools for Studying Biogeochemical Connectivity 441

organic matter in order to identify new biomarkers and to improve our understand-
ing of bioavailability and preservation of organic matter.

Liquid chromatography (LC) and capillary electrophoresis have been used for
the separation and property determination of organic matter (e.g., Caron et al. 1996,
Frimmel 1998, Wu et al. 2003), in some cases in combination with mass spectrom-
etry (Reemtsma and These 2003, Schmitt-Kopplin and Kettrup 2003, Reemtsma
et al. 2006a, Dittmar et al. 2007) or nuclear magnetic resonance (Piccolo et al. 2002,
Simpson et al. 2004). Each of these techniques resulted in important chemical and
physico-chemical information on organic matter fractions such as polarity, size, or
functional environments. Size exclusion chromatography (SEC) coupled to online
carbon detection, absorbance, or fluorescence detection can yield information on
the molecular size and bulk functional properties of DOM from different sources
(Dittmar and Kattner 2003, Scully et al. 2004, Maie et al. 2007, Tzortziou et al.
2008).

The combination of chromatography and mass spectrometry takes advantage
of an additional layer of information. Although the resolution of conventional
mass spectrometers is not sufficient to separate all molecules in the organic matter
samples, the spectra still inherently reflect the overall composition of the samples.
Multivariate statistical methods such as cluster analysis, multi-dimensional scaling,
and principal component and discriminant analyses are suitable to evaluate and com-
pare mass spectra. Mass spectra in combination with appropriate statistics can yield
fingerprints for sources and transformation processes for organic matter in tropi-
cal and temperate coastal systems (e.g., Minor et al. 2002, Dittmar et al. 2007).
Photodegradation of pore water from a mangrove area in Northern Brazil, for exam-
ple, caused significant chemical alteration on a molecular level. The exported DOM
from the mangroves carried an unequivocal terrestrial δ13C signature and molecular
fingerprinting techniques revealed considerable photodegradation during transport
across the shelf (Dittmar et al. 2006, Dittmar et al. 2007).

Even by applying the most advanced separation techniques, the complexity of
DOM prevents unequivocal molecular and structural identification with conven-
tional spectroscopic detections or fragmentation experiments (Reemtsma 2001,
Mopper et al. 2007). Ultrahigh-resolution Fourier transform ion cyclotron reso-
nance mass spectrometry (FT-ICR-MS; e.g., Marshall et al. 1998) is an analytical
technique which opened a new analytical window and yielded extensive molecu-
lar information on the otherwise uncharacterizable fraction of organic matter. FT-
ICR-MS resolves thousands of individual molecules and provides molecular formu-
las for most of these molecules in complex organic mixtures such as oils (Schaub
et al. 2005), terrestrial humic substances (e.g., Kujawinski et al. 2002, Stenson et al.
2003), aerosols (Reemtsma et al. 2006b), marine organic matter (Koch et al. 2005b,
Hertkorn et al. 2006), and groundwater (Einsiedl et al. 2007). It allows for the dif-
ferentiation between the molecular composition of different organic matter sources
and specific processes (Kujawinski et al. 2004).

Figure 12.9 shows the effect of photodegradation on the molecular composition
of mangrove pore water determined by FT-ICR-MS. The sample extracts (isolated
through solid phase extraction) were directly injected by electrospray ionization
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Fig. 12.9 Positive mode electrospray ionization FT-ICR mass spectra of (a) mangrove pore water,
and (b) the same pore water after 14 days of sterile photodegradation. On the left side the m/z
range from 370 to 410 is displayed. The right part shows a close-up for the nominal mass 405 m/z.
From the exact masses molecular formulas can be calculated (B Koch et al. unpubl. data, Dittmar
et al. 2007)

into the FT-ICR mass spectrometer (Fig. 12.9). Ten thousand and more individual
masses can be resolved with this technique at a mass accuracy of <1 ppm. Molecular
formulas can then be calculated from the exact molecular masses. In order to visu-
ally represent the resulting numerous molecular formulas two types of diagrams are
commonly used (Fig. 12.10): (1) in the Kendrick plot the exact mass of a molecule
is normalized to the exact mass of a functional group such as CH2 (the ‘Kendrik
mass defect’, KMD). Therefore molecules which belong to the same homologous
series plot on horizontal lines (Kendrick 1963, Hughey et al. 2001, Stenson et al.
2003; Fig. 12.10a). (2) In the molecular van Krevelen diagram, molecular formulas
are plotted by their H/C versus O/C ratios (Kim et al. 2003; Fig. 12.10b). Each dot
in the van Krevelen diagram displays at least one molecular formula represented by
its molecular O/C and H/C ratio. Photodegradation of mangrove pore water resulted
in a general shift of the average KMD and in decreased O/C ratios and increased
H/C ratios.

While providing molecular information in unsurpassed detail, FT-ICR-MS has
so far provided little structural information on DOM (Stenson et al. 2003, Koch and
Dittmar 2006). In some cases, however, the molecular formula by itself (as pro-
vided by FT-ICR-MS) can provide structural information. For instance, hydrogen-
deficient molecules (‘black carbon’) that can only be derived from thermogenic
processes in Earth’s crust or from biomass burning were recently discovered in
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Fig. 12.10Kendrick plot (a) and van Krevelen diagram (b) for a mangrove pore water and a pho-
todegraded pore water (B Koch et al. unpubl. data, Dittmar et al. 2007). Photodegradation leads
to a relative decrease in oxygen and an increase in hydrogen representing decarboxylation and
dearomatization

riverine and marine DOM (Kim et al. 2004, Dittmar and Koch 2006). The aro-
maticity index (AI) which can be calculated from a molecular formula allows the
identification of combustion-derived aromatic or polyaromatic structures (Koch and
Dittmar 2006). A combination of reversed-phase chromatography with FT-ICR-MS
seems promising for a more detailed structural characterization and adds an addi-
tional dimension of information for the molecular-level characterization (Koch et al.
2008).

12.4 Tracing the Source of Organic Matter in Mangrove
and Coastal Sediments

The previous sections focused on dissolved and suspended organic matter in the
water column. Mangrove-derived DOM can be transported further offshore where
it is biogeochemically modified or mineralized. Although it has been observed that
suspended mangrove detritus can be transported as POC in mangrove-fringed rivers
(Jaffé et al. 2001) and across estuaries (Xu et al. 2006), most of it settles within or
in direct vicinity of the mangrove forests. In sediments, a wide array of different
biomarkers has been established. Contemporary research on the export of organic
matter from tropical coastal ecosystems to estuarine and coastal sediments applies
two general techniques: organic matter source identification by (1) microfossils and
(2) organic or inorganic chemical markers. Microfossils such as pollen and plank-
tonic shells yield species-specific information about primary producers and are often
applied for the identification of the sources of organic matter (e.g., Behling and da
Costa 2000, 2001, Cohen et al. 2005a, Cohen et al. 2005b, Scourse et al. 2005).
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However, both microfossils and molecular biomarkers are subject to selective degra-
dation and therefore are often not suitable to quantify the bulk organic-matter flux
into the sediments. Therefore, the quantification of the burial rate of organic matter
to coastal sediments is still an important aspect of contemporary research.

Molecular biomarkers in sediments allow the identification of sources and
degradation of sedimentary organic matter, especially when microfossils are not
preserved. Most compounds used as molecular biomarkers are assigned to the
compound class of lipids. Lipids are defined as compounds that are soluble in apo-
lar solvents and comprise a large variety of chemical classes. Their apolar char-
acteristics hinder microbial decay, an important reason for efficient organic matter
preservation in sediments. Lipids occur either in a free (e.g., in cuticular waxes of
mangrove leaves) or a bound form in the plant matrix. They are analytically eas-
ily accessible by solvent extraction (after saponification for bound lipids) and are
usually analyzed by gas chromatography and flame ionization or mass spectrometry
detection. After a rapid initial decay, the relative biomarker distributions can be pre-
served during diagenesis on time scales of several thousand years and are suitable
to identify mangrove remains in ancient sedimentary organic matter (Koch et al.
2003, Xu et al. 2007). Various isoprenoids are often used as chemotaxonomic trac-
ers to characterize sources of terrestrial, estuarine, and marine organic matter (e.g.,
Volkman 1986, Johns et al. 1994, Killops and Frewin 1994, Munoz et al. 1997,
Bianchi and Canuel 2001, Jaffé et al. 2001). Sterols or triterpenols occur in cutic-
ular waxes of terrestrial plants and can deliver species-specific information (e.g.,
Pant and Rastogi 1979, Das and Mahato 1983, Dodd et al. 1995, Wollenweber et al.
1999). Hopanoids are indicative of bacterial/cyanobacterial contributions to the sed-
imentary organic matter pool (e.g., Mfilinge et al. 2005, Volkman et al. 2007). Vari-
ous sterols can be used for the identification of organic matter from diatoms, green
algae, and dinoflagellates (Volkman et al. 1998, Volkman 2005).

In the subtropical region of South Florida, biomarkers have been used to selec-
tively distinguish mangrove-derived organic matter from other local sources such as
seagrasses and other higher plants from coastal wetlands (Jaffé et al. 2006, Xu et al.
2006). For example, the n-alkane based proxy Paq (C23+C25/C23+C25+C29+C30)
differentiated between mangrove and seagrass inputs. Mead et al. (2005) reported
that Paq values in emergent terrestrial plants (0.13–0.51), including mangroves,
were generally lower than those in marine submerged vegetation such as seagrass
(ca. 1.0). In addition, compound-specific δ13C values for the n-alkanes (C23 to
C31) were distinctively different for terrestrial emergent and freshwater/marine sub-
merged plants when compared with seagrass. While the Paq proxy has the potential
to assess organic matter inputs in complex ecosystems, it is not directly specific
to mangroves. The 3-hydroxy-triterpenoid taraxerol (see Fig. 12.6) was used as a
proxy especially for Rhizophora species (red mangrove) in coastal zones of northern
Brazil, Southwest Africa, Florida, and Japan (Koch et al. 2003, Versteegh et al. 2004,
Koch et al. 2005a, Scourse et al. 2005, Jaffé et al. 2006, Xu et al. 2006, Basyuni
et al. 2007, Xu et al. 2007) in the absence of other major vascular plant organic mat-
ter inputs. Although taraxerol is susceptible to microbial degradation (Koch et al.
2005a) and reactive to UV radiation by generating secondary derivatives under sim-
ulated sunlight exposure (Simoneit et al. 2009), it showed an overall stability in
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sediments. This stability makes it a suitable tracer for Rhizophora biomass on times
scales of more than one million years (Versteegh et al. 2004). However, many other
plant species are known to contain taraxerol and to contribute to coastal organic
matter (e.g., Volkman et al. 2000). Therefore, a combination of several triterpenoids
increases their reliability as chemotaxonomic tracers especially in relatively young
sediments (Koch et al. 2005a). A multi-proxy biomarker approach along a surface
sediment transect in the shallow Florida Bay estuary showed that the Paq values
significantly increased from nearshore to offshore (i.e., increase in seagrass-derived
organic matter). At the same time taraxerol substantially decreased (decrease in
mangrove-derived organic matter), suggesting a clear spatial variation of organic
matter sources throughout this ecosystem (Fig. 12.11; Xu et al. 2006). Generally, the
sites in the northeast contained mixed organic matter sources of both mangrove- and
seagrass-derived organic matter, while the sites in Central and Southwest Florida
Bay were strongly dominated by seagrass-derived organic matter.

Similarly, temporal and spatial variations in the composition of POM from
Florida Bay were examined (Xu and Jaffé 2007). While plankton sources to POM
were suggested as a bay-wide phenomenon, several biomarker proxies including
Paq and taraxerol indicated a spatial shift in sources: mangrove-derived organic
matter rapidly decreased, while seagrass and microbial organic matter markedly
increased along a northeastern to southwestern transect. These patterns followed
the vegetation distribution and transport patterns in this region. On a temporal
scale, POM collected during the dry season was enriched in terrestrial mangrove-
derived constituents relative to the wet season. This enrichment is likely a result of
reduced primary productivity of planktonic species and seagrasses during the dry
season.

Taraxerol has also been applied to assess recent historical changes (ca. 160 yrs) in
the environmental conditions of Florida Bay (Xu et al. 2007). The most significant
environmental changes were recorded as oscillations in the amplitude and frequency
of biomarkers during the 20th century. A substantial rise in abundance of taraxe-
rol in the 1980s was likely a result of increased mangrove primary productivity
along the shore of Northeast Florida Bay, stemming from hydrological alterations
in South Florida. In a recent study (Fig. 12.12) two sediment cores from Florida
Bay were examined for biomarker distributions covering a time period of approxi-
mately the last 4,000 years. Taraxerol combined with Paq revealed the sedimentary
environmental changes from freshwater marshes to mangrove swamps and then to a

Fig. 12.11 Distribution of the
Paq and taraxerol
concentrations along a
NE—SW transect for surface
sediments in Florida Bay,
USA (adapted from Xu et al.
2006)
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Fig. 12.12 Depth profile of
Paq distribution and taraxerol
concentration for a ca.
4,000 yr sediment core from
Florida Bay, USA. Bottom of
the core (>150 cm) is peat
(Y Xu and R Jaffé unpubl.
data)

seagrass-dominated marine ecosystem, likely as a result of sea level rise in Florida
Bay since the Holocene. Thus, taraxerol is an excellent tracer of mangrove-derived
organic matter in coastal environments over a wide range of time scales.

12.5 Conclusions

To understand ecosystem functioning in coastal zones it is essential to identify the
main pathways and the magnitude of nutrient and organic matter fluxes. Probably
the most straightforward approach that requires least technological efforts is the
establishment of estuarine mixing models with help of salinity (Section 12.2). Estu-
arine source and sink terms can be quantified with these models, and most input
parameters can be obtained through routine analytical techniques that are part of
most estuarine monitoring programs. For successful application of these models it is
essential to have sufficient spatial and temporal sampling density to distinguish sys-
tematic changes in concentration (as a function of salinity) from localized features
in the estuary. Estuarine-scale studies provide information on a relatively large scale.
Processes within individual ecosystems, however, remain often unknown. Flux stud-
ies in tidal creeks or artificial flumes yield data on the exchange of nutrients and
other aquatic constituents on the scale of small tidal drainage areas, ranging from
few m2 to several km2. The precise determination of water discharge can be a chal-
lenging task in complex tidal environments. The recent advent of modern acoustic
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Doppler current profilers (ADCP) for shallow water will make this approach more
straightforward and precise in future studies.

To assess the potential impact of organic matter fluxes on estuarine and coastal
productivity it is important to identify the source and bioavailability of organic
matter (Section 12.3). Plankton-derived organic matter is often more bioavailable
than the more refractory humic substances produced in mangrove sediments. The
sources of organic matter can be distinguished with help of stable isotopes (Section
12.3.3). Several techniques have also been developed to trace the source of DOM
in coastal zones through optical analyses of DOM, in particular fluorescence and
absorbance spectroscopy (Section 12.3.2). Optical and isotopic analyses can be rou-
tinely performed on a relatively large number of samples, but often lack the speci-
ficity to identify the contribution of individual ecosystem components. For instance,
mangrove-derived DOM is similar to most riverine DOM in terms of optical and
isotopic properties.

Molecular-level analyses can provide more detailed information on source and
turnover of organic matter, but most techniques require large analytical efforts and
are often not practical for routine studies on a large number of samples. Through the
combination of molecular lignin and stable carbon isotope analyses, three-source
mixing models can be established to distinguish mangrove from aquatic and river-
ine organic matter sources (Section 12.3.4). Aside from lignin, a number of addi-
tional molecular tracers are available which may prove helpful in future studies.
Recent advances in ultra-high resolution mass spectrometry now allow the separa-
tion of thousands of individual molecules in any complex organic matter sample.
This emerging technique has already provided very detailed molecular fingerprints
of DOM in mangrove-fringed estuaries and may lead to major advances in coastal
biogeochemistry (Section 12.3.5). In sediments, a number of very specific lipid
molecular biomarkers are available. In particular in combination with microfos-
sil analysis (e.g., pollens), the analysis of lipid biomarkers in sediment cores is a
powerful tool that allows the reconstruction of coastal vegetation on geological and
historic time-scales (Section 12.4).
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Chapter 13
Tools for Studying Biological Marine Ecosystem
Interactions—Natural and Artificial Tags

Bronwyn M. Gillanders

Abstract Determining connectivity of organisms is difficult especially for early
life history stages (larvae and juveniles). Fortunately, a variety of natural and arti-
ficial tags, some of which date back to the 1600’s, have been developed to help
address the issues of movement. Over the years a vast literature on tagging has
emerged, of which I provide an updated review. In this chapter, I discuss five broad
areas of tagging (external tags, external marks, internal tags, telemetry, and natu-
ral tags) and provide additional information on genetic and chemical methods. For
each method I highlight their advantages and disadvantages, and provide examples,
where possible, of connectivity among tropical coastal ecosystems. Advances in
many of the methodologies are expected to continue, and future studies should con-
sider combining more than one approach especially where natural tags are utilized.

Keywords Acoustic tagging · Otolith chemistry · Stable isotopes · Natural
tag · Genetics

13.1 Introduction

The degree of connectivity among aquatic populations in tropical systems is largely
unknown for many species. Connectivity of organisms is determined by the disper-
sal abilities of adults, as well as their eggs and larvae. Almost all coral reef fish have
a two phase life cycle where larvae are planktonic (Leis 1991) and therefore are
potentially capable of considerable dispersal, whereas adults are relatively seden-
tary and demersal. In addition, many species also show spatially segregated juvenile
and adult habitats separated by distances of a few meters to hundreds of kilometers
(Gillanders et al. 2003). Populations can therefore be linked by exchange of larvae,
recruits, juveniles, and/or adults (Palumbi 2004). Although knowledge of the extent
to which fish move, the habitats they utilize, and the connectedness of populations
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is critical for effective fisheries management and conservation, it has been difficult
to quantify.

For a few species direct observations of larval or juvenile movement have been
made (e.g., Olson and McPherson 1987). Generally, though, it is difficult to obtain
information on population connectivity from direct observation (because the time
scale is too short), and therefore it is necessary to employ a mark or tag. A mark is
generally considered anything used for recognition purposes that is external, inter-
nal, or incorporated into the integument of the organism, whereas a tag generally
contains specific identification information and can be attached externally or inter-
nally (Guy et al. 1996). The two terms have however been used interchangeably in
the literature.

Thorrold et al. (2002) lists four key elements for a successful tagging method
in marine environments. First, marked individuals must be able to be unambigu-
ously identified some time after tagging which requires that the tag be retained
for a length of time appropriate for the temporal scale of the study. For example,
Levin et al. (1993) were interested in tracking dispersal of invertebrates over a tidal
cycle (6–24 h) and so a short-term tag was suitable. By comparison, Jones et al.
(2005) were interested in determining settlement of coral reef fish after the mark-
ing of embryos and therefore the minimum time that the tag needed to be retained
for was 15–19 days (i.e., the length of the larval period plus the period prior to
hatching). Second, the behavior, growth, and survival of tagged individuals should
not differ from those of the untagged population. Tagged organisms should not be
more susceptible to predation (in latter sections, I highlight studies testing whether
tagging affects behavior, growth, and survival). Malone et al. (1999) showed that
juvenile fish tagged with fluorescent visual implant elastomer tags were no more
susceptible to predation than non tagged fish. Third, the tagging method needs to
be able to mark large numbers of the study organism in a cost-effective manner
due to dilution effects resulting from mortality of early life history stages. To date,
most studies have focused on directly marking either the larval or juvenile stage,
and only recently has the potential for transgenerational marking been investigated
(see Thorrold et al. 2006, Almany et al. 2007). Transgenerational marking offers the
ability to mark tens of thousands of offspring from a single maternal injection (see
chemical marks). Finally, because of dilution effects in the population with tagged
individuals generally forming a small proportion of all individuals, methods of
detection need to be quick and inexpensive. Many of the individuals being screened
for a tag may be unmarked individuals. Simple methods that alert researchers to a
tagged individual (e.g., removal of adipose fin as in salmonid tagging) are needed.
This then allows fewer individuals to be examined in greater detail (e.g., for a coded
wire tag that provides additional information once the code is deciphered) and may
be more cost effective than a single tag.

The earliest tagging records are from brown trout in European streams, and date
back to the 1600’s (Nielsen 1992). At this time wool threads were tied around the
tails of fish (Nielsen 1992). Since then the methods available for studying movement
and migration of organisms have expanded greatly and become more sophisticated.
An enormous literature on tagging (>120,000 peer-reviewed journal articles listed
on CSA Illumina up to 2008 for a search combining tag and invertebrate or fish)
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exists including several recent reviews (e.g., Thorrold et al. 2002, Elsdon and
Gillanders 2003a, Semmens et al. 2007, Elsdon et al. 2008). Broadly speaking,
these methods can be grouped into five broad categories encompassing external
tags, external marks, internal tags, telemetry, and natural marks. However, both
genetic identification and marking, and chemical marking may encompass both nat-
ural marks and internal tags and therefore I have devoted separate sections to each
of these approaches. Below, I briefly explain each of the methods and then provide
examples of studies which have used the various methods to show population con-
nectivity. My focus is generally on examples from tropical coastal ecosystems, but
temperate examples are provided when little published literature exists for tropical
systems.

13.2 External Tags

External tags have been used for group and individual identification, and are gen-
erally attached to the animal in one of three ways: transbody tags, dart-style tags,
and internal-anchor tags (Nielsen 1992). Briefly, transbody tags protrude through
both sides of the animal’s body, whereas dart-style and internal-anchor tags only
protrude through one side of the animal’s body. Transbody tags generally include a
shaft that passes through the animal’s body and is enlarged on both ends to prevent
the tag from coming off (Nielsen 1992). Dart-style tags include a protruding shaft
and embedded within the animal’s body is an anchor that prevents removal of the
tag (e.g., dart or T-bar tags, Nielsen 1992) (Fig. 13.1). Internal-anchor tags are sim-
ilar to dart-style tags, but the anchoring device is usually a flat disc lying against the
inside wall of the fish’s body cavity. Identifying information is then found on the
protruding part of the tag.

External tags are inexpensive, easily visible, and widely used. However, they
are generally restricted to large juvenile and often adult organisms and a critical
assumption is that the tag and tagging process do not influence the animal in any
way (Nielsen 1992) (see Table 13.1). They can enable individual recognition of
organisms, but also require individual handling.

Fig. 13.1 Photo of dart and T-bar tags (external tags), and PIT tag (internal tag)
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Several studies have investigated the degree of movement between different habi-
tat types using external tags. Transbody tags (comprising monofilament line and col-
ored beads) were used as short-term tags on juveniles and subadults of three species
of Caribbean reef fish (Haemulon flavolineatum, Haemulon sciurus, and Lutjanus
apodus) (Verweij and Nagelkerken 2007, Verweij et al. 2007) and two species
(Lutjanus fulviflamma and Lutjanus ehrenbergii) of African reef fish (Dorenbosch
et al. 2004). Dart style tags (Floy tags) were also used on Lutjanus apodus (Verweij
et al. 2007). Tagging mortality was low [11/12 (92%) fish survived]; however, within
two weeks 17% of tagged fish (2 out of 12) had lost their external tag (Verweij and
Nagelkerken 2007). After six weeks most fish had either lost their tags or algal
fouling prevented recognition of the tags (Verweij et al. 2007). These studies did,
however, provide direct evidence of connectivity between mangrove/seagrass habi-
tats (juvenile areas) and the adult coral reef habitat, or between mangrove/rocky
shoreline and seagrass beds for feeding. Overall, high fidelity to small spatial areas
was found for all species. Burke (1995) used small, glowing Cyalume light sticks
sutured to the dorsal musculature of fish to investigate their nocturnal foraging
habitats.

Sumpton et al. (2003) also investigated localized movement of snapper (Pagrus
auratus) in a large subtropical embayment (Queensland, Australia) and the contri-
bution of juvenile to offshore populations by tagging fish with anchor and dart tags.
They found that most snapper movements were localized (about 1% of movements
exceeded 100 km) and few fish (4 out of 2,500 tagged) moved out of the bay sug-
gesting that the bay was not a significant contributor to the offshore fishery.

13.3 External Marks

An external mark alters an animal’s appearance so that it is identifiable (Nielsen
1992). External marks comprise three major techniques: fin clipping, branding, and
pigment marking. Fin clipping involves removing all or part of one or more fins
from a fish’s body, whereas branding involves scarring the skin tissue in a distinctive
pattern, and pigment marking involves embedding inert colored material beneath the
animal’s skin or exoskeleton (e.g., tattooing, latex injection, fluorescent marking;
Nielsen 1992). External marking methods are usually used to identify a few groups
of organisms (e.g., distinguish hatchery-raised fish from wild fish) rather than lots
of individuals (Table 13.1).

Several studies have used freeze branding (where cold temperatures are used to
scar the skin tissue in a distinctive pattern) to mark adult coral reef fish largely to
determine movement across boundaries of marine protected areas or to estimate
population size (Zeller and Russ 1998, 2000; Fig. 13.2). In general, hot and freeze
branding methods are considered harmful to juveniles (but see Saura 1996). Marks
can last several years, devices for marking are relatively simple and inexpensive to
construct and large numbers can be marked (Hargreaves 1992, Saura 1996).

Fin clipping has been widely practiced on salmonids (adipose fin is removed)
often in conjunction with the insertion of a coded wire tag (see below) (van der
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(a) (b)

Fig. 13.2 Photos of freeze branding a coral trout (Plectropomus leopardus) (a) and a freeze-
branded fish in situ (b). Photo credits: Dirk Zeller (a) and Roger Grace (b)

Haegen et al. 2005). Some studies report lower survival from fin clips (Wertheimer
et al. 2002) while others found no differences in survival or growth (Thompson
et al. 2005) suggesting an evaluation on a species by species basis may be required.
A study of protogynous parrotfish Sparisoma viride on a fringing reef on Bonaire
(Netherlands Antilles) found no affect of fin clipping on growth (van Rooij et al.
1995). This study focused on growth of different life phases rather than connectivity.
I am not aware of any coral reef studies that have used this methodology for marking
individuals to determine connectivity.

Various pigment marking techniques have been employed on fish. Ogden and
Ehrlich (1977) used an air blast gun to mass-mark 100–200 French grunts by forc-
ing fluorescent pigment granules into the epidermis. Although the pigment was not
detectable to the naked eye because most of the pigment on the surface sloughed off,
it was easily seen using ultraviolet light in the dark. Pigment was retained for up to
two months, and little mortality was found. Experiments showed that juvenile grunts
were capable of moving kilometers to return to home reefs (Ogden and Ehrlich
1977). More recently, Hayes et al. (2000) investigated the use of high-pressure injec-
tion of photonic (polymethylacrylate paint fluorescent pigment encapsulated in latex
microspheres) paint to mark adult salmon. Marks to the pectoral girdle had no addi-
tional affect on mortality, were easy to apply and identify, and were retained for up
to 45 days. In addition, tattoos are another form of pigment marking and have been
used for individual recognition.

13.4 Internal Tags

Internal tags are tags completely embedded in the animal’s body (Table 13.1). Over
the years internal tags have become smaller and smaller (Nielsen 1992). The most
commonly used is the coded wire tag (CWT), which is a tiny piece of magnetized,
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thin wire injected into the animal. Tags are detected using magnetic detectors (either
manual or automatic) and the etched code read under a microscope. Several other
types of internal tags are also available, namely passive integrated transponder
(PIT) and visible implant (VI) tags. More recently, Northwest Marine Technol-
ogy (http://www.nmt.us/index.htm) has manufactured the visual implant elastomer
(VIE) tags. VIE tags are injected internally but are visible externally, and are gener-
ally used for batch marking.

Coded wire tags are widely used on salmonids in the USA. Many hatchery-reared
salmonids are tagged with CWT on release to rivers, enabling their origins to be
determined when they are recaptured as either juveniles or adults at sea (Courtney
et al. 2000). Several studies have used CWT’s on coral reef fish, although the pri-
mary purpose of the study was not always an investigation of movement. Beuk-
ers et al. (1995) showed that retention rates of CWT (and VIE tags) were high for
two size classes of coral reef fish (100% for 10–20 mm juveniles and 80–100% for
30–40 mm adults), and that survivorship and growth were not influenced by tagging.
These tags (along with VI and VI fluorescent tags) also showed good retention rates
(>90%) for several species of temperate reef fish (Buckley et al. 1994). CWT’s have
also been used for tagging juveniles of invertebrates (e.g., clam, Lim and Sakurai
1999; lobster, Sharp et al. 2000; shrimp, Kneib and Huggler 2001; crabs, Davis et al.
2004; mussels, Layzer and Heinricher 2004; holothurians, Purcell et al. 2006b). In
a coral reef application, Verweij and Nagelkerken (2007) tagged 1,114 Haemulon
flavolineatum with CWT’s, but only 4.6% were recaptured after 163–425 days at lib-
erty. Reef-directed movements were found for two individuals suggesting that some
H. flavolineatum may move from bay nurseries to coral reefs at latter life history
stages.

PIT tags are electromagnetically coded tags injected under the skin of various
animals (Figs. 13.1, 13.3). They are relatively small (12 mm long x 2 mm diameter),
inexpensive, and allow individual identification of organisms. PIT detection systems
containing a magnetic field energizer, radio receiver, and processor are required for
detection of the tag. These systems require the tagged organism to pass close by the
detector for the animal to be identified. A range of different readers are possible,
including portable tag readers, electronic gates (e.g., fishways), or flat-bed anten-
nae (Semmens et al. 2007). PIT tags have been used in a wide range of studies of
fish habitat use and movement primarily in freshwater systems (e.g., Ombredane
et al. 1998, Das Mahapatra et al. 2001, Knaepkens et al. 2007). On coral reefs,
McCormick and Smith (2004) used PIT tags to quantify small-scale space use of
Pomacentrus amboinensis. They found that females showed strong periodicity in
visits to male nests.

Visible implant tags are small (2–4 mm long, 0.5–2 mm diameter, 0.1 mm thick)
with a printed alphanumeric code allowing for individual identification of animals.
They are often implanted into sites on the head of fish (e.g., adipose tissue of
salmonids) and a key advantage is that they can be read in situ. These tags are
generally not suitable for very small fish and the readability of the tag may decrease
over time as pigmentation of the fish occurs. Although they have been implanted
into fish, these have not to my knowledge included coral reef species.
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(a) (b)

Fig. 13.3 Photos showing (a) tagging of a common snook (Centropomus undecimalis) with a PIT
tag (arrow), and (b) an electronic gate (white arrows) in a mangrove creek for monitoring passing
PIT-tagged fish. Note also a hand-held receiver to the right of the fish being tagged (a). Photo
credit: Ivan Nagelkerken

Visible implant elastomer tags are made from a two part silicon based material
that is injected as a liquid and cures into a solid. It is available in both fluorescent and
non fluorescent colors and has been successfully used to tag small (8–56 mm) coral
reef fish (Beukers et al. 1995, Frederick 1997a, Tupper 2007). A number of studies
have investigated tag retention and effects on growth and survival, but few studies
have used VIE tagged fish to address ecological questions. Recently-settled coral
reef fish tagged with VIE tags were observed to move, over bare sand, a distance
of up to 100 m (Frederick 1997b). Tupper (2007) found no movement of Cheili-
nus undulatus for three months after settlement, but then found that fish moved an
average of 90–106 m, depending on the site they were tagged at, over the next three
months. Plectropomus areolatus moved to deeper water, generally covering over
300 m, soon after settlement (Tupper 2007). Several non coral reef studies have
used VIE tagged individuals to investigate site fidelity (Willis et al. 2001, Skinner
et al. 2005).

13.5 Telemetry

Several types of electronic devices with either a unique code or frequency can be
implanted or attached to the animal. As the animal swims around, the code or fre-
quency is transmitted to a receiver, along with environmental information in some
cases (Voegeli et al. 2001, Heupel et al. 2006, Semmens et al. 2007). Two types of
telemetry methods (acoustic telemetry and archival tags) are referred to below, but
at present are only suitable for larger individuals (see Table 13.1).

Acoustic telemetry involves tagging an organism with a high-frequency trans-
mitter that can be heard by a mobile or fixed hydrophone linked to a receiver. Either
a presence/absence record, a geographical position, or the relative direction of the
animal is obtained. Tags are typically quite large (15 mm and 0.5 g in water, Vemco,
Halifax, Canada, www.vemco.com) potentially limiting their applicability, but the
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technology is improving at such a rate that tags are continually getting smaller
and smaller. Additional issues include the cost of tags and the receiving equip-
ment, which are expensive. Advantages include that individuals do not need to be
recaptured to obtain movement information, and considerably more information is
obtained than just capture and recapture position (Table 13.1). For example, local
movement patterns including territory and home range size can be obtained.

Szedlmayer and Able (1993) used acoustic transmitters (37 x 16 mm cylinders)
to estimate residence time and movements of juvenile summer flounder Paralichthys
dentatus in a subtidal creek. All tagged fish eventually moved out of the creek and it
was suggested that this was part of a seasonal migration to the adult habitat. Several
coral reef studies have also used acoustic telemetry to address questions related
to movement and activity patterns largely in relation to movement in and out of
marine protected areas (Tulevech and Recksiek 1994, Zeller 1998, Zeller and Russ
1998, Zeller 1999). These coral reef studies all focused on larger fish (>30 cm fork
length). More recently, Beets et al. (2003) tagged two species of reef fish with sonic
tags and noted migrations into seagrass habitats from reef habitats (87–767 m).

Archival tags record and store information including light intensity (to estimate
position), and pressure (to estimate depth), as well as water and body temperature
(Arnold and Dewar 2001). The major disadvantage of archival tags is that they
have to be recovered to download the data, although the recovery issue is contin-
ually improving with pop-up archival transmitting (PAT) tags (Wildlife comput-
ers, Washington, USA, www.wildlifecomputers.com) and communicating history
acoustic transponder (CHAT) tags (Vemco); the latter download their data, and in
the case of ‘business card’ tags the data from other tags encountered along the way,
to moored or mobile acoustic receivers (see Table 13.1, Fig. 13.4). Unfortunately,
the tags are currently quite large (30–80 mm) and relatively expensive, limiting their
widespread use in connectivity studies. Tag sizes should weigh less than 1.5–2% of
the tagged animal’s body weight in water (Nielsen 1992). To date, archival tags have
primarily been used to investigate behavior and migration of sharks and large fish
(e.g., marlin, swordfish, tuna; Gunn et al. 2003, Takahashi et al. 2003, Prince et al.
2005, Schaefer et al. 2007). With continued miniaturization of electronic compo-
nents, telemetry may offer a viable alternative to other artificial tagging methods for
very small organisms (Sibert and Nielsen 2001).

(a) (b) (c)

Fig. 13.4 Photos of pop-up archival transmitting tag (a), tagging a whale shark (b), and a PAT tag
on a whale shark in situ (c). Photo credits: Steve Wilson (a) and Cary McLean (b and c)
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13.6 Natural Marks

Rather than use of artificial marks and tags, researchers have investigated whether
natural marks can be used to identify animals. Natural marks can be broadly grouped
into five key areas: morphometric marks (shape, color, or markings of body fea-
tures), meristic marks (intraspecific differences in numbers of repeated tissue fea-
tures such as gill rakers or fin rays), parasitic marks (presence/absence of parasites
in animals from different areas or in genetics of parasites among areas), chemical
marks (differences in chemical composition of animal tissue), and genetic mark-
ing. Chemical marks and genetic marks will not be discussed in this section as they
are discussed latter in this chapter (see Sections 13.7 and 13.8). Several studies
have used natural marks to distinguish individuals (Grimes et al. 1986, Connell and
Jones 1991, Wilson et al. 2006; Fig. 13.5), and at least one study has used the size
of individuals to determine origins of larvae (Gaines and Bertness 1992). This latter
application was possible because bay larvae were substantially larger than larvae
that developed over the continental shelf such that larvae flushed from the bay could
be distinguished at coastal sites (Gaines and Bertness 1992).

These methods all require similar basic steps. First, it is necessary to obtain struc-
tures or information from organisms of known origin (e.g., from fish collected from
different locations) and ensure that differences exist between groups. Second, vali-
dation of the mark’s reliability is required. Frequently, this is done using the same
group of organisms as used to determine whether differences among groups occur;
however, in an ideal situation additional organisms should be collected for valida-
tion and assigned to groups to determine potential error rates of assignment. Third,
structures or information from organisms of unknown origin can now be used to
assign fish to different groups and thereby determine potential connectivity. How-
ever, it is important to remember that an assumption of these and some other tag-
ging techniques is that all potential source populations have been characterized (see
Gillanders 2005b).

Fig. 13.5 Photo of barracuda
(Sphyraena barracuda)
showing natural markings.
Photo credit: Shaun Wilson
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In reality, morphometric and meristic marks are unlikely to be useful for inves-
tigating connectivity between tropical coastal ecosystems except in unusual situa-
tions. Parasitic marks are also likely to have limited utility, but have been used to
detect movement from estuary to adult habitat and determine relative stock composi-
tion (Olson and Pratt 1973, Moles et al. 1990). Frequencies of infection of the brain
parasite Myxobolus neurobius were used to determine stock composition of sock-
eye salmon since individuals from southeast Alaska showed high infection rates
(> 85%) and Canadian stocks showed low infection rates (<10%) (Moles et al.
1990). In a separate study, Olson and Pratt (1973) found that certain parasites (e.g.,
the acanthocephalan Echinorhynchus lageniformis) were acquired by English sole
Pleuronectes vetulusonly while in the estuary and not whilst offshore. The inci-
dence of infection in estuarine fish before emigration was similar to the incidence
in 0-group fish collected offshore after emigration, suggesting that there was little
or no influx of young from potential non-estuarine habitats (Olson and Pratt 1973).

Several coral reef studies have suggested that parasites may also be useful for
indicating limited small-scale movement (Grutter 1998, Cribb et al. 2000). For
example, monogeneans (Benedenia sp.) were in significantly greater abundance
on Hemigymnus melapterus (Labridae) from the reef flat than the reef slope at
Heron Island (Great Barrier Reef, Australia) suggesting that these fish do not move
between the two habitats, which are separated by only a few hundred meters (Grutter
1998).

For parasites to be used to determine connectivity among tropical coastal
ecosystems the parasite would need to affect young fish in the juvenile habitat (e.g.,
seagrass or mangroves), but the adults in the coral reef habitat should not be suscep-
tible to further infection. The parasite infection would also need to be maintained
for a sufficient period once the fish has moved to the adult habitat such that fish
which have moved could be detected (see Williams et al. 1992, and MacKenzie and
Abaunza 1998, for more details). Another possibility is to investigate whether there
are differences in the genetics of the parasites of individuals in different areas (see
also Criscione et al. 2006, Nieberding and Olivieri 2007).

13.7 Genetic Identification and Marking

Molecular genetic methods can be used to estimate migration rates of individuals
between and among populations. Genetic approaches tend to focus on longer time
scales (102–103 generations rather than a single generation as in otolith chemistry
(see below) and can be biased toward rare mixing events (Becker et al. 2007, Craig
et al. 2007, but see Palumbi 2004). However, genetic methods are the only method
that can measure effective dispersal between populations since it can determine
those individuals that survive and breed after dispersal to a new population (Purcell
et al. 2006a). Marine population genetics needs to be able to distinguish between
evolutionarily significant gene flow and demographically relevant migration (Marko
et al. 2007).
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Early genetic methods using allozymes and mitochondrial DNA showed mixed
success in resolving genetic structure. More sensitive genetic markers (e.g., nuclear
DNA) and more powerful analytical tools are now being utilized. Microsatellites,
introns, randomly amplified polymorphic DNA, and restriction fragment length
polymorphisms (RFLPs) often reveal high levels of diversity when allozymes and
mtDNA show relatively little variation (Davies et al. 1999). Early statistical proce-
dures were developed for fisheries management and involved determining the com-
position of the catch via mixed stock analysis (MSA) (Davies et al. 1999). MSA uses
a maximum likelihood approach, focuses at the population level and determines the
combination of potential source populations in a sample based on populations being
defined a priori. Such analyses are likely to miss individuals with an unusual origin
(Davies et al. 1999). Assignment tests use genetic information to assign individuals
or populations to different sources and assess dispersal among populations (Waser
and Strobeck 1998, Davies et al. 1999, Manel et al. 2005). Two basic approaches
have been taken: one involving classification where individuals are assigned to a
priori groups and the other involving clustering where categories are not predefined
(Manel et al. 2005).

Microsatellite markers have been used to estimate connectivity among popula-
tions using three main methods: (1) indirect estimates of migration based on the
level of differentiation between populations; (2) direct estimates of migration based
on assigning individuals to source populations; (3) using genes as natural tags (e.g.,
parentage analysis) (Carmen and Ablan 2006).

The majority of genetic studies report indirect estimates of connectivity among
populations (see Hellberg et al. 2002 for a review), for example, FST statistics or
analogs (e.g., Fauvelot and Planes 2002, Planes and Fauvelot 2002, Lessios et al.
2003, Dorenbosch et al. 2006, Costantini et al. 2007, Fauvelot et al. 2007, Haney
et al. 2007). FST values show the extent to which populations differ from one another,
or the level of inbreeding within populations, and can be used to estimate the number
of migrants per generation (Nm) (Hartl and Clark 1997). Levels of exchange among
populations are used to indicate the extent of connectivity between populations such
that greater differentiation reflects low levels of exchange and little differentiation
reflects high levels of exchange (Fig. 13.6). Indirect estimates are often based on
simplified, unrealistic population models and there can be large variances associated
with the estimates (Paetkau et al. 2004). In addition, estimates of Nm reflect long-
term dispersal rates and focus at the population rather than individual level (Paetkau
et al. 2004).

Direct estimates of gene flow can be obtained from individual-based informa-
tion on multi-locus genotypes (Carmen and Ablan 2006). Estimates of migration
are obtained by assigning individuals to possible source populations (Manel et al.
2005). Methods have also been developed to detect migrants within a population
(e.g., Rannala and Mountain 1997). Although assignment tests have been applied to
a number of fisheries questions including in tropical waters (e.g., population struc-
ture, van Herwerden et al. 2003), few have addressed issues of connectivity (but see
Brazeau et al. 2005). Brazeau et al. (2005) used amplified fragment length poly-
morphism (AFLP) primers to genotype adults from colonies of the coral Agaricia
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Fig. 13.6 Relationship between genetic differentiation (FST) and estimates of gene flow (Nm).
Small changes in FST can lead to large differences in Nm because of the reciprocal relationship
between the two (a), especially when FST is small (b). From Palumbi (2003), with kind permission
of Ecological Society of America

agaricites at three locations (Bahamas, Florida, and Gulf of Mexico). They also
genotyped recruits from one of the sites and then assigned them to source popula-
tions. Recruits were assigned to the reef from which they were collected suggesting
one of three possibilities, namely self-seeding of larvae, selective post-settlement
mortality of larvae derived from more distant sites, or larvae coming from distant
populations which show similar genotypes to the local population (Brazeau et al.
2005).

Genes may also be used as natural tags similar to that of chemical and parasite
tags. If genetic tags are to be effective then individuals from a cohort need to be
able to be distinguished from untagged individuals when they are recaptured in the
wild (this is a similar requirement to other methods) (Carmen and Ablan 2006).
Three approaches to genetic tags are possible: (1) use of individuals from a lim-
ited number of parents whose genotypes are known, (2) introducing rare genes into
a population such that they occur at greater frequencies than in wild populations,
and (3) introducing novel sequences into the DNA, which would not be found in
wild individuals (e.g., polyploidy and transgenic technology) (Thorrold et al. 2002,
Carmen and Ablan 2006). Both these latter approaches are of some concern in terms
of environmental consequences, and are not discussed further.

Parentage analysis, where the parents of a particular individual are identified is
a specific kind of assignment method (Manel et al. 2005). Ideally, all potential par-
ents have been genotyped, and all but one pair can be excluded as the likely parents
for the offspring (Manel et al. 2005). Much work has focused on the use of these
methods in aquaculture or hatchery-based stocking programs (Wilson and Ferguson
2002), although the approach has recently been applied to coral reef fishes. Jones
et al. (2005) sampled all reproductive anemone fish from a population (n = 85)
on Schumann Island (Papua New Guinea), as well as all new recruits (offspring,
n = 73), and screened them for 11 microsatellite DNA markers. Paternity was then
assessed using a likelihood approach. Results showed that 23 of the newly settled
individuals were spawned by local pairs, although the various subareas did not con-
tribute equally (Jones et al. 2005). This finding of 31.5% returning to the natal area
was identical to that obtained with tetracycline-marked embryos.
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13.8 Chemical Marks

13.8.1 Artificial Marks

Chemical marks may be induced and therefore artificial (e.g., organism immersed in
chemicals that are then incorporated into body tissues) or occur naturally. Artificial
environmental markers have been used to label tissues or calcified structures of a
variety of organisms. Fluorescent compounds, such as tetracycline, calcein, alizarin
complexone, and alizarin red S (Fig. 13.7), have frequently been used primarily for
age validation rather than connectivity studies. Marking is generally via immersion,
but several studies have used food via the diet or injection for marking. Studies
utilizing fluorescent compounds have encompassed a wide range of organisms and
life history stages (see Levin 1990, and Table 1 in Thorrold et al. 2002).

Several studies have used tetracycline to mass mark large numbers of damselfish
eggs to determine whether larvae return to their natal reef (Jones et al. 1999, Jones
et al. 2005). Jones et al. (1999) marked over 10 million Pomacentrus amboinen-
sis embryos on Lizard Island (Great Barrier Reef, Australia) with tetracycline. They
found 15 marked juveniles out of 5,000 examined and inferred that 15–60% of juve-
niles returned to the natal population since they estimated they had marked 0.5–2%
of embryos. This was the first study to show that juveniles of a coral reef fish can
return to their natal reef, thus challenging the concept that long distance dispersal
and open populations are the norm (Jones et al. 1999). In a subsequent study, Jones
et al. (2005) marked all Amphiprion polymnus embryos at Schumann Island (Kimbe
Bay, northern coast of New Britain, Papua New Guinea) with tetracycline, and then
examined all juveniles collected over a three month period ensuring they corre-
sponded to within 9–12 days after embryo marking, thus allowing for the length of
larval duration. Again, they were able to show that many individuals (15.9% in 2002
and 31.5% in 2003) settled close to their natal sites (Jones et al. 2005). Paternity
analysis also predicted 31.5% self-recruitment in 2003 supporting the tetracycline
results (see Section 13.7).

(a) (b)

Fig. 13.7 Photos showing sectioned otoliths marked with fluorescent compounds, namely calcein
(a) and alizarin red S (b). Photo credit: Dave Crook
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Besides fluorescent compounds, a range of elements (e.g., Sr, rare earth elements)
and isotopes (e.g., enriched isotopes of Ba and Sr) have also been used to success-
fully mark invertebrates and fish via immersion (see Levin 1990, and Table 1 in
Thorrold et al. 2002). Strontium is the element most commonly used to mark a vari-
ety of calcified structures of fish largely because it replaces Ca in calcified structures
(e.g., Behrens Yamada and Mulligan 1987, Schroder et al. 1995, Pollard et al. 1999).
One of the main limitations of using Sr is that it occurs naturally in fish. In addition,
whilst many researchers assume that Sr is in low concentrations in freshwater rel-
ative to marine waters and therefore can indicate movement between the two envi-
ronments, Sr:Ca ratios of freshwater can be as high or higher than marine waters
(Kraus and Secor 2004). These two scenarios may potentially lead to problems dis-
tinguishing between artificial and natural signatures. Thus, to ensure that the Sr:Ca
signature is distinct from natural signatures, knowledge of the natural variation in
the Sr:Ca of the waters the fish may encounter is required and large amounts of Sr
may be required to ensure that the mark produced is indeed artificial.

Elements that occur in naturally low concentrations in invertebrates and fish may
offer more reliable artificial marks than Sr. Several studies have investigated use of
rare earth elements, or lanthanides, primarily for marking juvenile salmonids. Giles
and Attas (1993) injected fingerling rainbow trout either singly or in combination
with rare earth elements (dysprosium, europium, or samarium) and showed that over
time marks were retained and were primarily associated with the gut. Other studies
have marked salmon fry by immersing them in lanthanum, cerium, or samarium for
up to six weeks (Ennevor and Beames 1993, Ennevor 1994). More recently, rare
earth elements (La, Gd, Er) have shown variable success in producing marks in
fish especially over short time periods (e.g., 1 day–7 weeks) (Munro et al. unpubl.
data). Campana and Gillanders (unpubl. data) also had little success in marking two
species of fish with lanthanide elements (Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Ho, Er, Tm, Yb, and Lu) after immersion for 24 hrs, despite indications that the
lanthanide elements were present in the water.

Rare earth elements have also been investigated as a tagging method for lar-
val invertebrates (Levin 1990, Levin et al. 1993, Anastasia et al. 1998). A vari-
ety of experiments on clam, barnacle, and polychaete larvae used rare earth ele-
ments that occurred in naturally low concentrations (Lu, Eu, and Sm) (Levin et al.
1993). Few larvae contained Eu and Sm, and Lu led to decreased survivorship, but
showed adequate retention on time scales of hours to days (Levin et al. 1993).
Experiments tracking rare earth element-marked larvae in the field have not been
undertaken.

Other elements have also been assessed primarily for marking invertebrates. For
example, Anastasia et al. (1998) found that selenium was readily taken up by larval
crabs from their food and was retained for weeks making it a potential tag for mon-
itoring larval dispersal. Mn has also been investigated as a marker of abalone shells
(Hawkes et al. 1996). If elements are to be good tags, they need to be inexpensive,
easy to apply, long-lasting, non-toxic, not cause changes in behavior or metabolism
of the organism, and be measured using standard instrumentation (Crook et al.
2005).
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Stable isotopes may offer an alternative to fluorescent and simple elemental
marking of invertebrates and fish. To date, most studies have relied on natural vari-
ation in isotope ratios (see Section 13.8.2), but several studies have investigated use
of enriched stable isotopes to create marks that are unequivocally artificial and dis-
tinct from the natural signature (Thorrold et al. 2006, Walther and Thorrold 2006,
Almany et al. 2007, Munro et al. 2008). Munro et al. (2008) reared small juvenile
fish in water enriched in 137Ba and 86Sr for various lengths of time. Fish exposed to
increased levels of 137Ba (either 5 μg/L for 8 days or 15 μg/L for 4 days) had signifi-
cantly lower 138Ba/137Ba ratios in their otoliths relative to the natural ratio of control
fish. In addition, using combinations of 137Ba (0–5 μg/L) and 86Sr (0–100 μg/L)
eight unique signatures could be produced, although marking was done over 24
days. Larvae have also been marked using different concentrations of 137Ba (0–
90 μg/L) by immersing them for 1–5 days prior to first feeding (S Woodcock et al.,
University of Adelaide, unpubl. data).

Mass marking via immersion would only be possible in the field under special
circumstances. Recently, two studies have shown the potential to mark large num-
bers of larvae via marking the mother (Thorrold et al. 2006, Almany et al. 2007).
Referred to as transgenerational marking, the mother is injected with the enriched
isotope and then passes this to the egg material where it is eventually incorporated
into the otolith (Thorrold et al. 2006). The technique worked on both benthic spawn-
ing and pelagic spawning species (Thorrold et al. 2006). For the benthic spawning
species, marked larvae were produced for at least 90 days after a single injection
to the mother and across multiple clutches (Thorrold et al. 2006; Fig. 13.8). This
method has also been used in the field (Almany et al. 2007). Almany et al. (2007)
tagged 176 clownfish females and 123 butterflyfish from the reef around Kimbe
Island (northern coast of New Britain, Papua New Guinea) with enriched 137Ba in
December 2004. They then returned in February 2005 and collected 15 clownfish
and 77 butterflyfish that had recently settled into their benthic habitat. After ageing
to confirm that they were born after injection of the adults, the Ba isotope ratios in
their otolith cores were quantified. Otoliths of nine clownfish and eight butterflyfish
were classified as tagged fish suggesting natal homing. Since all clownfish larvae
produced at Kimbe Island were assumed tagged and 17.3% of butterflyfish were
injected with enriched Ba, both species had around 60% of larvae return to their
natal reef (Almany et al. 2007).

Several radioactive isotopes have also been used for marking organisms. Only a
few isotopes are considered environmentally acceptable, and the reader is referred
to Thorrold et al. (2002) for further details.

Short-term temperature fluctuations, while not a chemical method, have also
been used to induce patterns onto otoliths as a means of mass marking (commonly
referred to as thermal marking) (Volk et al. 1999). The method is typically used on
salmonids and generally involves changing exposure to different water temperatures
to alter the width and contrast between dark and light zones of daily growth incre-
ments (see Thorrold et al. 2002 for picture). The geographic origins of chum salmon
from the high seas have been determined using thermal marks in otoliths (Urawa
et al. 2000). This method is likely only suitable for species that are hatchery-raised
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Fig. 13.8 138Ba/137Ba isotope ratios in cores of larval otoliths (mean ± standard deviation) from
clutches of female clownfish (Amphiprion melanopus) injected with 137BaCl2 at four dosage rates
(open squares 0.45 μg 137Ba per g female, solid diamonds 2.3 μg 137Ba per g female, open cir-
cles 4.5 μg 137Ba per g female, solid triangles 23 μg 137Ba per g female) and then left to spawn
naturally. The shaded horizontal bar indicates 138Ba/137Ba isotope ratios in control larval otoliths
(mean ± standard deviation, N = 20). From Thorrold et al. (2006), with kind permission of NRC
Research Press

and in areas where water temperatures can be raised (since the expense of cooling
water is likely to be too great). The species being marked will also need to be able
to tolerate a temperature increase.

13.8.2 Natural Elemental and Isotopic Signatures

Mass marking of large numbers of offspring to determine connectivity is often
not feasible due to the large numbers that need marking, high mortality rates at
early life history stages, and the dilution of marked offspring among non-marked
offspring meaning that a large number of individuals need to be examined to get any
marked individuals. Researchers have therefore investigated the possibility of using
natural elemental and isotopic marks to investigate connectivity (for reviews see
Campana 1999, Hobson 1999, Thorrold et al. 2002, Elsdon and Gillanders 2003a,
Gillanders et al. 2003, Gillanders 2005a, 2005b, Elsdon et al. 2008). Elemental sig-
natures in calcified structures of a variety of organisms including statoliths of gas-
tropods (Zacherl 2005) and squid (Ikeda et al. 2003), coral skeletons (Fallon et al.
2002), bivalve shells (Becker et al. 2005), walrus teeth (Evans et al. 1995), and
fish otoliths, scales, and vertebrae (Gillanders 2001) have been used to distinguish
groups of organisms. Natural tags obviously have a number of advantages over arti-
ficial marking methods since they eliminate the need to handle the organisms, and
essentially every organism contains a tag, meaning information is available from
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every organism that is captured. Information obtained from natural tags is generally
more equivocal to interpret than that obtained from artificial tags (Thorrold et al.
2002).

Natural elemental and isotopic marks rely on there being differences in signatures
between organisms collected from different areas since the physical and chemical
environment in which the organisms are found differs. Fish otoliths are well suited
to this application since they grow throughout the life of the fish, are not resorbed or
altered through time, and chemical information can be related to the age of the fish.
It is beyond the scope of this chapter to review factors contributing to differences
in elemental/isotopic chemistry (e.g., temperature, salinity, growth rate) of otoliths
(or other structures), but the reader is referred to Elsdon et al. (2008) for a recent
review.

As a first step towards assessing connectivity, it is important to determine whether
organisms residing in different areas do in fact have different elemental or isotopic
signatures. Many studies have suggested that spatial differences in otolith elemental
or isotopic signatures (Fig. 13.9) do occur in coral reef fishes (e.g., Dufour et al.
1998, Swearer et al. 1999, Chittaro et al. 2004, Patterson et al. 2004a, Lo-Yat
et al. 2005, Patterson and Kingsford 2005, Patterson et al. 2005, Chittaro et al.
2006b, Ruttenberg and Warner 2006, Lara et al. 2008). However, while these studies
demonstrate that spatial variation in otolith chemistry is found, the variation occurs
at a range of scales (e.g., between reefs, between northern and southern groups of
reefs) and these scales may differ across studies; therefore, it is important to deter-
mine the scale of variation before assessing connectivity. For example, Ruttenberg
and Warner (2006) found significant small-scale variation (among islands, 10s of
km, and among clutches of eggs within an island) in natal otolith chemistry of near-
term benthic eggs of a damselfish (Stegastes beebei), but not at the larger scale
(among regions separated by 100–150 km). In contrast, Patterson and Kingsford
(2005) found that the greatest spatial variation in otolith chemistry of another dam-
selfish (Acanthochromis polyacanthus) occurred at the largest scale (between north-
ern and southern Great Barrier Reef (GBR), separated by 1,000’s km), but they also
detected significant variation at smaller scales (e.g., broods within a site (1–10 m)
and to a lesser extent sites within a reef (100 m–100 km)). Determining spatial
variation is, however, only the first step in assessing connectivity between habitats
and ideally the scale of variation in otolith chemistry should match the dispersal
scale of the organism.

Use of natural elemental chemistry relies on the ability of the otolith elemen-
tal composition to reflect the environment in which the fish resides. Experimental
studies suggest that scale or otolith chemistry of several elements (e.g., Ba, Mg,
Sr) reflects that of water chemistry (e.g., Bath et al. 2000, Wells et al. 2000, Els-
don and Gillanders 2003b). Several studies have now reported elevated levels of
several elements in the eggs or larvae of fish (e.g., Mn, Brophy et al. 2004; Mn,
Mg, and Ba, Ruttenberg et al. 2005; Mn, Zn, Sn, Ba, Ce, and Pb, Chittaro et al.
2006a), and thus the environment may not be the primary determinant of embryo
otolith chemistry. Several reasons for elevated concentrations in embryo otoliths
relative to juveniles have been suggested (e.g., differences in crystal structure,
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Fig. 13.9 Hypothetical diagrams showing (a) differences in otolith chemistry among habitats
where either larvae or juveniles are found (open circles: seagrass, open triangles: mangrove habi-
tats, open diamonds: coral reef habitat), and (b) otolith chemistry for the larval or juvenile region
of adult otoliths showing a situation where most fish originate from seagrass, or (c) where similar
numbers originate from seagrass and mangrove habitats compared to coral reef habitats. Adults are
indicated by closed circles. Note that ideally all possible larval/juvenile habitats should be sampled.
Also shown are a juvenile and an adult otolith (d), with the two black curved lines showing the
area analyzed for otolith chemistry

embryonic development/yolk sac contribution, Ca-binding proteins, and otolith pro-
tein content); however, to interpret natal elemental concentrations of otoliths further
research is required (Chittaro et al. 2006a). At present, it would seem that non-core
areas of the otolith (e.g., edge) can not be used as a proxy for the core region, but
the spike in Mn (or other elements) may be a good indicator for the core region of
the otolith (Patterson et al. 2004a, Ruttenberg et al. 2005).

Similarly, researchers have investigated whether other proxies (e.g., edge of
otoliths of juveniles or adults, resin-based elemental accumulators, samples of sea-
water, otoliths of other species) can be used to predict geographic differences in
natal signatures (i.e., represent the otolith core). Warner et al. (2005) found that
although three proxies (edge of adult otoliths, diffusive gradients in thin films
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deployed for around 14 days, seawater samples) all showed significant regional dif-
ferences in concentrations of some elements, there was little congruency in spatial
patterns seen with those found in the larval otoliths. Most studies also show sig-
nificant variation in otolith chemistry between species suggesting that elemental
signatures for each species of interest need to be determined (e.g., Chittaro et al.
2006b).

The temporal stability of elemental signatures is particularly important for retro-
spective determination of origins of fish. It is important to either evaluate the tem-
poral stability of elemental signatures or to match the juvenile (or adult) signatures
to the same larval (or juvenile) cohort (see for example Almany et al. 2007). In the
latter case, ageing errors need to be minimized. For coral reef fish, temporal varia-
tion across years (e.g., between consecutive years) has been found (Chittaro et al.
2004, Bergenius et al. 2005, Patterson and Kingsford 2005). For example, Bergenius
et al. (2005) found that otolith chemistry of coral trout Plectropomus leopardus var-
ied between years, and two other serranid species (Cephalopholis cyanostigma and
Epinephelus fasciatus) varied between two samples collected 4 yrs apart. Smaller
scale temporal variation (among months) was not detected in one study (Patterson
and Kingsford 2005), but few coral reef studies have investigated variation at this
scale.

A number of otolith chemistry papers from tropical waters have their ultimate
goal as determining connectivity among populations, however, to date most have
simply documented spatial variation in otolith chemistry (see above) which is a pre-
cursor to tracking fish movement. Two studies have focused on connectivity between
juvenile and sub-adult/adult fish. Patterson et al. (2004b) provided a preliminary
attempt to detect philopatry in red drum (Sciaenops ocellatus) by using the dis-
criminant functions from juvenile otoliths to classify otolith cores of adults. Most
of the adults collected from nearshore waters off Tampa Bay (Florida, USA) were
assigned as having recruited from Tampa Bay (17 out of 20 fish), one came from
nearby Cedar Key, and two others came from the Atlantic coast. Another study
aimed to determine connectivity between mangroves and reefs (across a distance
of 0.25–7.1 km) in oceanic locations (Chittaro et al. 2004). They found no overall
mangrove or reef signatures evident, although for specific regions (e.g., Bahamas,
Belize) there was variation between the two broad habitats. The juvenile portion
of the otoliths of fish collected from reefs in Belize was then analyzed, and using
discriminant functions developed from fish collected the previous year the juvenile
portions were then classified to either reef or mangrove habitat. 36% of fish had a
signature more representative of mangroves than reef habitats suggesting connec-
tivity between mangrove and reef habitats (Chittaro et al. 2004).

A hypothetical example of determining connectivity is provided in Fig. 13.9.
Here juveniles were sampled from three habitats (seagrass, mangroves, coral reef)
and their otolith chemistry analyzed. Significant differences were found between the
habitats (Fig. 13.9a) which then meant that adults (for example 2+ fish collected two
years after the juveniles) could be examined to determine which habitat they origi-
nated from. In this hypothetical example most fish came from seagrass (Fig. 13.9b),
or equal contributions from mangroves and seagrass were found (Fig. 13.9c). In both
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cases, few fish originated from coral reef habitats. The region of the otolith sampled
in juvenile fish and adult fish can also be seen (Fig. 13.9d). The edge of juvenile fish
would represent the habitat in which the fish was collected, and the region sampled
in the adult then represents where it spent its juvenile life.

Two recent papers (Beck et al. 2001, Dahlgren et al. 2006) have suggested how
the contribution of juvenile habitats to the adult population can be determined.
The key distinction between the two approaches is that for Beck et al. (2001) the
contribution to adult populations is based on the area that juvenile habitats com-
prise, whereas for Dahlgren et al. (2006) it is based on absolute production. Both
approaches require all potential juvenile habitats to be assessed. Several papers
based in temperate systems have applied these concepts to fish. Kraus and Secor
(2005) calculated nursery value of tidal freshwater and brackish littoral habitats of
white perch (Morone americana) in the Patuxent River estuary (USA). They found
that for dominant year classes brackish habitats were more important, whereas in
all other age classes freshwater habitats contributed more per unit area to the adult
population. Fodrie and Levin (2008) investigated the nursery role of four coastal
ecosystems (exposed coasts, bays, lagoons, and estuaries) to California halibut (Par-
alichthys californicus) populations based on elemental analysis of otoliths. In both
years (2003 and 2004) exposed coasts and bays contributed most halibut to adult
populations, which was a similar result to that obtained from juvenile distribution
data. Otolith chemistry also suggested that individuals migrated only small distances
(<10 km) from their nursery habitats (Fodrie and Levin 2008). Several other tem-
perate reef studies have also investigated the contribution of juvenile habitats to
adult populations based on otolith chemistry (e.g., Gillanders and Kingsford 1996,
Hamer et al. 2005, Brown 2006).

Several other otolith chemistry studies have focused on connectivity of popu-
lations via larval dispersal. Swearer et al. (1999) compared larval growth history
and otolith trace element composition of newly settled individuals of the bluehead
wrasse (Thalassoma bifasciatum) from St Croix (US Virgin Islands) to determine
the source of recruits. They predicted that larvae that had been retained in coastal
waters could grow faster and settle at larger sizes and would have significantly
higher levels of trace elements than larvae dispersing throughout oceanic waters.
Their results suggest that most recruits to two leeward reefs were from locally
retained larval populations, whereas the single windward reef was replenished by
dispersing larvae. Given that recruitment is greater to leeward reefs their findings
suggest local retention of larvae is important for maintenance of populations and
suggest that connectivity among distant populations may not be as great as previ-
ously thought (Swearer et al. 1999). Patterson et al. (2005) also examined the early
life history of a coral reef fish via their otolith elemental signatures. They suggested
that fish from reefs in the southern GBR had multiple larval sources because their
pre-settlement otolith chemistry differed indicating that they had occupied differ-
ent water masses, whereas those from the northern GBR had a single larval source
based on similar otolith chemistry (Patterson et al. 2005). While the focus for natu-
ral chemical marks has been on otoliths, elemental signatures of invertebrates may
also be used to determine connectivity (see for example DiBacco and Levin 2000,
Becker et al. 2007).
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Connectivity among different environments can also be assessed by analyzing
elemental profiles along the otolith (e.g., Elsdon and Gillanders 2005, 2006, Hamer
et al. 2006). For such applications knowledge of spatial and temporal variation in
water chemistry is required. Researchers also need to realize that a change in otolith
chemistry may also represent a change in environment surrounding a stationary fish.
Ontogenetic effects on otolith chemistry can confound profile analyses particularly
if profiles cover different life history stages (e.g., larval, juvenile, subadult, and adult
growth). McCulloch et al. (2005) used Sr isotopes and elemental abundances to
characterize habitats occupied by barramundi (Lates calcarifer). They showed that
barramundi have flexible life histories occupying marine and freshwater nurseries
with some individuals spending their entire life history in freshwater, some entirely
in marine and others moving between the two habitats (see also Milton and Chenery
2003 for similar applications, Milton and Chenery 2005, see Chapter 9).

Stable isotopes (other than Sr, see above) can also be used to trace the origin or
movement of organisms because isotopic signatures in animal tissues reflect those
of local food webs or of the aquatic habitat in which they have grown. Isotopic
signatures of food webs or water masses vary spatially depending on biogeochemi-
cal processes (Hobson 1999, Kennedy et al. 2000). The contribution of diet versus
water to the isotopic signal is likely to depend on the isotope. Several studies have
used a variety of stable isotopes (e.g., δ13C, δ15N, δ34S) to investigate movement
largely using tissue samples (e.g., Fry 1981, 1983, Fry et al. 1999), although several
studies have investigated the use of stable isotopes in otoliths (Dufour et al. 1998,
Kennedy et al. 2002, Augley et al. 2007, Huxham et al. 2007, Verweij et al. 2008).
Fry (1981) examined δ13C values in tissues of brown shrimp Penaeus aztecus as
they moved from inshore seagrass beds to offshore areas. Offshore habitats with a
phytoplankton-based food web are depleted in 13C relative to a seagrass-based food
web. Sub-adult individuals collected offshore had δ13C values typical of individu-
als in seagrass meadows, suggesting that they had moved from seagrass to offshore
regions (Fry 1981). Similarly, Cocheret de la Morinière et al. (2003) used δ13C sig-
natures to discriminate between nursery habitats and coral reef since δ13C of food
items between these habitats varied. Because adult individuals collected from the
reef and juveniles collected from the nursery habitats varied it was assumed that
regular diurnal feeding migrations did not occur between the two areas. In general,
most studies of stable isotopes in fish tissue have used isotopes to track energy and
nutrition sources (e.g., relative importance of primary producers in an animal’s diet,
see Chapter 3). There have been recent calls for more experimental work to deter-
mine causes of variation in stable isotopes, fractionation effects, and turnover rate of
tissues, as this would aid interpretations of field data (e.g., Logan et al. 2006, Barnes
and Jennings 2007, Guelinckx et al. 2007).

13.9 Summary and Future Directions

A variety of natural and artificial tags exist for determining connectivity among
populations. The majority are applicable for larger individuals (e.g., external tags
and marks, many of the internal tagging methods) and some at present are really
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only suitable for adults (e.g., acoustic telemetry, archival tags). Some of the internal
tags have been used on fish as small as 7 mm (e.g., visible implant elastomer), but
methods involving individual tagging of organisms are not really suitable for large
scale studies of connectivity since large numbers need to be tagged to overcome
dilution effects associated with natural mortality and dispersal. Natural elemental
signatures have demonstrated connectivity among populations (e.g., mangroves and
coral reefs, estuaries and open coast, among coral reefs) but many of these studies
have been hampered by variation at different spatial scales. Several studies have
now used artificial marks in otoliths to demonstrate that larvae recruit to natal reefs,
however, a definitive demonstration that larvae disperse to other reefs has not been
made since larvae tagged on one reef have not been recovered at distant reefs. Thus,
knowledge of the proportion of larvae that go to different reefs is largely unknown.
Artificial chemical marks are an exciting area for future research but may be limited
in their field application to a few species and/or places where these methods are
tractable. To date, they have typically been used on small demersal species or fish in
breeding aggregations. In addition, knowledge of the proportion of the population
tagged is essential.

Several studies have used a couple of approaches to provide independent
estimates of connectivity. For example, Jones et al. (2005) used both artificial
marking of embryo’s with tetracycline as well as paternity analysis to estimate
self-recruitment of Amphiprion polymnus. Both approaches showed that 31.5% of
recruits were from marked embryos or resident parents. Comparative approaches
to estimating connectivity are encouraged especially when using indirect methods
since they help confirm and verify results. Such approaches are likely to be easier
for larger organisms where conventional and acoustic tagging can be combined with
say natural elemental signatures. Besides multiple approaches to determining con-
nectivity, a two-stage approach may also be useful where, for example, an external
tag or mark could be used to indicate that this organism warrants further attention.
Additional attention would then be focused on the few organisms that are detected in
the first round of screening rather than examining all organisms. Thus, there would
be significant cost savings. Currently, many salmonids are fin clipped (adipose fin
removed as an external mark) and coded wire tagged (internal tag) such that the
fin clip indicates that the CWT is present which can then be examined for further
information. A similar approach might incorporate a fluorescent compound as an
external mark (Crook et al. 2007), and either natural or artificial chemical marks
could provide additional information (e.g., reef, etc). In a slightly different variant,
molecular approaches could be utilized to focus in on a smaller spatial scale such
that only those organisms from a certain set of reefs are examined further for say
chemical information.

In conclusion, a range of methods exist which are likely to be applicable to differ-
ent life history stages, organisms, and locations. Determining connectivity of organ-
isms is clearly difficult especially for early life history stages, but information on
connectivity is critical for a number of ecological as well as management-related
questions.
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Abstract Connectivity across the seascape is expected to have profound conse-
quences for the behavior, growth, survival, and spatial distribution of marine species.
A landscape ecology approach offers great utility for studying ecological connectiv-
ity in tropical marine seascapes. Landscape ecology provides a well developed con-
ceptual and operational framework for addressing complex multi-scale questions
regarding the influence of spatial patterning on ecological processes. Landscape
ecology can provide quantitative and spatially explicit information at scales relevant
to resource management decision making. It will allow us to begin asking key ques-
tions such as ‘how much habitat to protect?’, ‘What type of habitat to protect?’, and
‘Which seascape patterns provide optimal, suboptimal, or dysfunctional connectiv-
ity for mobile marine organisms?’. While landscape ecology is increasingly being
applied to tropical marine seascapes, few studies have dealt explicitly with the issue
of connectivity. Herein, we examine the application of landscape ecology to better
understand ecological connectivity in tropical marine ecosystems by: (1) review-
ing landscape ecology concepts, (2) discussing the landscape ecology methods and
tools available for evaluating connectivity, (3) examining data needs and obstacles,
(4) reviewing lessons learned from terrestrial landscape ecology and from coral reef
ecology studies, and (5) discussing the implications of ecological connectivity for
resource management. Several recent studies conducted in coral reef ecosystems
demonstrate the powerful utility of landscape ecology approaches for improving
our understanding of ecological connectivity and applying results to make more
informed decisions for conservation planning.
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14.1 Conceptual Framework

Tropical marine ecosystems often exist as dynamic and spatially heterogeneous
seascapes in which different habitat types (e.g., coral reef, seagrass, open water,
mangrove, sand) are connected to one another by a variety of biological, physical,
and chemical processes (Fig. 14.1). Water movements, including tides and currents,
facilitate the exchange of nutrients, chemical pollutants, pathogens, sediments, and
organisms among components of the seascape. The active movement of organisms
also connects habitat patches across the seascape (Sale 2002, Gillanders et al. 2003).
For example, many tropical marine species exhibit complex life histories that utilize
resources from spatially and compositionally discrete habitat patches (Parrish 1989,
Pittman and McAlpine 2003). Highly mobile species can connect patches through
daily foraging movements, including tidal and diel migrations, as well as, broader
scale excursions for spawning and seasonal migrations (Zeller 1998, Kramer and
Chapman 1999; see Chapters 4 and 8). Furthermore, many species of fish and crus-
taceans exhibit distinct shifts in habitat through ontogeny (Dahlgren and Eggleston
2000, Nagelkerken and van der Velde 2002). The ability of an organism to suc-
cessfully navigate among several (often critical) ‘ontogenetic stepping stones’ or to
move successfully to spawning locations will likely be influenced by both the com-
position of the seascape (i.e., the patch type and the abundance and richness of patch
types) and the spatial configuration or spatial arrangement of patches (e.g., distance

Benthic habitat map classes

Colonized pavement
Linear reef
Patch reef
Sand
Seagrasses
Muddy sand

0 0.5 km

67°4′0″ W

17°58′0″ N

67°2′0″ W

Fig. 14.1 IKONOS image with marine portions classified into six benthic habitat types for the La
Parguera coast of Puerto Rico
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to suitable patches, juxtaposition of complementary resources). The composition
and configuration of the seascape encompasses many quantifiable structural fea-
tures that are likely to influence ecological connectivity, with some configurations
providing better connectivity for a species (or assemblage) than others (Mumby
2006, Grober-Dunsmore et al. 2007, Pittman et al. 2007b).

Improving our understanding of ecological connectivity in tropical marine
ecosystems is one of the most pressing needs of resource managers and decision-
makers today. For example, optimally-connected seascapes for specific species can
be identified and mapped providing valuable spatially explicit information in sup-
port of resource management activities such as the design of Marine Protected Areas
(MPAs). In addition, such information can also contribute to the design of optimally-
connected habitat-restoration projects. At present, we have little knowledge of the
behavior of tropical marine organisms at spatial and temporal scales relevant to
their key life-cycle movements. Consequently, we remain largely ignorant of the
spatial and temporal patterns of ecological connectivity that are likely to exist in
marine environments. This greatly inhibits our ability to understand the influence of
seascape patterning on connectivity.

Several important research questions emerge from this conceptual framework
which can and must be asked of marine environments: (1) ‘How does the spatial
patterning of the seascape influence connectivity?’, (2) ‘What are the factors that
inhibit or facilitate exchange or flows of materials and energy among spatial ele-
ments of the seascape?’, (3) ‘How does loss of habitat or change in habitat con-
figuration alter connectivity and thus change the functioning of the seascape?’, and
(4) ‘What and where are the optimally connected seascapes’?

Recent technological advances in remote sensing, acoustic telemetry, Geograph-
ical Information Systems (GIS), and spatial statistics now allow us to capture, man-
age, and analyze the data needed for connectivity studies in a spatially explicit way
and at appropriately broad spatial scales (Crooks and Sanjayan 2006). Integrating
spatial technologies with the discipline of landscape ecology provides both the oper-
ational and conceptual frameworks necessary to tackle these complex ecological
problems at multiple spatial scales. Landscape ecology is a discipline that deals
with environmental complexity including spatial heterogeneity and the importance
of scale (Wu 2006) and has demonstrated great utility in the examination of ecolog-
ical connectivity in terrestrial environments (With et al. 1997, Crooks and Sanjayan
2006). An extensive suite of concepts, terminology, and analytical tools for under-
standing the linkages between spatial patterning of land surfaces and ecological
processes have recently been developed (Turner 2005). Landscape ecologists have
shown that a spatially explicit and quantitative examination of fluxes in heteroge-
neous systems (e.g., Turner 1989) is the key to improving our understanding of how
the physical structure and temporal dynamics of spatial mosaics influence ecological
connectivity (Crooks and Sanjayan 2006).

Many tropical marine organisms, particularly fish and crustaceans, exhibit a
strong linkage with benthic structure. For this reason, landscape ecology has
been strongly and increasingly advocated as an ecologically meaningful approach
for examining species-environment relationships in a wide range of structured
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shallow-water marine habitat types (Robbins and Bell 1994, Irlandi et al. 1995,
Pittman et al. 2004, Grober-Dunsmore 2005, Grober-Dunsmore et al. 2008). We
argue here that the application of a landscape ecology approach to the highly hetero-
geneous structures that typify coral reef ecosystems will assist in understanding the
interactions between movement behavior and the spatial patterning of the seascape.
Ultimately, this should lead to more ecologically-meaningful decision making in
resource management.

This chapter examines the value of applying a landscape ecology approach when
attempting to examine ecological connectivity in tropical marine ecosystems by:
(1) presenting a landscape ecology conceptual framework for understanding con-
nectivity, (2) reviewing existing landscape ecology methods and tools for evaluat-
ing connectivity, (3) discussing data needs and limitations, (4) reviewing lessons
learned from terrestrial landscape and coral reef ecology studies, and (5) discussing
the many implications for resource management. The focus here is on highly mobile
species, with particular emphasis on marine fish, but we also draw on examples
from terrestrial systems to highlight some similarities and differences in apply-
ing such an approach in marine systems. We do not address marine connectivity
from a metapopulation (Hanski 1998) or genetic perspective (Cowen et al. 2006),
although these approaches can also be spatially explicit and overlap in techniques
and terminology does sometimes occur. Furthermore, we will not deal with the many
approaches for studying larval connectivity. Instead, emphasis is placed on connec-
tivity associated with active movement of individuals across the benthic seascape.
These techniques, however, may also be applicable to studies of nutrient fluxes or
other exchanges of materials across the seascape.

14.1.1 Definitions and Concepts

14.1.1.1 Some Commonly Used Landscape Ecology and GIS Terms

Various concepts, terminology, structural relationships, and analytical techniques
used in terrestrial landscape ecology are also appropriate for studying ecological
patterns and processes in shallow-water benthic seascapes (Carleton Ray 1991,
Robbins and Bell 1994, Table 14.1). In landscape ecology terminology, patches are
the basic spatial element in the landscape, and have been defined simply as a rela-
tively homogeneous nonlinear area that differs from its surroundings (Forman and
Godron 1986). In coral reef ecosystems, a wide variety of patch types have been
classified (e.g., linear reef, patch reef, seagrass, sand, or some more biologically spe-
cific class such as gorgonian-dominated hard-bottom; Mumby and Harborne 1999,
Kendall et al. 2002). Patch types differ from habitat types, in that habitat types do not
infer any structural boundaries, although these terms are often used interchangeably.
The structural boundaries of patches are referred to as edges or ecotones, each of
which can be represented as a sharp boundary or a gradual transition from one struc-
tural type or community to another. A patch or an aggregation of patches can form
a corridor, which is a linear feature that differs from its surroundings and connects
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Table 14.1 Definitions for major concepts of landscape ecology, with examples of application to
coral reef ecosystems (adapted from Forman 1995)

Concept Definition Coral reef example

Matrix The dominant element in a landscape Sand or seagrass
Patches Patches are the basic spatial element

in the landscape
Reef patch

Mosaic A combination of different patch types
that are usually interspersed
amongst one another

Patches of seagrass, reef, sand,
mangrove

Seascape A heterogeneous marine area that can
exist at a wide range of scales and
may be described as a mosaic
pattern or spatial gradient

The home range of a fish is an
ecologically meaningful seascape

Seascape
structure

The composition and spatial
arrangement of patches, but may
also include bathymetric complexity
or structure in the water column

The distribution, diversity, and spatial
geometry of structure at relevant
spatial scales

Patch context The position of a patch relative to
surrounding seascape elements

A patch can be surrounded by seagrass
or sand habitat

Heterogeneity The uneven, non-random distribution
of objects

Distribution of habitat patches that
comprise a reef

Seascape
connectivity

The degree to which the seascape
facilitates or impedes movement
among resource patches

Cross-shelf movement of grunts
through ontogeny

Structural
connectivity

Physical linkages within a seascape A map of a reef area portrays
structural connectivity

Potential
connectivity

Measure of connectivity that
incorporates indirect and limited
information on mobility of
organism

Extrapolating vagility of all jacks
based on information on one species

Actual
connectivity

Measure of connectivity that quantifies
the movement of individuals
through a habitat or landscape

Spatial information from acoustic
tracking of fish, conchs, or lobsters

Functional
connectivity

How the structure of the seascape
interacts with the properties of the
organisms, disturbances, or
materials to influence how they
move

How the spatial arrangement of
seagrass beds influences the
movement of grunts

Stepping stone
connectivity

A row of small patches (stepping
stones) can connect an otherwise
disconnected set of patches

Seagrass patch connecting reef
patches in sand matrix

Spatial scale/
Temporal
scale

A measure of the resolution or extent
perceived or considered

Depends on question asked and may
be selected using species home
range or other ecological processes

Extent The size of the study area or the
duration of time under consideration

The area of interest

Grain The finest level of spatial or temporal
resolution possible within a given
data set

The smallest unit or minimum
mapping unit (e.g., a 1 m2 patch
reef)
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patches (Forman and Godron 1986). More broadly, an aggregation of patches may
form a mosaic or habitat mosaic. The most abundant and well-connected compo-
nent of the landscape or seascape is sometimes referred to as the matrix (Forman
and Godron 1986). These elements of landscapes are usually arbitrarily defined and
typically determined by the observer and depend upon the perspective, scale, and
question of interest (Wiens et al. 1993).

The seascape can also be considered as a spatial unit or sampling unit (i.e.,
seascape unit) within a GIS, within which seascape structure can be quantified
and characterized into two categories of structure: (i) composition, and (ii) con-
figuration. Essentially, landscape composition, also referred to as marine landscape
composition (Grober-Dunsmore et al. 2004, Pittman et al. 2004) and subsequently
seascape composition (sensu Pittman et al. 2007b), encompasses the variety and
abundance of patch types, whereas landscape or seascape configuration (also
referred to as spatial arrangement) is the physical distribution of patches in space
(Dunning et al. 1992, Pittman et al. 2004).

GIS are routinely used in quantitative landscape ecology. A GIS is an organized
collection of specific computer hardware, software, geographic data, and personnel
designed to efficiently capture, store, update, manipulate, analyze, and display all
forms of geographically referenced information. The two major types of internal
data organization used in GIS are raster (grid) and vector. Raster systems superim-
pose a regular grid over the area of interest and associate each cell or pixel with
one or more data records (Malczewski 1999). Vector systems are based primarily
on coordinate geometry and take advantage of the convenient division of spatial
data into point, line, and polygon types. GIS are frequently used to investigate ques-
tions regarding ecological connectivity including the application of algorithms or
methods for quantifying spatial pattern from habitat maps.

14.1.1.2 What is Connectivity?

The term connectivity appears in diverse contexts in the ecological science literature,
sometimes with much ambiguity, in both terrestrial and marine research. To land-
scape ecologists, it often refers to the interactive pathways that link organisms and
ecological processes with landscape elements (Crooks and Sanjayan 2006). Changes
in composition and configuration are capable of altering the physical connectiv-
ity of landscapes (see Section 14.2). Each species’ unique biological and behav-
ioral characteristics interact with the physical landscape structure to determine the
functional connectivity of a particular landscape. To understand this complexity,
connectivity is often described and quantified in three ways: (1) structural, (2) poten-
tial, and (3) actual connectivity (Calabrese and Fagan 2004, Fagan and Calabrese
2006). Structural connectivity usually refers to spatial characteristics of the phys-
ical structure of the environment. It is the type of connectivity that one envisions
when examining a map, and is typically measured by quantifying the configura-
tion of a landscape with limited reference to the movement of organisms, materials,
or energy (Crooks and Sanjayan 2006; Fig. 14.2). Potential connectivity considers
some limited, albeit, indirect information on the dispersal or movement ability of
the organism or process of interest (Fagan and Calabrese 2006). Actual connectivity
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seagrassseagrass

seagrass

reef

reef

reef

reef
reef

(a) High
connectivity

(c) Low
connectivity

(b) Medium
connectivity

Optimal foraging,
refuge, and ontogenetic
transitioning between
patch types

Optimal foraging only
for adults, and with high
mortality for
transitioning juveniles

Sub-optimal for both
juveniles and adults due
to energetic constraints
and predation risk

reef

Fig. 14.2 Schematic representation of different seascape structure for a hypothetical species that
requires multiple patch types in close proximity. (a) Highest or optimal connectivity occurs where
all three essential resources exist in close proximity and even juveniles are able to easily traverse
between patches. Seascapes (b) and (c) represent seascapes with sub-optimal configuration for our
species with only adults able to traverse between seagrass and coral reefs due to greater distances
of travel required over unsuitable low structure patches (i.e., sand) to reach essential resources.
Dispersal ability and movement patterns of organisms will influence the degree to which these
seascapes are connected

quantifies the movement of individuals through a habitat or seascape (e.g., acous-
tic tracking), thereby providing a direct measure of the potential linkages that may
exist among habitat patches or seascape elements. The latter two types of connec-
tivity are synonymous with functional connectivity, i.e., measures which examine
how the structure of the landscape interacts with ecological processes such as dis-
turbances or the movement of organisms and other materials across the seascape
(Wiens 2006).

14.1.1.3 The Importance of Spatial Scale

The relationship between scale and pattern is considered one of the most important
issues in ecology (Levin 1992, Schneider 2001). Our perception and measurement
of pattern is determined by scale selection, and species respond to pattern individual-
istically at a range of spatial scales (Wiens and Milne 1989; Fig. 14.3). In landscape
ecology, the concept of scale has two subcomponents: grain and extent (Forman and
Godron 1986, Turner 1989). Spatial grain refers to the size of the sample unit area.
Spatial extent is the overall area encompassed by an investigation. Therefore, extent
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goby

damselfish

butterflyfish

reef crab

conch

parrotfish

lobster

experimental

jack

ecologist

MPA
manager

fishery
manager

Fig. 14.3 Diagrammatic representation of the scaling windows or domains of various organisms
occupying tropical marine ecosystems, and of the humans who manage or conduct research on
these resources across spatial scales (adapted from Wiens et al. 2002)

and grain define the upper and lower limits of resolution of a study and constrain
any inferences about the scale-dependency of ecological phenomena (Wiens 1989).
Spatial resolution is an alternative term for spatial grain that is usually indicated by
pixel or cell size or the minimum mapping unit (MMU). The thematic resolution,
or the level of habitat classification, can also differ with various maps. Maps delin-
eate habitat classes or patch types, but the level or detail of information can vary.
Often a hierarchical habitat classification scheme is created to define and delineate
habitat maps. A hierarchical scheme allows users to collapse or expand the level
of detail depending upon their specific needs. For instance, at the lowest level of
thematic resolution, a map may indicate a patch as soft bottom. At a finer resolu-
tion, the same patch would be classified as seagrass, and at an even finer thematic
resolution, the same patch may have information on the species, relative height and
density of seagrasses. Varying spatial resolution and thematic resolution of data will
have important consequences for studies of the influence of patterns in the seascape
(Kendall and Miller 2008).

14.1.2 The Emergence of Landscape Ecology in Tropical
Marine Ecology

The importance of seascape composition and configuration has long been recog-
nized as an important structuring mechanism for coral reef fishes. Early studies
highlighted the importance of ecological interactions between adjacent habitat types
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in a mosaic of patch types (i.e., seagrasses, coral reefs, mangroves) (Gladfelter et al.
1980, Ogden and Gladfelter 1983, Birkeland 1985, Parrish 1989). More recently, the
importance of the location of various patch types such as mangroves, seagrasses, and
coral reefs to fish species and communities was demonstrated (Nagelkerken et al.
2000a, b, Nagelkerken and van der Velde 2002, Dorenbosch et al. 2005, 2006a).
Furthermore, Dorenbosch et al. (2004a) highlighted the importance of proximity
between adjacent habitat types (seagrasses and coral reefs) on faunal abundance
and diversity. Increasingly, the movements of fishes are being correlated with the
presence of specific habitats (e.g., Verweij et al. 2007).

While these studies highlighted the ecological importance of spatial patterning
of patches and linkages between patches, they are not considered landscape ecol-
ogy studies. Spatial patterning was not explicitly quantified and incorporated as an
explanatory variable in these studies (i.e., surveys were conducted without a quan-
titative spatial context). In addition, they were conducted without the adoption of
a landscape ecology conceptual and operational framework. Several early studies
adopted an island biogeography perspective (MacArthur and Wilson 1967) to exam-
ine the importance of patch size and the spatial arrangement of patches (i.e., patch
isolation) using artificial units simulating seagrasses or patch reefs (Molles 1978,
Bohnsack et al. 1994) at relatively fine spatial scales (1−10 m2), though they also
lacked a consideration of the seascape context.

Further recognition of the importance of scale together with spatial technolo-
gies such as GIS and an increased availability of benthic habitat maps allows us
to quantify seascape patterning at multiple spatial scales. Investigators have used
this information to examine the influence of seascape patterning on species dis-
tributions and assemblage richness, biomass, and abundance (Turner et al. 1999,
Kendall et al. 2003, Pittman et al. 2004, 2007a, b, Grober-Dunsmore et al. 2007,
2008; Table 14.2). These studies have successfully used spatial information (fea-
tures and habitat classes) that exist in digital benthic habitat maps as explanatory
variables. Yet, very few marine applications of landscape ecology have targeted the
subject of connectivity directly. Instead, connectivity is increasingly being investi-
gated through examination of the spatial patterns of species abundance, size class,
and movement data (i.e., acoustic telemetry). While these approaches are useful,
such studies often neglect to incorporate and quantify patterns in the seascape struc-
ture. Without spatially explicit information on seascape structure, studies will be
missing a suite of potentially important explanatory variables and results will have
limited application to resource management.

14.2 Operational Framework: Designing a Landscape
Ecology Study

14.2.1 Scale Selection

It is essential to define connectivity from the perspective of the organism, species,
or process of interest (e.g., terrestrial studies: Wiens and Milne 1989, With et al.
1997; marine studies: Pittman and McAlpine 2003, Pittman et al. 2004, 2007b,
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Grober-Dunsmore et al. 2007, 2008). The same seascape will likely differ in func-
tional connectivity for different processes, species, and even for different life stages
of the same species. Natural history attributes of specific organisms (e.g., life history
strategy, mobility, dispersal, resource requirements, habitat generalist or special-
ist, behavioral attributes, etc.) must be considered as an important determinant of
the potential response to seascape structure (Pittman et al. 2004, Grober-Dunsmore
et al. 2008), though some generality may be expected to occur among taxa (Stamps
et al. 1987, Sisk et al. 1997, Mitchell et al. 2001). For example, a seagrass patch
boundary may function as a constraint to the scale and direction of movements for a
resident seagrass specialist, but may be relatively inconsequential to a more gener-
alist species (Pittman et al. 2004; Fig. 14.3). In addition, investigations of seascape
connectivity must recognize that for an individual species, connectivity may be an
integrated function of responses to structural characteristics or ecological processes
existing at multiple scales in time and space (Crooks and Sanjayan 2006).

When adopting an organism-based or organism-centered approach, the spatial
resolution of the maps or sample units and the extent of the study should be appro-
priate to the scales at which the organisms responds and utilizes its environment.
For instance, studies focused on understanding seascape connectivity throughout
the daily home range (i.e., routine foraging or territorial movements) would prob-
ably select different scales than studies focused on connectivity throughout the life
cycle (Pittman and McAlpine 2003). Identifying the appropriate scale(s) is essen-
tial for assessing connectivity, though it remains a significant challenge. Without
data at the appropriate scale(s), interpretation of results can be incorrect and mis-
leading due to scale dependencies. Ultimately, scales selected should always be
relevant to the questions being asked (Wiens and Milne 1989, Li and Wu 2004).
To obtain interpretable results, it is highly advisable to conduct pilot studies to
establish a reliable estimate of the relevant spatial and temporal scales. For faunal
studies, the use of acoustic tracking, tagging, and appropriately designed extrac-
tive sampling or visual census surveys can provide data suitable for selecting the
temporal and spatial extents of habitat use (Pittman and McAlpine 2003). Pre-
dictable patterns of behavior, such as migrations (diel, tidal, seasonal, and spawn-
ing), residence times within patches, and home range sizes, provide ecologically
meaningful, organism-based scales for connectivity investigations (e.g., Meyer et al.
2007).

Efforts to define the most influential spatial scales for fish–environment rela-
tionships have demonstrated complex, scale-dependent, and species-specific rela-
tionships (Kendall et al. 2003, Pittman et al. 2004, 2007b, Grober-Dunsmore et al.
2007, 2008; Table 14.2). These exploratory studies have linked fish and crustacean
distributions to variability in seascape structure quantified at multiple spatial scales
from classified benthic habitat maps. Scale issues have importance for the construc-
tion and application of benthic habitat maps. Both the spatial (cell size or minimum
mapping unit) and thematic resolution (level of detail in patch composition) can
affect results and the types of questions that can be asked (Kendall and Miller 2008).
Practical considerations such as data availability and the type of research methods
employed will also affect the scale selected.
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Selecting the grain size and spatial extent is a crucial first consideration in any
investigation of ecological connectivity. In addition, the spatial extent (size of the
study area) and the temporal extent (maximum duration of time for a study or pro-
cess) are important attributes of scale to examine early in the planning stage since
they define the level of detail and set the time and space bounds for the study. These
decisions will impact all stages of an ecological study from budgeting, to data col-
lection and interpretation of results.

14.2.2 Use of Spatially Referenced Faunal Distribution Data

Several types of faunal distribution data can be used to apply landscape ecological
principles to the study of connectivity in coral reef ecosystems. Three approaches
are commonly used in marine ecology and are discussed here in order of increasing
strength of inference for examining seascape connectivity: (1) non-extractive survey
(e.g., visual observation) or extractive sampling (e.g., traps and enclosures, netting),
(2) tag recapture/resighting, and (3) hydro-acoustic telemetry. To be useful these
data types must be spatially explicit, that is they must have geographic coordinates
or other positional information that can be used to understand an organism’s location
with respect to the surrounding seascape.

The type of data selected for study will be largely driven by what aspects of
connectivity are of interest. Marine resource managers are increasingly interested
in understanding: (1) which combinations of habitat types, and more specifically,
which spatial configurations provide functional connectivity or even maximum con-
nectivity for a species or community metric (i.e., species richness)?, (2) the conse-
quences of habitat loss on functional connectivity; and (3) the actual pathways of
movement across the seascape for marine organisms in relation to protected area
boundaries.

It is important to be aware of the tradeoffs when choosing among data sources,
since certain questions can only be addressed with specific types of data and the
availability of information varies, as does the cost of acquiring the information.
Typically, structural connectivity metrics require less data input and are relatively
inexpensive compared to actual connectivity metrics (Fig. 14.4). Metrics of potential
and actual connectivity require considerable information specific to the organism of
study, which often limits the available data for study, when compared to structural
connectivity. Such tradeoffs must be considered when selecting the type of spatially
referenced distribution data for your study.

14.2.2.1 Observational Studies

In coral reef ecosystems, underwater visual counts of fish species (i.e., abundance,
body size, and species composition) (e.g., Brock 1954, Bohnsack and Bannerot
1986) are the most common data collected. Similar data types can also be provided
using extractive sampling via traps or nets, although both passive and active fishing
gears can be highly selective (Recksiek et al. 1991, Rozas and Minello 1998). These
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Increasing data requirements
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Fig. 14.4 Schematic representation of the tradeoff between information content and data require-
ments among connectivity metrics and approaches (structural, potential, and actual). Both infor-
mation content and data requirements increase going from nearest neighbor to actual movement
rates, as does the level of detail for connectivity increases on the y-axis. Factors such as technologi-
cal sophistication, cost, and availability of information also influence the decision regarding which
approach and metric to use for studying connectivity (modified from Calabrese and Fagan 2004)

techniques are fieldwork-intensive and provide only a snap shot of the fish com-
munity at a given time and place, yet with an appropriate sampling design, driven
by specific questions regarding connectivity, spatial patterns in species abundance
patterns and size distributions can be examined in relation to seascape structure.

This linking of faunal pattern to environmental pattern often serves as an effective
and exploratory precursor to more detailed species–environment studies (Under-
wood et al. 2000). In coral reef ecosystems, several studies document correlative
relationships between underwater visual census data and proximity of adjacent habi-
tat types or the juxtapositioning of seascape elements (Nagelkerken et al. 2002,
Grober-Dunsmore et al. 2004, 2007, 2008, Dorenbosch et al. 2007, Jelbart et al.
2007, Pittman et al. 2007b, Vanderklift et al. 2007; Table 14.2). Slightly stronger
inference can be made regarding connectivity in the case of observational data on
species that undergo habitat-dependent ontogenetic shifts (i.e., different size classes
associated with different habitat types; Nagelkerken et al. 2000a, Christensen et al.
2003, Mumby et al. 2004; Table 14.2). For example, if juveniles of a species only
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occur in seagrasses and adults only occur in coral reefs then it is likely, but not
certain, that juveniles shift from seagrass to coral reefs at some point in time.

Census effort along ecotones or habitat boundaries, if properly timed, in some
cases may provide strong inference of connectivity among seascape elements.
Observing the daily migrations of grunts into adjacent soft-bottom habitats (Ogden
and Ehrlich 1977, Helfman et al. 1982) provides direct evidence of the functional
connectivity of these habitat types, but does not clarify the spatial extent of the con-
nection. Similarly, nets and traps may be deployed along habitat boundaries and
used to infer movement between seascape features (and in the case of nets, direc-
tion of the movement) (Clark et al. 2005). This approach provides some important
information and in general these census techniques have the advantage of being rel-
atively low cost with few technological requirements and have contributed to the
identification of spatial variables that could potentially influence connectivity.

Yet, visual census and extractive sampling alone is rarely sufficient to piece
together the details of connectivity, such as pathways and responses to boundaries
across the seascape. Since the unit of study for these observational methods is at the
species level, rather than the individual level, scientists can only identify species–
habitat associations, which provide only indirect evidence of connectivity. Yet stud-
ies without spatially explicit data can still address important questions on habitat-use
patterns. If information on size and age class has been collected, insights into why
a particular habitat is important can also be inferred. If juveniles are observed in
one habitat and adults in another, one can infer that the two habitat types are con-
nected; however, direct observation of movement is necessary to confirm that these
specific habitat patches are connected. With careful experimental design (by select-
ing varying patches sizes), observational studies can also address questions such
as: ‘How much habitat is needed for a species to occur?’ and ‘How close should
certain patch types or resources be to optimize habitat use?’ These observational
studies do not confirm connectivity, but can provide a valuable initial springboard
for further studies on connectivity and lead to construction of more specific and
testable hypotheses. Furthermore, sufficient information can be gathered to develop
map products and empirical models of connectivity that support decision-making in
resource management (Mumby 2006).

14.2.2.2 Tagging Studies

Mark–recapture/resighting techniques (e.g., subcutaneous dyes, plastic wire, fin
clips) have also been used effectively to examine habitat use in coral reef ecosys-
tems (e.g., Zeller and Russ 1998; Chapter 13). When analyzed using a seascape con-
text, these techniques can provide direct evidence of connectivity (Fig. 14.5), while
remaining relatively inexpensive and requiring materials that are widely available.
Although potentially more powerful than census data in determining connectivity
between landscape elements, the approach still lacks the capability to answer many
key questions regarding functional connectivity. For example, a marked or tagged
fish released in habitat A and subsequently resighted in habitat B is obvious evidence
of a connection, yet as with census methods, the timing of movements, exact route
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Fig. 14.5 Map of potential connectivity of inshore and offshore reef habitat based on mark–
recapture and visual census studies of Lethrinidae in Vitu Levu, Fiji. Key areas for juveniles, adults,
and spawning aggregations were identified. Small-sized numbers indicate the locations of acoustic
receiving stations distributed inside and outside the MPA (MPA boundaries are depicted by white
lines). Arrows indicate likely areas of movement and connectivity for different life history stages.
Adult fishes move across the forereef to spawn, from the continuous back reef areas. Connectiv-
ity within the continuous back reef habitat occurs for juveniles and adults, however, deep water
channels may serve as a barrier to movement, limiting connectivity among alongshore MPAs

followed, and any intermediary stops along the way are usually not known. Knowing
the trajectory of movement and the response of organisms to particular habitat fea-
tures will be particularly important for considering the flow of energy and materials
among elements of the seascape.

14.2.2.3 Telemetry Studies

The most revealing and sophisticated techniques for addressing connectivity across
the seascape are those that provide spatially continuous, temporally referenced
movement data for individual animals or other mobile components. Hydroacous-
tic telemetry (Holland et al. 1993, Meyer et al. 2000, Starr et al. 2007) and other
tracking techniques, such as close observation of tagged fish (Burke 1995), col-
lect continuous positional data as fish move across the seascape. Tracking can
either be conducted manually (e.g., Beets et al. 2003), in real time with directional
hydrophones (i.e., following the fish by boat with an acoustic receiver), or auto-
mated with an array of fixed receivers (see Chapter 13). Mapping these movements
and their timing provides a wealth of information at spatial and temporal resolution
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Fig. 14.6 Map of actual connectivity of one individual lethrinid inside and outside marine protected
areas in Vitu Levu, Fiji. MPA boundaries are depicted by white lines. Numbers represent acoustic
receiving stations (those not shaded are locations where the fish was not detected). Shaded numbers
indicate locations where the fish was detected. The size of the number is scaled to represent the
number of detections: a larger number indicates a greater number of detections. This fish (tagged
at station seven, indicated in white shading) moved freely across the MPA boundary within the
continuous back reef habitat patch, suggesting that minor modifications in the boundaries of the
MPA may include the daily home range movements of this fish

not available using non-tracking approaches (e.g., Chateau and Wantiez 2007). Con-
nections can be plotted among habitat patches and the timing of transitions can be
identified. Exact pathways of travel and obstacles to dispersal can be identified by
overlaying animal tracks onto benthic maps (Fig. 14.6). The principle disadvantage
of these techniques is that they require an initially high investment in cost, technol-
ogy, and field set-up (Fig. 14.4). Although many telemetry studies have now been
conducted (e.g., Meyer et al. 2007, Starr et al. 2007), few researchers are linking
movement data to spatially explicit information on seascape features (e.g., channels,
patch edges) (Grober-Dunsmore and Bonito 2009). Much could be learned through
reinterpretation of existing tracking data with seascape structure that is typically
represented in benthic habitat maps (Pittman and McAlpine 2003).

14.2.3 Analytical Tools for Examining Seascape Connectivity

Many analytical tools are available to assist our understanding of the structural and
functional connectivity of seascapes and the consequences on species distribution
and behavior. Often adapted from engineering and systems analysis, these methods
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have been successfully applied to examine ecological connectivity in both terres-
trial and marine landscapes. Here we describe three types of spatial analytical tools
of particular relevance to seascape analyses: (1) spatial pattern metrics, (2) graph-
theoretic approaches, and (3) computer simulation models. These tools address
three types of connectivity: (1) structural, (2) potential, and (3) actual connectivity
(Calabrese and Fagan 2004). Data requirements and complexity increase from type
1–3 often requiring more site- and species-specific information to address actual
connectivity, but so too does ecological realism and therefore explanatory perfor-
mance (Calabrese and Fagan 2004; Fig. 14.4). In general, structural connectivity
is more easily visualized and measured than functional connectivity; however, it
generally ignores the behavioral response of organisms to the landscape. Most spa-
tial pattern metrics are useful for quantifying seascape structure and can be used to
help explain the influence of seascape composition and configuration (Table 14.2)
including structural connectivity. Structural connectivity metrics can be used to
examine the relationship between seascape structure and species distributions and to
determine whether differences in seascape structure matter. For instance, ‘Does the
proximity or juxtaposition of complementary resources in two discrete patch types
influence species distributions, growth, and movement?’ (e.g., Irlandi and Crawford
1997). However, before such information could be used to design movement corri-
dors or predict dispersal pathways, more information would be required to provide
information on the spatial processes relevant to functional connectivity. It is impor-
tant to realize that seascapes that are structurally connected may not necessarily be
functionally connected for all species.

In contrast, functional connectivity metrics incorporate various levels of move-
ment information; therefore their use broadens the types of questions that can be
answered to include ecological processes. Potential and actual connectivity met-
rics define seascape structure using indirect and direct knowledge of an organism’s
dispersal ability or behavior. Potential connectivity metrics can be parameterized
using estimates of mobility derived from body size or trophic guild (Kramer and
Chapman 1999), or measurements with limited spatial detail, such as mean or max-
imum recapture distances from mark–capture studies. Potential connectivity can be
used to address questions such as, ‘Is there a threshold of habitat below which a
landscape is fragmented?’ (Table 14.2) or ‘How will dispersal pathways be affected
by degradation or removal of certain habitat patches?’ Potential connectivity metrics
are capable of addressing many more resource management questions than struc-
tural metrics and are relatively cost-effective compared to the more data-intensive
actual connectivity metrics.

Metrics of actual connectivity directly link individual movement data to spatially
explicit patterns of landscape structure and are useful for modeling population
dynamics (immigration, colonization, dispersal) in response to landscape features
(Rothley and Rae 2005). They can also predict dispersal pathways, be used to
design networks of reserves, and assess the flexibility in habitat requirements of
certain organisms. Numerous methods exist to provide the most direct estimate of
actual connectivity, though these are generally costly and labor-intensive (Fagan
and Calabrese 2006). Acoustic tracking of the precise movement pathways of indi-
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vidual animals is the most direct measure (Fagan and Calabrese 2006). However,
radiotracking has been used to provide critical long-distance dispersal information
(Gillis and Krebs 2000), mark–recapture can be used to compare dispersal abilities
in different landscapes (Pither and Taylor 1998) and genetic methods to explore the
genetic consequences of connectivity (Andreassen and Ims 2001).

14.2.3.1 Spatial Pattern Metrics

Spatial pattern metrics measure structural connectivity and are usually in the form
of mathematical equations or algorithms designed to quantify the composition and
spatial arrangement of landscapes (Table 14.3). Structural metrics are measured on
maps or GIS images (though they can be calculated from paper habitat maps or hand
delineated polygons from aerial photography). The computer-based approach, how-
ever, provides higher spatial accuracy and greater flexibility in data processing. Soft-
ware packages such as Fragstats v3.3. (McGarigal et al. 2002) offer a wide selection
of structural connectivity metrics such as contagion (the aggregation of patches;
Li and Reynolds 1993), proximity index (the isolation of patches; Gustafson and
Parker 1992), patch cohesion (area-weighted mean perimeter–area ratio divided by
area-weighted mean patch shape index; Schumaker 1996), connectance index (num-
ber of functional joinings between all patches of the same type divided by total
number of possible joinings; McGarigal et al. 2002), and lacunarity (a measure of
the distribution of gap sizes; Plotnick et al. 1993). Several of these metrics quan-
tify similar geometric properties of spatial pattern, and therefore are often collinear
(Riitters et al. 1995). In addition, patch area and patch quality interact with spatial
patterning to determine connectivity, such that a range of metrics and additional
information may also be required to quantify ecologically meaningful structural
connectivity.

Meta-analyses have shown that structural connectivity metrics such as nearest-
neighbor distance or inter-patch distance are often more sensitive to sample size
and less likely to detect a significant effect than functional metrics (Moilanen and
Nieminen 2002; Table 14.3); since they are often applied without any knowledge
of species resource requirements and space-use patterns. In a terrestrial forest sys-
tem, Schumaker (1996) found only weak correlations between nine commonly used
pattern metrics and the results from simulation models of dispersal indicating that
pattern metrics may not always be appropriate for predicting connectivity. In con-
trast, Tischendorf (2001) found strong correlations, but with some highly variable
results using similar comparisons between pattern metrics and simulated dispersal
processes.

Some spatial pattern metrics allow functional information on how species use the
landscape to be taken into consideration. For example, connectance, also referred to
as CONNECT (Fragstats v3.3), can be defined on the number of functional joinings
between patches of a specified patch type. The metric allows the user to input a
threshold distance for a particular species to determine if a pair of patches is con-
nected or not. Then FRAGSTATS computes connectance as a percentage of the
maximum possible connectance given the number of patches. The threshold distance
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Table 14.3 A summary of the data-dependent classification framework for connectivity metrics
(from Calabrese and Fagan 2004)

Connectivity
metrics

Type of
connectivity

Habitat-level
data

Species-level
data Method

Nearest neighbor
distance

Structural Nearest neighbor
distance

Patch occupancy Patch-specific field
surveys

Spatial pattern
indices

Structural Spatially explicit None GIS/remote sensing

Scale–area slope Structural None Point or grid based
occurrences

Occurrences
databases,
presence/absence
sampling

Graph theoretic Potential Spatially explicit Dispersal ability GIS/remote sensing
and dispersal
studies

Buffer, radius,
incidence
function
metapopulation
model

Potential Spatially explicit,
including
patch area

Patch occupancy
and dispersal
ability

Multi-year, patch-
specific field
surveys or single
year, patch
occupancy study
with dispersal study

Movement
distance
(emigration,
immigration,
dispersal,
spawning)

Actual Variable,
depends on
method

Movement
pathways or
location specific
dispersal ability

Track movement
pathways,
mark–recapture
studies

can be based on either Euclidean distance or functional distance (McGarigal et al.
2002).

Very few marine examples exist where spatial pattern metrics have been applied
to seascapes (but see Garrabou et al. 1998, Turner et al. 1999, Andrefouet et al.
2003, Pittman et al. 2004, 2007a, b, Grober-Dunsmore et al. 2007, 2008, Kendall
and Miller 2008) (Table 14.2), with no examples of studies that have focused specif-
ically on connectivity. Further studies are needed to determine the ecological rel-
evance of seascape structure as quantified by structural connectivity metrics for
marine species and marine processes. In time, such studies should also provide the
necessary information for evaluating the suitability of pattern metrics to investigate
seascape connectivity.

While exploratory studies that include a wide range of metrics may be fruitful,
marine ecologists should choose pattern metrics judiciously, with some understand-
ing of the approach that will be adopted and the intended purpose for the data. In
addition, several of these metrics quantify similar geometric properties of spatial
pattern and are often collinear (Riitters et al. 1995). However, exploratory statistical
techniques may also be useful in selecting the best predictors amongst similar data
structures or in simplifying complex and collinear multivariate data to a more par-
simonious set of orthogonal variables. Techniques such as Principal Components
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Analysis (PCA) have been used for such a purpose (McGarigal and McComb
1995). Any novel application of these methods (e.g., in marine settings) should
also involve exploration of the behavior of spatial pattern metrics when applied
to data of varying spatial and thematic resolution (Hargis et al. 1998, Saura and
Martinez-Millan 2001). Furthermore, some caution is necessary when interpreting
results from species-metric studies since existing metrics are unlikely to capture all
of the relevant spatial information in marine environments and new metrics specific
to aquatic systems may be required. Ultimately, of course, the metric must be rele-
vant to the questions being asked, and researchers must recognize that some metrics
will not be appropriate for practical applications (Crooks and Sanjayan 2006).

14.2.3.2 Graph Theory

In landscape ecology, graph theoretic approaches, which integrate habitat maps with
information on the movement and behavior of fauna or any other mobile component
of the ecosystem, offer several advantages for connectivity analyses. Graph theoretic
approaches are usually considered a potential connectivity technique (Calabrese and
Fagan 2004), since graphs link structural seascape pattern to estimates of dispersal
ability and thereby offer the ability to go beyond structural connectivity and closer
to an understanding of functional connectivity. A graph includes a set of ‘nodes’
usually indicating the center of a habitat patch, and lines termed ‘edges’ that link
the nodes of two connected patches (reviewed by Urban and Keitt 2001). If the
distance between a given pair of patches is less than or equal to the distance the
organism can move, then the patches are considered to be connected or potentially
connectable.

Connectivity can be weighted using variables such as patch type, size, isolation,
and other measures of patch quality to create least-cost movement pathways (Bunn
et al. 2000, Urban 2005). The pair-wise connections are then scaled-up to measure
connectivity across the entire seascape or area of interest and graph theory provides
a set of metrics to summarize various attributes of the connections. For example,
patterns of connectivity can be evaluated and models can be constructed that exam-
ine the dysfunction that may result from changes to the spatial arrangement of the
seascape, i.e., the loss of a node or patch (Urban and Keitt 2001). Graph theory
has provided valuable insight into the spread of terrestrial invasive species (Urban
and Keitt 2001), and could prove similarly valuable for predicting the rate of spread
and spatial pathways of marine invasive species or disease. For species that undergo
distinct ontogenetic habitat shifts, graphs could identify or rank seascapes based on
their potential connectivity, and these models could then be evaluated using abun-
dance data or fish telemetry or tag–recapture/resight data. Furthermore, the tech-
nique allows one to calculate the area of connected habitat that falls within and
outside existing MPA boundaries and also provides connectivity surfaces to inform
the design of MPAs and MPA networks.

While relatively novel to marine systems, graph theory is well developed in ter-
restrial urban planning, computer science, and protected area design (Urban and
Keitt 2001, Rothley and Rae 2005). Treml et al. (2008) was the first to develop a
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Fig. 14.7 A graph-theoretic illustration of marine connectivity. Coral reef habitat is represented by
nodes within the graph framework. When larvae from a source reef reach a downstream reef site,
a dispersal connection is made. This dispersal connection and direction is represented by an arrow,
or ‘edge’ within the graph. The thickness of the arrow reflects the strength of connection (from
Treml et al. 2008, with kind permission of Springer Science+Business Media)

marine application of graph theory. The authors applied a metapopulation concep-
tual framework and utilized an advection–diffusion biophysical model to develop
connectivity estimates between islands for dispersing coral larvae in the tropical
Pacific Ocean (Fig. 14.7). When combined with benthic habitat maps, the tech-
nique offers great promise for mapping connectivity and for the identification of
optimally-connected seascapes to support marine protected area designation efforts
and efficacy. Further studies are required to evaluate the utility of this technique for
marine systems.

14.2.3.3 Computer Simulation Models

Given constraints associated with broad-scale field manipulations and data col-
lection, simulation models are valuable tools for examining the potential influ-
ence of seascape structure on species distributions and individual movements.
When employed as an exploratory tool, model results can be used to construct
testable hypotheses to reveal ecological mechanisms underlying spatial patterns.
In terrestrial systems, a special suite of spatially-explicit landscape simulation
models, termed neutral models, have proven very effective in examining connec-
tivity (Gardner and O’Neill 1991, With 1997). Neutral models use a set of deci-
sion rules to create random structural patterns independent of ecological processes.
In these models, landscape structure is typically binary (suitable and unsuitable
patches), although more complex models can incorporate more of the natural vari-
ability in ecological systems such as hierarchical random landscapes and gradients
using fractal algorithms (techniques) to generate complex clustered spatial patterns
(With 1997). Patch-mosaic neutral models have also been developed. These models
simulate mosaic structure rather than the configuration of pixels in a raster grid and
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focus on incorporating aspects of composition and spatial arrangement (Gaucherel
et al. 2006).

Ecological thresholds can be important phenomena in nature, and knowing when
and where a threshold will occur is extremely important information for resource
management. Neutral models have been used to identify thresholds in connectivity
particularly in relation to the loss of habitat that occurs along a fragmentation gra-
dient (With and Crist 1995, Pearson et al. 1996). Percolation theory proposes that
beyond a predictable threshold (approx. 60%) an abrupt change will occur in system
behavior (Plotnick et al. 1993, With and Crist 1995). In terrestrial landscape ecol-
ogy, studies of fragmentation effects have detected thresholds at approximately 30%
of remaining suitable habitat (70% loss) for a wide range of fauna (Andrén 1994),
although the exact effect will be both species-specific and scale-dependent. Such
rough guidelines can be useful for predicting the response of populations to degra-
dation or loss of habitat (Taylor et al. 2007), or determining how a reduction in
connectivity will influence the population dynamics of a species (With and Crist
1995).

14.2.3.4 Ecological Thresholds in Seascape Structure

In marine systems, less is known about critical ecological thresholds and how
they vary between species, though recent evidence suggests that they also occur
in shallow-water marine ecosystems (Table 14.2). In seagrass beds of Moreton Bay
(Australia) a gradual decline in resident fish abundance was detected, along spa-
tial gradients in seagrass cover, until approximately 15–20% seagrass cover, beyond
which many abundant species were absent (Pittman 2002, Pittman et al. 2004). In
the Caribbean (Virgin Islands, Florida Keys, and Turks and Caicos), an examina-
tion of fish communities on coral reefs along a spatial gradient in seagrass cover
revealed that fish diversity and abundance increased from 0 to 20–30% seagrass
coverage then plateaued out at 40% indicating a threshold-like response (Grober-
Dunsmore 2005). Thresholds for the amount of habitat available to support fish
appear to occur at lower percent cover values for seagrasses than those detected
for mammals in terrestrial systems (i.e., threshold at 15–30% for fish vs. 30% for
mammals) although much variability exists. Differences in thresholds for fish using
seagrasses may result from the highly dynamic patchiness of seagrass beds with
some patches relatively ephemeral due to die-offs and storms combined with the
highly mobile nature of many fish which enables them to traverse relatively large
distances to inhabit even small patches of seagrass, albeit at low abundance. Critical
thresholds imply that absence, loss, or degradation of habitat can have deleterious
effects on population dynamics, and are therefore crucially important to studies of
connectivity in tropical marine systems. Models for marine organisms can easily be
developed (Fig. 14.8) as data on the responses to varying levels of habitat availabil-
ity and movement becomes accessible.

Coupling neutral models with individual-based models of dispersal or models of
gene flow and population dynamics should also be developed for marine species
(Butler at al. 2005). Individual-based correlated random walk models (Schippers
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Fig. 14.8 Relationship of reef fish species richness (mobile invertebrate feeders) and seagrass
cover (proportion of habitat). Species richness declines considerably below 30% seagrass coverage.
Above 40% seagrass coverage, increases in seagrass do not result in additional species

et al. 1996) and other types of movement simulations reveal which spatial patterns
facilitate or impede movements across a landscape and the relative cost–benefits
associated with certain pathways (Tischendorf and Fahrig 2000). An individual-
based model was helpful to test how change in habitat area and spatial configu-
ration of seagrass beds influenced predator–prey interactions and cohort size for a
group of settling juvenile blue crabs (Callinectes sapidus) (Hovel and Regan 2008).
Prey cohort size was maximized in patchy seagrasses, which corresponded to results
from field experiments, whereas mobile prey able to detect and avoid predators had
higher survival in continuous seagrass beds (Hovel and Regan 2008). If individual-
based spatially explicit seascape models are to be useful in studying connectivity,
considerable effort will be required to identify and quantify behavioral responses
to seascape structure. Then, simulations can be parameterized with a meaningful
behavioral response or threshold effect.

14.3 Important Considerations

14.3.1 Data Needs

To investigate connectivity in terrestrial environments, landscape ecologists typi-
cally use a wide variety of spatial datasets often requiring integration and additional
digital processing within a GIS (e.g., vegetation maps, digital elevation models,
tracking data). In marine environments, studies of connectivity may also require
multiple spatial data sets including: (1) benthic habitat maps to capture informa-
tion on the distribution of patch types that can determine connectivity in a region,
(2) oceanographic characteristics (e.g., sea surface temperature, frontal boundaries,
upwelling zones, prevailing current patterns), (3) bathymetric surfaces (e.g., linear
features, canyons, continental shelf, banks, seamounts, promontories), and (4) eco-
logical factors (e.g., distribution of predators, prey, competitors) and human uses
(e.g., point or non-point source pollution, ship traffic, fishing areas) that may act as
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facilitators, barriers, or modifiers to movement for marine organisms. For species
that are strongly linked to the benthos, a benthic habitat map alone may be sufficient
environmental data to begin studies of seascape connectivity.

Many of these environmental data are freely available via online data portals or
digital archives, however, for many regions of the earth additional data may need
to be collected or acquired. Several obstacles may inhibit the use of existing data
when applying landscape ecology approaches to connectivity including inadequate
spatial coverage, a mismatch of temporal coincidence, and most commonly, inap-
propriate or mismatched scales of data layers. An important first step in any broad
scale study of connectivity is to evaluate the availability and quality of data for the
study region. One of the most significant obstacles faced by marine spatial ecol-
ogists is the absence of appropriate spatial data (i.e., benthic habitat maps). Even
for data-rich areas, often the available data were acquired for an entirely differ-
ent purpose, and therefore may not necessarily represent the environmental reality
from the organism-based perspective. Given the paucity of suitable data, researchers
frequently proceed with environmental data with unknown accuracy and data that
often do not match the spatial and temporal resolution of the ecological processes
under investigation. This problem is made more challenging by that fact that very
little scientific information is available to guide scale selection such as identify-
ing the appropriate spatial grain and extent for a study. Also, very little is known
about the relative importance to marine species of different seascape features or
variables.

As a general rule, the environmental data must be available at a finer scale
(finer spatial grain) than the scale of the process under investigation. This then
provides an opportunity to coarsen the resolution of patterning so that the link-
age between organism and environment can be explored at multiple spatial
scales.

Even when the necessary data are readily available or easily collected, the value
of subsequent seascape analyses is compromised if researchers fail to assess the
accuracy of spatial data (Turner et al. 2001). Error associated with the remote sens-
ing and GIS data acquisition, processing, analysis, conversion, and final product pre-
sentation can have a significant impact on the confidence of decisions made using
the data (Lunetta et al. 1991). Potential sources of error include the age of data, com-
pleteness of aerial coverage, and map scale (Burrough 1986). Those that occur with
natural variation in original measurements include positional and content accuracy,
while other sources of error occur during processing (i.e., numerical computation,
classification) (Burrough 1986). Errors in spatial data can obscure or distort species–
habitat relationships and may even result in spurious correlations (Karl et al. 2000).
The saying ‘garbage in, garbage out’ applied to any analytical process, and typically
landscape ecology analyses are highly susceptible to data quality. Nevertheless, if a
strong ecological signal exists then even with relatively crude data (with some minor
errors) it may still be possible to detect the influence of pattern on process. Conse-
quently, a validation step will be essential when developing derived products such as
modeled outputs to enable appropriate statements of accuracy. In addition to testing
the accuracy of the original data, the use of multiple techniques to analyze relation-
ships or create models can verify the robustness of research results by providing



520 R. Grober-Dunsmore et al.

information on potential bias in the data, techniques, and interpretation of the final
model results.

14.3.2 Not all Habitat Patches are Created Equal

Many ecological processes operate to influence connectivity. Yet, relevant or
appropriately-scaled data often do not exist or are impractical to obtain at suf-
ficiently broad spatial scales. For instance, species interactions (e.g., predation,
competition) are known to significantly affect organism distribution and habitat uti-
lization patterns, but are difficult to incorporate, since spatial data that represent
their multidimensional complexity typically do not exist. The fact that predation
and competition can decouple or obscure species–environment data is rarely con-
sidered in landscape ecology analyses, where habitat patterns are the primary focus.
For example, within a life stage, the presence of a large number of predators or
prey may have a greater impact on determining the connectivity of a given species
to its environment, either by influencing the species attraction or avoidance of cer-
tain patches, or by introducing different mortality rates among patches. Similarly,
anthropogenic factors such as fishing pressure or pollution may influence distribu-
tion patterns and energy fluxes. Studies are now required that are capable of parti-
tioning the influence of species interactions from the influence of benthic seascape
structure.

14.4 Lessons Learned

14.4.1 Lessons from Terrestrial Landscape Ecology

Connectivity is a central theme in terrestrial landscape ecology (Turner et al. 2001,
Turner 2005, Crooks and Sanjayan 2006), providing specific concepts, analytical
tools, and unique insights in the linkage between ecological patterns and processes.
The general principles that have emerged from landscape ecology appear to be appli-
cable across a range of ecological subjects and natural resource management topics
(see Turner et al. 2001, Gutzwiller 2002, Taylor et al. 2006, Wiens 2006). The gener-
ality of these principles will now urgently require further testing in marine systems
and these efforts will set the stage for a deepening of the knowledge base of seascape
ecology. Here we list eight principles or ecological statements, some of which can
be formulated as testable hypotheses for future work in coral reef ecosystems and
the broader marine environment.

• Connectivity is a key feature of landscape structure. Actual connectivity of a
landscape is more complicated than simple corridors or proximity between two
patch types (Crooks and Sanjayan 2006). Understanding how the fabric of a land-
scape is woven together to facilitate or impede movement of organisms, materi-
als, or energy will be critical for conservation efforts.
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• Landscape connectivity is species-specific. Different organisms will respond to
landscape structure in different ways (Taylor et al. 2006). The same landscape
will differ in connectivity for various processes, species, and life-history stages.
Species-specific responses must be recognized when managing entire ecosys-
tems across a range of spatial scales and taxa.

• Resource managers should manage the entire landscape mosaic. Managing the
landscape mosaic offers an effective means for preserving connectivity (Taylor
et al. 2006). Since single species-level approaches are difficult, and managing for
individual habitat patches creates challenges, managers must consider not only
the focal patch type but also the surrounding area (Turner et al. 2001).

• Real landscapes are not random because ecological patterns and processes are
not random (Forman 1995, Taylor et al. 2006). Landscapes contain barriers to
movement, detrimental habitat, areas of high predation risk, and areas that con-
tain patches with higher and lower quality habitat, which result from a variety
of causes including biotic and abiotic interactions, natural disturbances, and pat-
terns of human activities and stressors, and such heterogeneity will have pro-
found consequences on species distributions and ecological processes.

• Connectivity is a necessary, but not sufficient condition for species conservation
(Taylor et al. 2006). Landscape connectivity influences reproduction, mortality,
fitness, and access to resources; however, other landscape characteristics are also
critical, and must be considered for effective management.

• Connectivity is a dynamic concept. Landscapes are ever-changing and are being
modified by physical forces (e.g., hurricanes, climate change) and biological pro-
cesses (e.g., competition) over short and long time scales (Taylor et al. 2006).
Landscape connectivity will be related to behavioral characteristics, the degree
of natural and anthropogenic disturbance, and interactions among landscape ele-
ments. Variation in connectivity due to such effects must be recognized when
designing and interpreting results of landscape studies.

• Scale is crucial. There is no ‘right’ scale for studying landscapes (Wiens et al.
2002), but scale effects must be carefully considered when designing and evalu-
ating landscape connectivity.

• Consider potentially confounding effects. Because of the large spatial scale
over which landscape studies occur and the possible influence of non-measured
explanatory variables, the potential effects of fishing, predation, and other
non-measured attributes should be considered. Carefully designed experi-
ments that control or account for these potentially confounding factors are
recommended.

14.4.2 Insights for Seascape Ecology

Though few landscape ecology studies have been conducted in coral reef ecosys-
tems, a wealth of research provides insight into how various spatial elements of the
seascape may influence connectivity (Table 14.2). Such studies, though not always
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designed with a landscape perspective, can provide a foundation for understanding
the consequences of connectivity (Table 14.2). The general principles derived from
major findings from examples of recent coral reef studies that address some aspect
of landscape structure (Table 14.2) are presented as a starting point for designing
seascape studies and interpreting results for resource managers.

• Patch size, distribution, and configuration are perhaps the most basic aspects of
seascape pattern, influencing the distribution of marine organisms. Patch size
may also affect a number of important ecological processes such as colonization,
reproduction, mortality, predator-prey interactions, and the transport of materi-
als, energy, and marine organisms across seascapes. The spatial configuration of
habitat patches (i.e., shape, clustering, edge:perimeter ratio, contiguity) may also
control the movement patterns of marine organisms.

• Habitat composition also influences the distribution of marine organisms. The
composition of habitat patches within an area and in surrounding areas can deter-
mine the presence, diversity, and abundance of marine organisms.

• Specific habitats can be crucial for certain marine organisms. While some species
are habitat generalists and have flexibility in their habitat requirements, other
species are habitat specialists that depend upon particular habitat types. These
dependencies may vary with life history stage.

• Movements interact with and are likely modified by seascape structure. Certain
features or configurations may function as facilitators or inhibitors of movement.
While some habitat types or features (e.g., extremely deep or shallow areas)
may facilitate movement, other features may impede it. If dispersal capacity of a
marine organism is low, connectivity may depend more heavily on the seascape
structure of features immediately surrounding them. If dispersal capacity is high,
seascape structure across larger spatial scales may have greater influence on con-
nectivity.

• Edge effects result from a combination of biotic and abiotic factors that alter
environmental conditions along patch edges compared to patch interiors, and the
presence and type of edges within a seascape may influence connectivity.

• Proximity to specific patch types or seascape features determines species rich-
ness, abundance, and density and therefore may influence colonization, survivor-
ship, or mobility across seascapes.

• Fragmentation (either through loss or degradation of particular habitats) can
influence important ecological processes, and may have possible consequences
on survivorship, or dispersal of marine organisms.

• Thresholds of habitat availability appear to occur in tropical seascapes, with habi-
tat becoming either connected or disconnected at some unknown threshold of
habitat abundance. As little is known about thresholds of habitat in marine sys-
tems, it should be considered as a potential factor in structuring marine commu-
nities.

• Interactions between seascape features may confound individual effects. Con-
nectivity may be determined by a combination of multiple seascape features, and
discerning the contribution of a single feature may prove challenging.
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• Connectivity is increasingly being identified as a vital element of seascape struc-
ture, and has been shown to influence biomass, habitat use, site fidelity, and
movement of marine organisms. A few habitat types have been investigated, but
the importance of connectivity of other untested habitats and seascape features
should be considered.

With additional research, general principles useful for managing mobile marine
organisms in coral reef ecosystems may be further developed. Field researchers are
testing these concepts in coral reef ecosystems, and data obtained can be applied to
modeling efforts to solve complex resource management questions.

14.5 Implications for Resource Management

The ability to identify functionally well-connected seascapes and evaluate their rel-
ative importance to species and communities is of great value to resource man-
agers faced with the challenge of protecting an optimal subset of seascapes. The
knowledge of how spatial patterns in the environment influence connectivity will
also facilitate the design of habitat restoration or habitat creation plans that maxi-
mize organism survival, growth, productivity, and the species diversity of communi-
ties. This is a major knowledge-gap in applied marine ecology that requires urgent
attention since many millions of dollars are spent on selecting and implementing
MPAs and on restoration projects that do not have spatially explicit information on
connectivity.

By focusing specifically on ecological connectivity and carefully scaling inves-
tigations of seascape patterns to specific ecological processes, a landscape ecology
approach will allow us to determine the amount, type, configuration, and location
of patch types required to maintain ecological connectivity. These are the central
questions that must be addressed in tropical marine systems to successfully iden-
tify essential fish habitat, predict effects of habitat alteration, and prioritize among
management options. A landscape ecology approach also offers great potential for
the study of the spread of marine invasive species, with some seascapes being less
rapidly colonized than others seascapes. In terrestrial systems, landscape ecology
has made substantial contributions to our understanding of the direction and rate of
spread of invasive plants, wildfires, and climate-induced shifts in species distribu-
tions (With 2002).

Clearly, identifying optimal seascape composition and arrangement for marine
protected areas and networks of marine protected areas require the consideration of
interactions between structural and functional connectivity across multiple spatial
and temporal scales (Ward et al. 1999). Increasingly, resource managers will need to
manage mosaics of coral reef habitat within and among protected areas, rather than
focusing on individual habitat types or patches. Using landscape ecology principles,
concepts, and tools, connectivity for various species can be identified and evaluated
in relation to existing or planned jurisdictional boundaries to optimize conservation
efforts across broad spatial scales.
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In terrestrial landscape ecology, several decision support tools have been suc-
cessfully applied to design reserves, create corridors of habitat, reduce the effects
of forest fragmentation, and optimize connectivity of important landscape features
for targeted organisms (Crooks and Sanjayan 2006). As ecological connectivity in
marine ecosystems is further investigated, similar applications can be developed
and incorporated into spatial tools to support resource management and conserva-
tion, especially marine spatial planning (Possingham et al. 2000, Mumby 2006).
The benefits of selecting one habitat type or patch over another or choosing among
alternate combinations of habitat patches can be evaluated using optimization algo-
rithms such as those used in software programs MARXAN (Possingham et al.
2000) and C-Plan (Pressey 1999, Margules and Pressey 2000). These approaches
are ideal for: (1) evaluating the costs and benefits of alternate protected area designs,
(2) predicting the impacts of degrading or excluding specific seascape features when
designating essential fish habitat, and (3) assessing the consequences of reducing or
increasing ecological connectivity for a wide spectrum of organisms. Such decision
support tools are now urgently required for enhanced management of the heavily
used and highly valued tropical marine seascapes worldwide. These approaches
can facilitate the selection and comparison of multiple candidate protected area
networks allowing resource managers to prioritize areas based on their ecologi-
cal connectivity (Mumby 2006). As landscape ecology approaches and tools are
increasingly applied in tropical marine ecosystems, the utility of such concepts
for improving our understanding of ecological connectivity and applying results
to make more informed decisions for conservation planning will be realized.
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Chapter 15
Relationships Between Tropical Coastal
Habitats and (offshore) Fisheries

Stephen J.M. Blaber

Abstract The economic welfare and productivity of many tropical fisheries,
inshore or offshore, depends on the integrity of coastal habitats, particularly man-
groves and coral reefs. Fisheries within coastal systems in developing countries
are usually artisanal or subsistence in nature, whereas offshore fisheries are usu-
ally commercial or industrial. Relationships between fisheries production and areas
of mangrove have been quantified, notably for penaeid prawns, but in most cases
the causal links have not been established. Nevertheless, evidence of the value of
mangroves to fisheries continues to mount and the importance of the relationship
has gained widespread acceptance. Coral reef fisheries are largely the domain of
small-scale fishers, but their relative importance is very great with global catches
in excess of 2 × 106 tonnes. Their fisheries productivity is less than that of estuar-
ine and coastal waters. The connectivity between reef fisheries and mangroves and
seagrasses, and connectivity between reefs are relevant to offshore fisheries. Coral
reefs support some pelagic fisheries, such the pole-and-line tuna fleets in the Pacific
and Indian Oceans. For most tropical fisheries, the key issue is the depleted state of
the resources, e.g., for most tropical Asian countries biomass has declined to <10%
of baseline estimates. The major contributor to this is overfishing linked to poverty
among fishing communities—symptoms of lack of effective management. Strate-
gies to address the situation relate to ecological connectivity and dependence on
mangroves or coral reefs, the balance between small-scale and industrial fisheries,
and scales of management as well as use of Marine Protected Areas (MPAs).
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15.1 Introduction

Tropical coastal habitats are usually dominated by turbid mangrove-lined shores and
estuaries, or by clear-water coral reef systems, both of which have been significantly
impacted by human activities. The ongoing and increasing concern for the mainte-
nance of the health of mangroves and coral reefs is driven not only by conservation
and aesthetic considerations, but also in relation to their economic importance. Fish-
eries in the tropics consist of very diverse industries whose economic welfare and
productivity depends most on the integrity of mangrove and coral reef ecosystems.

Costanza et al. (1997) calculated that the economic value of estuaries in terms of
services and natural capital per hectare was the highest of all ecosystems. Tropical
mangrove systems in particular, are zones of high productivity (Blaber 2000) and
assuming that most of the fisheries productivity is closely linked to mangroves, a
number of recent studies have emphasized the economic value of mangroves, espe-
cially in the developing world (Barbier and Strand 1998, Hamilton et al. 1989,
Nickerson 1999, Barbier 2000). Rönnbäck (2001) stated that ‘one major driving
force behind the loss of more than 50% of the world’s mangroves during the last
decades, and its continuation (Duke et al. 2007), is the inability among economists
to recognize and value all goods and services produced by this ecosystem’. Barbier
et al. (2002) in estimating the welfare effects of mangrove–fisheries linkages in
Thailand commented that the fisheries most likely to be affected by habitat losses
and impacts are those containing a high proportion of artisanal fishers.

Coral reef fisheries are also very valuable and recent estimates (Agardy et al.
2005) show that those in Southeast Asia generate US$2.5 billion per year and world-
wide contribute about a quarter of the annual fish catch in developing countries pro-
viding food to about 1 billion people in Asia alone. The marginalization of fishers in
many developing countries is largely responsible for increasing rates of overfishing
(Pauly 1997), and once coral reefs are destroyed restoration is extremely difficult
(Moberg and Rönnbäck 2003).

However, it is important to distinguish between fisheries within coastal systems,
usually of an artisanal or subsistence nature in developing countries, and offshore
fisheries that are usually commercial or industrial concerns, although not always,
as in the case of the artisanal tuna fisheries of the Maldives. In the former case,
the activities by traditional or artisanal fishermen may be long-established and are
totally dependent on the existence of the mangrove or reef system. Many of these
fisheries have been studied in detail and examples are given in Blaber (2000),
Jhingran (2002), Islam and Haque (2004), Kathiresan and Qasim (2005), Munro
(1996), Cheung et al. (2007), and Wilkinson et al. (2006). Although the major threats
to mangrove and reef fishes are usually linked to environmental degradation, such
as removal of mangroves and coral destruction, there is also evidence to suggest
that many fish species in coastal regions, particularly in South and Southeast Asia,
are declining in abundance primarily as a result of overfishing. Such overfishing
is strongly linked to issues of food security, but unlike many other human activ-
ities, fisheries are almost completely dependent on the maintenance of ecosystem
integrity (Blaber 2007).
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Key issues that are explored in this chapter relate to the connectivity between
mangroves and/or coral reefs and offshore fisheries. Of major importance is an
understanding of how the productivity of these fisheries may be influenced by
coastal processes and particularly by human-induced perturbations to mangrove and
coral reef habitats.

15.2 Fisheries

The types of fisheries can be divided into three main sectors (Harden Jones 1994,
Rawlinson et al. 1995):

(1) Subsistence fisheries, where the fishers predominantly consume all of their
catch or give it away, but do not sell it.

(2) Artisanal fisheries, where the fishers sell part of their catch, but also retain part
for their own consumption.

(3) Commercial fisheries, where the fishers sell all of their catch.

Within the subsistence and artisanal sectors are included ‘traditional fisheries’. Many
of these have a very long history and form part of the culture of human coastal
communities. They may also have a longstanding and complex interrelationship with
the environment, and are increasingly coming to be regarded as part of the overall
ecology of the tropical environment (Agardy et al. 2005).

An additional category exists in developed subtropical and tropical countries, such
as Australia, South Africa, and the USA.

(4) Recreational fisheries, where fishing is carried out as a sport or leisure pas-
time and not primarily for producing food or income. Nevertheless, the service
infrastructure associated with recreational fishing usually encompasses eco-
nomically important income-generating activities.

In developing countries there are often resource conflicts between subsistence or
artisanal fisheries and commercial fisheries, and in developed countries between
recreational and commercial fisheries. Both situations require important resource
allocation decisions from government entities and NGOs that may manage the
resources.

The complexity and relative importance of the different fisheries sectors, partic-
ularly in relation to the value of the recreational component, is demonstrated by the
situation in South Africa (Griffiths and Lamberth 2002). Here the marine line fishery
targets almost 200 species, of which 31 contribute substantially to catches. Fishers
comprise recreational, commercial, and subsistence components. The commercial
component consists of about 18,600 participants (2,600 vessels of 5−15 m long),
which target both pelagic and demersal species beyond the surf-zone. The recre-
ational component may be divided into estuarine anglers (72,000), shore anglers
(412,000), spearfishers (7,000), and a recreational boat-based sector (12,000 par-
ticipants). Subsistence line fishing is largely limited to estuarine and shore-based
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activities in the Transkei and KwaZulu-Natal. The line fishery, excluding the estu-
arine component, is estimated to provide employment for approximately 132,000
people, and to contribute about R2.2 billion (US$0.3 billion) to the South African
GDP. Although the commercial component is responsible for 79% of the estimated
total catch, the recreational component provides 81% of the employment and gen-
erates 82% of the revenue. Species targeted by the line fishery display diverse life-
history strategies, including long life-spans (>20 years), estuarine-dependence, sex
change, and aggregating behavior, that cause populations to be particularly vulner-
able to overfishing.

15.3 Mangrove/Estuary—Fisheries Connectivity

Links between offshore fisheries production and mangroves, and in particular the
effects of mangrove loss on these links, are much harder to quantify, mainly because
the large-scale removal of mangroves for aquaculture and development purposes has
coincided with increased fishing pressure and more efficient fishing technologies.
Over the last four decades, many studies have demonstrated a strong relationship
between mangrove presence and fish catch (Turner 1977, Yáñez-Arancibia et al.
1985, Pauly and Ingles 1986, Lee 2004, Manson et al. 2005, Meynecke et al. 2007),
with fishery catch being influenced by the relative abundance of mangroves in a
region (Table 15.1). Correlations have also been found between the extent (area or
linear extent) of mangroves and the catches of prawns (particularly banana prawns)
in the fisheries adjacent to the mangroves (Turner 1977, Staples et al. 1985, Pauly
and Ingles 1986, reviewed in Baran 1999; Fig. 15.1). Such studies provided impor-
tant information on the mangrove—fisheries relationship. This observed relation-
ship mainly derives from a group of economically important species classified as
estuarine-dependent (Cappo et al. 1998) or (non-estuarine) bay-habitat dependent
(Nagelkerken and van der Velde 2002). Mangroves, or similar environments, are the
principal habitat for at least one part of their life cycle (Blaber et al. 1989, Nagelk-
erken et al. 2000). Typically, the adults spawn offshore, producing eggs that dis-
perse in the water column for varying lengths of time. The eggs then develop into
planktonic larvae which move, or are carried by currents, into inshore and estuarine
waters. The subadult or adults migrate out of the estuary or lagoon, and back towards
the offshore areas or adjacent coral reefs. Therefore, mangroves could function as
an important link in the chain of habitats that provide complementary resources and
benefits, e.g., as nursery areas for fish, prawns, and crabs (Sheridan and Hays 2003,
Crona and Rönnbäck 2005; see Chapter 10), with spatial complexity at a scale that
provides refuge to small prey, and abundant food for commercial species at certain
stages in their life cycle (Chong et al. 1990).

Depending on species, location and time scale, however, the significance of rela-
tionships between commercial catch and mangroves is highly variable, indicating
that the link is more complex than a linear function (Baran 1999). The predic-
tors used in most regression analyses are themselves strongly correlated, and catch
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Fig. 15.1 Direct relationships between surface area of mangroves and fish (solid line) and prawn
(dashed line) production simulated by Baran (1999) from data in Yáñez-Arancibia et al. (1985)
and Paw and Chua (1989). Modified from Baran (1999)

statistics are often not well delineated. There is high variation within the data sets
(mangrove forest distribution, commercial records, effect of stock size, and fish-
ing pressure), and difficulty in distinguishing links against a background of highly
variable temperature, rainfall, ocean currents, and fishing effort. In this chapter, the
relationships between coastal waters and fisheries involving both penaeid prawns
and fishes are discussed.

15.3.1 Penaeid Prawns

Much of the evidence about the importance of mangroves to fisheries produc-
tion has come from studies of penaeid prawns. Research in the Gulf of Mexico
(Turner 1977), Indonesia (Martosubroto and Naamin 1977), India (Kathiresan and
Rajendran (2002), Australia (Staples et al. 1985, Vance et al. 1996), and the Philip-
pines (Paw and Chua 1989, Primavera 1998), provides good evidence that there
is a correlation between commercial offshore prawn catches and the total area of
adjacent mangroves. Baran (1999) re-plotted the relationship demonstrated by Paw
and Chua (1989) on an ordinary scale and showed that the relationship is not linear
and exhibits an inflexion at a certain abscissa (Fig. 15.1), below which small reduc-
tion in the surface area of mangroves implies a drastic reduction in production of
prawns. Pauly and Ingles (1986) concluded that most of the variance in the catches
of penaeids could be explained by a combination of mangrove area and latitude
(Table 15.1).

15.3.1.1 Malaysia

There is considerable evidence for a relationship between the extent of mangroves
and penaeid prawn landings in Peninsular Malaysia. However, Loneragan et al.
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(2005) suggested that landings may have been maintained or increased despite large
losses of mangroves, and the results of their study are particularly interesting and
illustrate the difficulty of understanding the relationships. They document changes
in catches of all prawns, white prawns (mainly Penaeus merguiensis) in relation
to mangrove extent, rainfall, and the area of shallow water. Although there was a
significant linear relationship between the landings of total prawns and mangrove
area in both the 1980s and 1990s, this was not the case for the mangrove-dependent
white prawns where a significant relationship was found only for the 1990s. The
area of shallow water accounted for the greatest proportion of variation in landings
of both all prawns and white prawns, and was the most significant variable fitted to
multiple regressions of landings and coastal attributes (area of shallow water, man-
grove area, and length of coastline). Landings of all prawns and white prawns in the
states of Selangor and Johor, where large areas of mangrove have been lost, appear
to have been maintained or increased in the 1990s. The lack of a clear relationship
between mangrove loss and prawn landings may be due to the migration of prawns
from adjacent areas, or because other attributes of mangroves, such as the length
of mangrove-water interface, may be more important for the growth and survival
of prawn populations than total area of mangroves. This is further reinforced by
a recent review by Chong (2006), which showed that landings of penaeids for the
entire west coast of Peninsular Malaysia actually declined from 60,967 tonnes in
1989 to 39,296 tonnes in 2003 (35% reduction) despite a reduction in fishing effort,
while their main nursery habitat (mangroves) shrunk in area (23% loss).

15.3.1.2 Gulf of Carpentaria, Australia

The relationship between the offshore catches of Penaeus merguiensis in the Gulf of
Carpentaria and a suite of factors influencing the life-cycle of the species has been
studied for over 20 years. A strong positive relationship was established between
rainfall and subsequent offshore commercial catches (Staples et al. 1985, Vance
et al. 1985) where over a 26 yrs period in the Southeast Gulf, annual rainfall
accounted for 81% of annual variation in catch. This relationship was, however,
not as strong in other areas, particularly the Northeast Gulf, where there was no sig-
nificant relationship between rainfall and catch. Further work by Vance et al. (1996)
showed that the lack of a strong relationship between rainfall and offshore catch in
the Northeast Gulf, is not due to a difference in the response of prawns to rainfall,
but is rather due to differences in rainfall levels and the physical characteristics of
the different river systems.

15.3.1.3 India

Strong correlations between penaeid prawn catches, mainly of Penaeus indicus,
P. merguiensis, and Metapenaeus dobsoni, and the extent of adjacent mangrove
areas have been reported from a number of areas of India (Kathiresan et al. 1994,
Mohan et al. 1997, Kathiresan and Bingham 2001, Rönnbäck et al. 2002). An anal-
ysis of the value of the Godavari mangroves by Rönnbäck et al. (2002) showed that
mangroves subsidize both total fisheries catch by prawn trawlers and the aquaculture



15 Relationships Between Tropical Coastal Habitats and (offshore) Fisheries 541

industry’s dependence on inputs of lime, seed, spawners, and feed. The results show
that 32,600 ha of mangroves support an annual fisheries catch over 100,000 tonnes,
much of it penaeids. This means that each hectare of mangrove generates 3.1 tonnes
of catch, which corresponds to a gross financial value of US$3,900 annually. Sub-
sistence fisheries comprised more than one-third of the total catch by weight, and
together with penaeid prawns, trawl catches were the most important resource by
value.

15.3.1.4 Gulf of Mexico

Turner (1977) found a positive correlation between penaeid shrimp catches and the
vegetated surface area of estuaries in the Gulf of Mexico and in Louisiana; the per-
centage of brown shrimps (Penaeus aztecus) in total shrimp catches was correlated
with the area of adjacent mangrove habitats. Pink shrimp (Farfantepenaeus duo-
rarum) is an important commercial species in the eastern Gulf of Mexico, with
annual landings between 2,300 and 4,500 metric tonnes during the past decade
(Ehrhardt et al. 2001). The adults are exploited by a trawl fishery in the Dry Tortu-
gas region, while juveniles inhabit Florida Bay. The onshore–offshore ontogenetic
migrations create many opportunities for disruption of cohorts. Potential linkage
between the abundance of juveniles in nursery areas and of recruits to the fish-
ery was examined by relating recruitment success to juvenile density spanning 123
months of data. The fitted recruitment success model predicts well the general trend
in the ratio of recruitment to juvenile density. However, as in other parts of the world,
the relationships are complex and the full magnitude of the expected trends is not
fully explained by the model, and environmental variables on recruitmentmay have
a sizeable effect. However, there is a significant relationship between recruitment to
the fishery and juvenile density in the nursery grounds, emphasizing the importance
of the juvenile habitat to fisheries production.

Barbier and Strand (1998) determined the effects of changes in mangrove area in
the Laguna de Terminos on the production and value of prawn harvests in Campeche
from 1980 to 1990. They showed that mangroves have an important and essen-
tial input into the Campeche prawn fishery, but that the low levels of deforestation
between 1980 and 1990 of about 2 km2 annually (2.3%) caused a loss of 28.8 tonnes
of catch equivalent to only 0.4% loss of harvest and revenue. Of greater significance
in terms of impact on the commercial catch was the increase in fishing effort with the
number of boats increasing from 4,500 in 1980 to over 7,200 in 1990. Barbier and
Strand (1998) go on to state that the management implications from these results are
clear, and that although protection of mangroves may be important for preventing
losses in the fishery, control of overfishing is more critical. As long as fishing effort
continues to increase, catches will fall, even if mangrove areas are fully protected.

15.3.2 Fishes

The significance of the relationships between fishes and mangroves is rather more
equivocal than that for penaeid prawns, and Robertson and Blaber (1992) concluded
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that in spite of the correlations between mangrove area and commercial fish catches,
a causal link has not been established experimentally. Nevertheless, there is little
doubt that many tropical estuaries and coastal waters are zones of high productivity
due to a combination of shallowness and high nutrient input from rivers. In addi-
tion, the vegetation in and adjacent to tropical estuaries, particularly the mangroves,
contributes to this productivity, and the fish yields in terms of tonnes landed per
km2 per year of a selection of subtropical and tropical estuaries and non-coral reef
coastal waters are shown in Table 15.2. The reported values are mainly from larger
systems, albeit still estuarine sensu Blaber (2000), because these are the ones that
support significant fisheries and for which data exist. The tonnages are based on
total catches in relation to estuarine area and in most cases do not reflect sustain-
able yields. The values range from 1–38 tonnes per km2 per year and are generally
higher than those for tropical rivers and lakes, but the range is similar to that reported
for tropical continental shelves and coral reefs (Lowe-McConnell 1975, Marten and
Polovina 1982). The key features of a selection of the larger fisheries are given
below.

Table 15.2 Production of fish in selected tropical estuaries and non-coral reef coastal systems
(modified partly from Marten and Polovina 1982, and Blaber 2000)

Country Fishery area Tonnes per km2 per year References

Colombia Cienaga Grande 12.0 Rueda and Defeo (2001)
El Salvador Jiquilisco 1.7 Hernandez and Calderon

(1974), Phillips (1981)
Ghana Sakumo lagoon 15.0 Pauly (1976)
India Lake Chilka 3.7 Jhingran and Natarajan

(1969)
Lake Pulicat 2.6 Jhingran and

Gopalakrishnan (1973)
Mandapam lagoon 5.6 Tampi (1959)
Hooghly-Matlah 11.4 Jhingran (1991)
Vellar-Coloroon 11.1 Venkatesan (1969)

Ivory Coast Ébrié lagoon 16.0 Durand et al. (1978)
Malagasy Pangalanes lagoon 3.7 Laserre (1979)
Malaysia Larut-Matang 38.64∗ Choy (1993)
Mexico Caimanero lagoon 34.5 Warburton (1979)

Terminos lagoon 20.0 Yáñez-Arancibia and Lara
Dominguez (1983)

Tamiahua lagoon 4.7 Garcia (1975)
Philippines San Miguel Bay 23.8∗∗ Mines et al. (1986)
South Africa Kosi system 1.0 Kyle (1988, 1999)
USA Texas bays 12.1 Jones et al. (1963)
Venezuela Lake Maracaibo 1.9 Nemoto (1971)

Tacarigua lagoon 11.0 Gamboa et al. (1971)

∗ Includes penaeid prawn catches and non-coastal waters
∗∗ Probably an overestimate as trawlable biomass is only 2.13 tonnes per km2
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15.3.2.1 The Hilsa Fishery, South Asia

Various aspects of the biology of the Hilsa and its fisheries (Tenualosa ilisha) have
been summarized by Blaber (2000) and Blaber et al. (2003). This anadromous clu-
peid is the basis of the world’s largest tropical estuarine fishery. The species extends
from the Arabian Gulf to at least Burma, but the largest fisheries are in the Bay of
Bengal and its estuaries in India and Bangladesh. The popularity, socio-religious
significance, and traditional public knowledge of Hilsa are reflected in the proverbs
and historical records of the Bengal area, and no other fish is as highly prized (Raja
1985). The largest catches of Hilsa come from the Ganges Delta and upper Bay of
Bengal region, with Bangladesh probably taking the largest share (well over 100,000
tonnes per year), followed by India (about 25,000 tonnes) and Burma (about 5,000
tonnes). Unfortunately, the nature of the fishery has precluded very accurate records
of annual catches (Dunn 1982), as is the case with many of the fisheries of the devel-
oping world, and estimates of total yields vary widely. However, there seems little
doubt that the overall catch in the Bay of Bengal region is now at least of the order
of 200,000 tonnes. It is the most important fishery of the region and for example,
currently makes up about 25% of the total fish landings in Bangladesh.

It has subsistence, artisanal, and commercial sectors although there is consider-
able overlap between all three, and very large numbers of people are dependent on
the fishery. The subsistence sector comprises mainly the fishing activities of women
and children who catch juveniles in the estuaries and rivers, the artisanal consists of
smaller, mainly non-mechanized boats working the estuaries, while the commercial
sector consists of larger mechanized vessels working in the Bay of Bengal. There are
conflicts of interest between the sectors, with the commercial fishers believing that
the catching of juveniles by the subsistence sector adversely impacts adult stocks,
and the artisanal riverine fishers contending that the expansion in the marine fishery
has reduced the number of Hilsa available in the estuaries.

15.3.2.2 The Larut-Matang Fishery, Malaysia

The mangrove estuaries and adjacent coastal waters of the Matang area of Peninsu-
lar Malaysia are very heavily fished by both commercial and artisanal sectors and
as such, are similar to many such areas in Southeast Asia. The forests of the Matang
Mangrove Forest Reserve have been managed on the basis of sustainable yields,
with a 30 yrs timber harvesting rotation, since the early part of this century. In 1992,
450,000 tonnes of timber products (including charcoal) were produced (Gopinath
and Gabriel 1997). The forest industry provides direct employment for about 1,400
and indirect employment for 1,000, and the total annual value of the forest prod-
ucts are about US$9 million. In contrast to this, the fishing industry provides direct
employment for 2,500 and indirect employment for 7,500, with an annual value of
about US$30 million. The fisheries thus provide four times more employment and
economic returns than the forestry, clearly illustrating the value of the links between
mangroves and coastal waters to the fisheries (Ong 1982, Khoo 1989).
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In 1990 there were 2,540 fishers, of which 1,250 were involved in trawling, and
the remainder operated traditional gears, 970 of whom used mainly gill nets. Most
of the boats are small, locally constructed and suitable for shallow seas, narrow
river mouths and creeks, and 79% are less than 20 gross tones. The above figures
exclude about 200 unlicensed mechanized push net operators that fish the very shal-
low coastal areas and river mouths.

In 1990 a total of 58,300 tonnes were landed (73% from trawling, 7% from gill
nets) plus approximately another 2,300 tonnes from the push net operators. The
main species landed are sciaenids, Rastrelliger spp., ariids, Sardinella spp., Lates
calcarifer, Megalops cyprinoides, and large numbers of juveniles of a wide variety
of inshore and estuarine species. The fishery also catches large numbers of commer-
cially important penaeid prawns (Blaber 2000).

15.3.2.3 The Ébrié Lagoon Fishery, Ivory Coast

The lagoon network of the Ivory Coast consists of three different lagoon complexes
stretching along the coast for about 300 km. The nature of the fish fauna of the
Ébrié Lagoon (a coastal lake of 566 km2) has been extensively studied (Albaret and
Écoutin 1989, 1990) and has well-developed traditional and commercial fisheries.

The commercial fisheries using mainly ring nets and beach seine nets (up to 2 km
in length), operated by a salaried workforce, began in about 1960 and increased
fourfold between 1964 and 1975, to become responsible for at least 70% of the
catch (5,000 tonnes per year). The permanent opening of the lagoon to the sea in
1950 brought a more marine influence and increased the catches of marine migrant
species. The traditional fishery takes about 2,000 tonnes per year.

Six species make up the bulk of landings in both fisheries: Ethmalosa fimbriata
(61%), Tilapia spp. (6%), Elops lacerta(6%), Chrysichthys spp. (5%), Tylochromis
jentinki (4%), and Sardinella maderensis (4%).

15.3.2.4 The Gulf of Nicoya Fishery, Costa Rica

This large mangrove-lined estuarine embayment on the Pacific coast of Costa Rica
is the most important fishing ground of Costa Rica. The main Pacific ports of the
country are located within the estuary and the estuary supports a substantial artisanal
fishery on various stocks in the inner Gulf, as well as a commercial prawn (shrimp)
trawl fishery in the outer Gulf.

The artisanal fishery lands about 6,300 tonnes per year of which 43% consists
of sciaenids (known locally as ‘corvina’), such as Cynoscion albus, C. squamipin-
nis, Stellifer spp., and Bairdiella spp. (Szelistowski and Garita 1989, Herrera and
Charles 1994). These corvina populations are comprised of high-valued species
that are caught in drift gillnet fisheries that are barely managed, and the fishery
is regarded as a common property resource. Little is known of the state of the
stocks, but the stocks have suffered severe declines under the high fishing pressure.
These artisanal fisheries are characterized by the absence of any long-term series of
catch records and the only available data are single length-frequency distributions
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of catch, collected sparsely over time. Hence, any search for alternative harvesting
strategies to gill netting and the development of management plans is dependent
on the implementation of research and catch monitoring to provide the appropriate
information.

15.3.2.5 The Cienaga Grande de Santa Marta Fishery, Colombia

This large (480 km2) and shallow coastal lake on the Caribbean coast of Colombia
supports some of the most extensive and varied artisanal fisheries of the region as
well as some commercial fishing. Gill nets, cast nets, longlines, and an encircling
net known as a ‘bolicheo’, are the primary techniques used by the fishermen in the
lake (Rueda 2007). Species of the families Mugilidae, Gerreidae, Ariidae, Centropo-
midae, Sciaenidae, and Lutjanidae form the major part of the artisanal catches. The
actual species caught vary according to the type of fishing gear, with mojarras, par-
ticularly Eugerres plumieri, the dominant species taken by the ‘bolicheo’ nets, and
mullets abundant in gillnet catches. Commercial catches are dominated by carangids
and haemulids (León and Racedo 1985). Much of the system is now included with
conservation areas and there is an urgent need for integrated management plans
(Rueda and Defeo 2001).

15.3.3 Mangrove—Fishery Relationships: Conclusions

The few studies that have quantified relationships between mangroves and coastal
resources were summarized by Baran (1999) and Manson et al. (2005) and these
and others are listed in Table 15.1, but it must be reiterated that these are corre-
lations and that causal links have not been established experimentally. In the Gulf
of Mexico, Yáñez-Arancibia et al. (1985) showed a logarithmic relationship (pos-
itive correlation) between commercial fish catches and mangrove area. However,
the same authors showed that in Terminos Lagoon and the adjacent coastal waters
of Campeche Sound in the Gulf of Mexico, fish yields are largely controlled by
climatic and meteorological conditions, the amount of river discharge and tidal
amplitude—factors that play a major role in affecting the movement patterns of
fish between the lagoon and the sea (Yáñez-Arancibia et al. 1985).

Manson et al. (2005) showed that links between mangrove area and coastal
fisheries production could be detected for some species at a broad regional scale
(1,000s of kilometers) on the east coast of Queensland, Australia. The relationships
between catch-per-unit-effort for different commercially caught species in four
fisheries—trawl (Fig. 15.2), line, net, and pot—and mangrove characteristics
estimated from Landsat images, were analyzed. The species were categorized
into three groups based on life history characteristics, namely mangrove-related
species (banana prawns Penaeus merguiensis, mud crabs Scylla serrata, and
barramundi Lates calcarifer), estuarine species (tiger prawns Penaeus escu-
lentusand Penaeus semisulcatus, blue swimmer crabs Portunus pelagicus, and
blue threadfin Eleutheronema tetradactylum), and offshore species (coral trout
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Fig. 15.2 Commercial penaeid prawn trawler on the east coast of Queensland, Australia

Plectropomus spp.). For the mangrove-related species, mangrove characteristics
such as area and perimeter accounted for most of the variation in the model; for
the non-mangrove estuarine species, latitude was the dominant parameter, but
some mangrove characteristics (e.g., mangrove perimeter) also made significant
contributions to the models. In contrast, for the offshore species, latitude was the
dominant variable, with no contribution from mangrove characteristics.

As with the Paw and Chua (1989) relationship between mangroves and prawn
catch, Baran (1999) re-plotted this relationship on an ordinary scale and showed
that the relationship is not linear and exhibits an inflexion at a certain abscissa below
which a small reduction in the surface area of mangroves implies a drastic reduction
in fish catch (Fig. 15.1). In Vietnam, De Graaf and Xuan (1998) demonstrated a
similar relationship and indicated that one hectare of mangrove forest supports a
marine catch of 450 kg per year.

The dependence on the mangrove habitat by juveniles of a number of com-
mercially important fishes, including mugilids, polynemids, ariids, clupeids and
engraulids is well documented (Blaber 2000). For example, the life history of the
Tarpon, Megalops atlanticus, of the tropical Atlantic has been summarized by Gar-
cia and Solano (1995) for the Colombian coast. The leptocephali of M. atlanticus
migrate into mangrove estuaries (Zerbi et al. 1999) where they grow to about 28 mm,
they then enter a second larval stage when their length decreases to about 13 mm.
After this, growth increases again and the larvae become juveniles. At a length of
about 100 mm they move to freshwaters. Prior to sexual maturity the fish leave the
estuary (>400 mm) and reach sexual maturity at a length of about 1 m. Spawning
aggregations of 25−250 M. atlanticus have been recorded up to 25 km from the
coast. Fecundity is very high with a 2-m fish containing about 12 million eggs. The
life cycle of Megalops cyprinoides of the Indo-West Pacific appears to be similar in
most respects to that of M. atlanticus (Pandian 1969, Coates 1987).
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Baran (1999) and Baran and Hambrey (1999), in recent important reviews of the
fishery–mangrove relationship, showed that all the studies to date suffer from prob-
lems of auto-correlation—with many factors other than just mangrove area, such as
river discharge, area of shallow coastal water, intertidal area, and food availability,
contributing to the relationships. These reviews also show that finding a relationship
between mangrove area and fish production is not straightforward, because:

(1) Closely related fish species can have very different ecological requirements,
which blurs possible global relationships.

(2) Results drawn from site-specific studies cannot be generalized to large areas in
different geomorphic and climatic settings.

(3) Fishery statistics, in most cases, can not be disaggregated enough to link catches
to specific mangrove zones.

More recently, in a review of the role of mangroves as nursery habitats for tran-
sient fishes and decapods, Sheridan and Hays (2003) concluded that the case for
identifying flooded mangrove forests as critical nursery habitat remains equivocal
until sufficient further experimental and quantitative studies have been carried out.
Furthermore, in Queensland, Australia, Manson et al. (2005) showed an empirical
link between the extent of mangrove habitat and fishery production (mainly Crus-
tacea) for three mangrove-related species, but such links for four non-mangrove
estuarine species were less significant, and for these species latitude was the domi-
nant variable.

As indicated earlier, not all mangroves or areas in mangrove systems, have the
same relationships with fishes. For example, Vance et al. (1996) showed that in
northern Australia, the deeper waters at the fringes of mangrove forests contain
much of the functionality compared with the more inland shallower, intertidal areas.
There are other studies which show that the inshore shallower area of the man-
grove forests are preferred areas by shrimps and small fishes (Rönnbäck et al. 1999,
Affendy and Chong 2007) presumably to avoid predation. Hence, if much of the
loss of mangroves could be confined to the inland side, and deeper fringing areas
left intact, perhaps much of the functional value could be retained. Kapetsky (1985)
suggested that much of the functional value of mangroves might be retained from
a smaller area of mangroves, for example 75% of nursery function from 50% of
original area. However, it is the deeper fringing areas of mangroves adjacent to the
sea that have been most attractive and suitable for aquaculture pond development
throughout the tropics and have hence suffered greater proportional losses than more
inland mangroves. This is not to say that shallower inland mangroves may not be
important, particularly with regard to small fish species diversity and conservation,
as demonstrated by Taylor et al. (1995) in Florida and Rönnbäck et al. (1999) in the
Philippines.

Evidence of the value of mangroves to fish (see Chapter 10) and fisheries is
rapidly increasing and appears almost overwhelming, but the case at the moment
is not proven because much of the evidence is circumstantial. Therefore, despite the
fact that the relationship has gained widespread scientific and public acceptance,
there is still an urgent need for experimental and quantitative studies (such as that
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of Verweij et al. (2006)) to lend weight to the economic arguments that the value
of retaining mangroves far exceeds the value of their destruction for whatever pur-
pose. Mangroves are still being lost at an unacceptable rate from all points of view:
ecological, economic, conservation, and human safety (e.g., Tsunami protection)
(Blaber 2007).

15.4 Coral Reef—Offshore Fisheries Connectivity

Coral reef fisheries are largely the domain of small-scale fishers (Fig. 15.3), but
their relative importance is very great with global catches in excess of 2 × 106

tonnes (Munro 1996). Their fisheries productivity is, however, usually much less
than that for tropical estuarine and coastal (non-coral reef) waters (Tables 15.2,
15.3). Although most of the fisheries productivity of coral reefs is harvested within

Fig. 15.3 Gill netting is one
of the most common types of
fishery in coral reef areas,
such as here in the Solomon
Islands
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Table 15.3 Fish yields from various coral reef fisheries (modified partly from Marten and Polovina
1982, and Munro 1996)

Location Tonnes per km2 per year References

Bahamas 2.4 Gulland (1971)
Caribbean, total mean value 0.4 Munro (1977)
Fiji 3.4 Jennings and Polunin (1995)
Ifaluk (Pacific) 5.1 Stevenson and Marshall (1974)
Jamaica, north coast 3.7 Munro (1977)
Kenya 2.0−4.0 Kaunda-Arara et al. (2003)
Madagascar, Tulear 12.0 Laroche and Ramananarivo (1995)
Mauritius 4.7 Wheeler and Ommaney (1953)
Philippines, Bolinao 12.0 McManus (1992)
Philippines, Luzon 7.0 Christie and White (1994)
Philippines, reef slope 2.7 McManus (1992)
Red Sea (Eritrea) 0.15−0.6 Tsehaye (2007)

the reef system, there are several ways in which their connectivity with other sys-
tems is relevant to ‘offshore fisheries’. These include the relationship between reef
fisheries and mangroves and seagrasses, connectivity between reefs, and ways in
which reefs support some pelagic fisheries.

15.4.1 Connectivity Between Reef Fisheries
and Mangroves/Seagrasses

This subject is dealt with in detail in Chapters 10 and 11, and only those points
related to reef fisheries are discussed here.

Worldwide, most studies on mangrove fish communities and their linkages with
offshore fisheries have been done in estuarine mangrove systems (Nagelkerken
2007). However, there are 100–1,000 of small islands in the Caribbean and Indo-
Pacific which only harbor non-estuarine mangroves located in marine embayments
and lagoons. Although their surface area is mostly much smaller than that of large
estuarine mangrove forests, they may be important on an island scale for coral-reef
associated fisheries. Only in this millennium have studies started focusing in more
detail on the connectivity between non-estuarine mangroves (and seagrass beds)
and adjacent coral reefs with regard to fish movement (Nagelkerken 2007), mostly
based on multiple habitat density comparisons using a single census technique
and distinguishing between fish size classes. This has resulted in the identification
of several (commercial) reef fish species which appear to depend on mangroves
while juvenile (e.g., Nagelkerken et al. 2000, Cocheret de la Morinière et al. 2002,
Christensen et al. 2003, Serafy et al. 2003, Dorenbosch et al. 2007). Studies compar-
ing reef fish communities near and far from mangrove habitats, and with the pres-
ence or absence of island mangroves, have shown that the dependence on mangroves
is species-specific, but appears to be high for various reef species (Nagelkerken et al.
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2000, 2002, Mumby et al. 2004, Dorenbosch et al. 2004, 2005, 2007). Otolith micro-
chemistry studies have also suggested a linkage between mangroves and coral reefs
(Chittaro et al. 2004).

15.4.2 Connectivity Between Reefs

In coral reef environments it is widely accepted that pelagic larval dispersal is
responsible for most of the linkages between reef fish populations (Boehlert 1996),
and most coral reef fishes are thought to be highly sedentary with movements lim-
ited to a few kilometers (Kaunda-Arara and Rose 2004). This is exemplified by the
fishery situation with regard to the Nassau grouper (Epinephelus striatus), which
is the second most abundant fish landed in the Bahamas (422 tonnes in 2003), and
is becoming scarce as the species is mainly sedentary and forms regular and con-
spicuous spawning aggregations where it is heavily fished (Ehrhardt and Deleveaux
2007).

However, in addition to pelagic reef-associated species, such as some carangids,
long distance movements of adult reef fish have been documented and may com-
plement larval dispersal in maintaining connectivity between populations (Kaunda-
Arara and Rose 2004). This is further supported by evidence from the Virgin Islands
where Beets et al. (2003) suggest that habitat connectivity may be greatly dependent
on movement of large organisms, particularly haemulids. The question of scale is
important here and results from French Polynesia show that relatively little connec-
tivity is likely among reef systems separated by >300 km, but substantial exchange
occurs at smaller spatial scales (Lo-Yat et al. 2006).

15.4.3 Coral Reefs and Pelagic Fisheries

The pelagic fisheries of most significance in relation to coral reefs are some of the
scombrid fisheries, primarily for tuna, in the Pacific and Indian Oceans (Dalzell
1996; Table 15.4). The tuna pole-and-line industry relies upon supplies of baitfish
taken from coral reef areas (Blaber and Copland 1990). About 20 species are com-
monly used as live bait (Table 15.5), but large numbers of other small species and
juveniles of other larger species, mainly reef-associated, are captured during the
baitfishing operations (Rawlinson and Sharma 1993). Although declining in impor-
tance relative to purse seining, pole-and-line fleets are still important in the Pacific
in Solomon Islands, Fiji, and eastern Indonesia. In the Indian Ocean the very large
artisanal fishery for tuna in the Maldives uses pole-and-line.

In the Pacific, commercial pole-and-line boats (Fig. 15.4) collect large quantities
of live bait from coral reef areas using bouki-ami or lift nets. The species used
are mainly stolephorid anchovies and Spratelloides spp. It was estimated that 1.9
million kg of baitfish were captured by the pole-and-line fleet in Solomon Islands in
1992, mainly from 78 bait grounds in the Western Province (Tiroba 1993).
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Table 15.5 Species commonly captured in coral reef areas by tuna pole-and-line fisheries for use
as live bait. PNG = Papua New Guinea

Family Scientific name English name Fisheries

Apogonidae Rhabdamia cypselurus Solomons, PNG, Fiji,
Indonesia, Maldives

Rhabdamia gracilis Solomons, PNG, Fiji,
Indonesia, Maldives

Atherinidae Atherinomorus lacunosus Solomons, PNG, Fiji,
Indonesia

Hypoatherina ovalaua Solomons, PNG, Fiji,
Indonesia

Caesionidae Caesio spp. Fusilier Solomons, PNG, Fiji,
Indonesia, Maldives

Dipterygonotus balteatus Whitelined fusilier Solomons, PNG, Fiji,
Indonesia, Maldives

Pterocaesio spp. Fusilier Solomons, PNG, Fiji,
Indonesia, Maldives

Carangidae Decapterus spp. Round scad Solomons, PNG, Fiji,
Indonesia

Selar spp. Big eye scad, atule Solomons, PNG, Fiji,
Indonesia

Scombridae Rastrelliger kanagurta Indian mackerel Solomons, PNG, Fiji,
Indonesia

Clupeidae Amblygaster sirm Spotted pilchard Solomons, PNG, Fiji
Herklotsichthys

quadrimaculatus
Gold spot herring Solomons, PNG, Fiji

Sardinella fimbriata Fringescale sardine Solomons, PNG, Fiji
Sardinella spp. Sardine Solomons, PNG, Fiji
Spratelloides delicatulus Blue sprat Solomons, PNG, Fiji,

Indonesia, Maldives
Spratelloides gracilis Silver sprat Solomons, PNG, Fiji,

Indonesia, Maldives
Spratelloides lewisi Lewis’s sprat Solomons, PNG, Fiji

Engraulididae Stolephorus devisi Gold anchovy Solomons, PNG, Fiji,
Indonesia

Stolephorus heterolobus Blue anchovy Solomons, PNG, Fiji,
Indonesia, Maldives

Stolephorus indicus Solomons, PNG, Fiji
Stolephorus punctifer Ocean anchovy Indonesia
Thryssa baelama Little priest Solomons, PNG, Fiji,

Indonesia

The Maldives in the Indian Ocean has a long history of tuna fishing going back
several centuries. Tuna fishing is one of the main economic activities of the country,
with almost 10% of the population involved directly in the fishery (Anon 2003). The
main catch is skipjack tuna (115,300 tonnes in 2002), but significant quantities of
yellowfin tuna (21,700 tonnes in 2002) are caught as well. During the last few years
the average size and fishing power of local pole and line vessels has increased sig-
nificantly. This has contributed to a major recent increase in tuna catches and catch
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Fig. 15.4 Commercial tuna pole-and-line boat—entirely dependent on baitfish caught over
coral reefs

rates (Adam et al. 2003). The primarily artisanal fleet (Fig. 15.5) relies on daily sup-
plies of baitfish from reef areas. A detailed description of the baitfishing method is
given by Maniku et al. (1990). Catches are made using lift nets deployed over coral
‘bommies’ where suitable concentrations of fish have been located. Over 20 species
of baitfish are in regular use, falling into three categories: fusiliers (Caesionidae),
sprats of the genus Spratelloides, and cardinal fishes (Apogonidae). It has been esti-
mated that the catch rates of tuna in the Maldives lie within the range of 7−13 kg of
tuna per kg of baitfish.

The pole-and-line fisheries for tuna in eastern Indonesia, mainly in Maluku and
Sulawesi, which caught 106,677 tonnes of skipjack tuna in 1997, also rely on large
quantities of baitfish taken in coral reef areas. Most of the baitfish is captured using
fixed fishing platforms (bagans) set up over coral reefs. Lift nets are deployed from
the bagans at night using lights to attract the fish over the net (Naamin and Gafa
1998). About 16 species from five families, namely, Engraulididae, Clupeidae, Cae-
sionidae, Scombridae, and Carangidae are commonly used as baitfish, but usually
about 70% of the catch consists of Stolephorus spp. Naamin and Gafa (1998) report
a decreasing trend in the ratio of baitfish utilization to tuna catch from 9−10 kg tuna
per kg of baitfish (1968–1971) to 3.5 kg of tuna per kg of baitfish (1986–1995).

15.5 Management and Governance Issues

For most tropical fisheries the key issue is the depleted state of the resources. In a
recent analysis of the situation in Asia, Stobutzki et al. (2006) state that for most
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(a) (b)

Fig. 15.5 Traditional Maldivian pole-and-line tuna ‘dhoni’ (a) and typical catch (b), entirely
dependent on baitfish caught over coral reefs

Southeast Asian countries for which time series data are available, total biomass has
declined to <10% of baseline estimates. The major contributor to the declines is
overfishing linked also to poverty among fishing communities—both a symptom of
lack of effective fisheries management. A variety of strategies to address the situa-
tion is available and is outlined in Stobutzki et al. (2006). Of particular relevance to
the connectivity question and the dependence of offshore fisheries on mangroves or
coral reefs, are the balance between small-scale and industrial fisheries, the scales
of management taking into account, degrees of connectivity, and the use of marine
protected areas (MPAs) (see also Chapter 16).

15.5.1 Balance Between Small-Scale and Industrial Fisheries

In most developing countries the offshore resources are harvested by an indus-
trial sector using relatively large boats and sophisticated technologies, whereas the
inshore resources in and around mangroves and coral reefs are taken by small-scale
artisanal and subsistence fishers often using traditional low technology methods.
Depletion by either sector of fisheries resources that are connected inshore–offshore
through life-cycles or migrations will obviously impact both sectors. Management
measures to address this problem such as delineation of fishing zones, based on
depth, distance from shore, and vessel size have been successful in reducing con-
flict and separating the fishers in a number of Asian countries, but they are still
competing for the same connected resources (Garces et al. 2006). Overfishing will
continue unless total levels of fishing effort are reduced and rights to specific catch
levels allocated to the fisheries sectors (Stobutzki et al. 2006).



15 Relationships Between Tropical Coastal Habitats and (offshore) Fisheries 555

15.5.2 Connectivity

Ablan (2006) states that there is an urgent need for habitat connectivity-related infor-
mation with regard to fisheries in developing countries for four main reasons, and
her findings are summarized below:

Firstly, the main strategies to manage the multi-gear and multi-species fisheries in
many tropical developing countries are almost exclusively area-based. Asian coun-
tries have fisheries management zones, which restrict gear or vessel types in partic-
ular areas (Garces et al. 2006). Marine protected areas are now receiving significant
attention as a potential fisheries management and conservation tools (Pollnac et al.
2001). The success of these management strategies is dependent on how well man-
agement units align with the structure and dynamics of the ecological systems and
their connectivity and how well they serve the biological requirements of commer-
cial fish species.

Secondly, management units are becoming more focused at local scales (see
Chapter 16). The Local Government Code of 1991 in the Philippines and the Local
Autonomous Code of 1998 in Indonesia are some examples of legislation where
the authority to develop and regulate coastal resources, including the fisheries, has
been formally devolved to local governments. Community-based coastal manage-
ment initiatives, whereby coastal communities assume many of the responsibilities
for implementing, monitoring, and enforcing regulations are advocated (Ferrer et al.
1996, Crawford et al. 2000, Christie 2005). With management parcels shrinking in
size, the success of initiatives within these management areas will depend on the
extent to which they are independent or dependent on other areas. As discussed in
Chapter 16, spatial management to achieve large-scale conservation and sustain-
able use at a regional scale has good potential; however, at the local scale with-
out planning and coordination taking into account ecosystem connectivity, most
community-based management initiatives are likely to fail in relation to fisheries
with onshore–offshore dependencies.

Thirdly, demersal species are distributed in patches which are associated with
specific habitats. The vulnerability of fish populations to fishing pressure and local
extinction is much greater when populations occur in aggregations. Their abundance
may decrease substantially when the habitats they require are destroyed. Areas
where habitats are healthy and fish are abundant may be important to communi-
ties and countries other than those with jurisdiction over them. The Spratly Islands
area, in the South China Sea, is a case in point. This rich fishing area is located
within the Exclusive Economic Zones (EEZs) of four countries (McManus 1994,
Morton and Blackmore 2001). The area is also a source of fish to other areas on the
boundary of the South China Sea, and as a result is heavily overfished, and has one
of the lowest biomasses of fish per square kilometer (McManus and Menez 1998).
Within a country, fishing areas may be within the jurisdiction of two or more local
administrative units. Balicasag Island in the Bohol Sea is another example. The area
is recognized by local fishers as seasonal spawning grounds for high value species,
such as groupers and snappers. Groupers can travel long distances to breed (Pittman
et al. (2004), Kaunda-Arara and Rose 2004) and the fish in the area come from
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localities other than the reef in which spawning occurs. Healthy mangroves and sea-
grass beds are nursery grounds for fish that settle elsewhere (Mumby et al. 2004),
making them essential habitats for the survival of the fish. Managing these critical
areas requires information on fish movements and trophic linkages.

Finally, manpower and financial resources to enforce fisheries management regu-
lations are limited in many tropical countries. Local governments, now held respon-
sible for managing their fisheries, may not have sufficient resources and may be
severely hampered without accurate information about the ‘connectedness’ of their
fisheries.

15.5.3 Marine Protected Areas (MPAs)

The designation of areas as ‘marine protected areas’ (often known as marine sanc-
tuaries or marine parks) has become a widespread practice in many tropical seas
primarily as a conservation tool and to attract and encourage ecotourism. They are
described in detail in Chapter 16 and only those points relevant to fisheries produc-
tion are discussed here.

In terms of a more holistic approach to ecosystem management MPAs are a use-
ful fisheries management tool. Fishing is generally prohibited or fishing effort is
greatly reduced in MPAs thus providing a number of possible benefits to fisheries
management in relation to mangroves and coral reefs (Cabanban 2000):

(1) Protection of spawning stocks
(2) Protection of nursery grounds
(3) Enhancement of catch in adjacent zones through emigration
(4) Provision of larvae and recruits to downstream reef or other nearshore habitats

Defining systems of marine protected areas, and strategies to manage shared
stocks, were recommended as priority actions to ensure sustainability of fisheries
within countries in South and Southeast Asia (Silvestre et al. 2003). There is rela-
tively little quantitative data about the connectivity and spatial structure of coastal
fisheries resources in developing countries, but resource managers in many develop-
ing countries are keenly aware of the concept (Ablan 2006). However, there is strong
evidence about the positive effects of protecting spawning biomass through the use
of MPAs in Australia (Robertson 1999), the Philippines (Alcala and Russ 1990), and
the Caribbean (Roberts 1997). Generally, fish catches from adjacent areas increased
after protection and declined when the protection was lifted (Cabanban 2000). How-
ever, while conservationists, resource managers, scientists, and coastal planners
have recognized the broad applicability of MPAs, they are often implemented with-
out a firm understanding of the conservation science—both ecological and socio-
economic—underlying the rationale for marine protection (Agardy et al. 2003).
Despite considerable investment in monitoring of coral reefs and other coastal habi-
tats, for most MPAs in the tropics, the data available do not show clearly whether
biodiversity, socio-economic, or fishery objectives are being met (Wells et al.
2007).
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The size of MPAs has received considerable attention and there may be important
differences between what works in the tropics and what works in temperate areas
(Laurel and Bradbury 2006). For East African coral reef areas, research suggests
that tropical fisheries dominated by rabbitfish, emperors, and surgeonfish should be
enhanced by closed areas of 10–15% of the total fishery area (McClanahan and
Mangi 2000).

In assessing the value of MPAs to downstream fisheries in the tropics it has often
been assumed that there are no regulations limiting fishing effort and that MPAs,
by themselves, can be used to maintain both sustainable fish stocks and sustainable
harvests (Hilborn et al. 2006). However, modeling by Hilborn et al. (2006) showed
that the situation can be complex and they found that when a stock is managed at
maximum sustainable yield, or is overfished, an MPA is only effective if there is
a reduction in total catch in order to avoid increased fishing pressure on the stock
outside the MPA. Hilborn et al. (2006) further suggest that catches will be lower
as a result of overlaying an MPA on existing fisheries management and only when
the stock is so overfished that it is close to extinction does an MPA not lead to
lower catches. In a catch-regulated fishery, even if the stock is overfished, MPA
implementation may not improve overall stock abundance or increase harvest unless
catch is simultaneously reduced in the areas outside the MPA.
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Chapter 16
Conservation and Management of Tropical
Coastal Ecosystems

William Gladstone

Abstract All major coastal ecosystems in the tropics are being degraded. The
problems include losses of biodiversity, reduced ecosystem functions, and costs to
coastal human societies. Declines in species’ abundances, and habitat loss and mod-
ification are the result of the demands for aquaculture, port construction, trawling,
excessive nutrient loads, overfishing and collecting, sedimentation from catchment
activities, invasive species, and climate change. A global response to these changes
has been conservation and management approaches that aim to reduce, reverse,
and prevent unnatural changes and address their underlying causes. Successes in
conservation and management are likely when actions are designed to achieve the
fundamental ecological goals of ensuring resilience, maintaining ecosystem connec-
tivity, protecting water quality, conserving species-at-risk, conserving representative
samples of species and assemblages, and managing at the appropriate spatial scale.
Achieving societal aspirations for coastal ecosystems requires that management
approaches address the socio-economic aspects of issues and include stakeholder
consultation, participation, and education. Achieving long-term success in conser-
vation and management requires coastal nations to address fundamental issues such
as lack of information for management decision-making, population growth and
poverty, limited technical and management capacity, poor governance, lack of stake-
holder participation, the mismatches between the issue and the geographic scale of
management, lack of an ecosystem perspective, ineffective governance and manage-
ment, and a lack of awareness of the effects of human activities.
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16.1 Introduction

Great changes have occurred in many tropical countries in recent decades and these
have led to problems in their coastal and marine ecosystems and their dependent
human societies. For example, in the Red Sea ‘In the late 1960s, probably 98% of
the total Red Sea coast was in practically virgin condition . . . ’ (Ormond 1987). The
rapid development that occurred in parts of the Red Sea since the 1960s (as a direct
result of the expansion of petroleum-based economies) had profound consequences
for its ecosystems, with the loss of this ‘virgin’ status in many places. Coral reefs
near urban and industrial centers were degraded by land-filling and dredging, port
activities, sewage, and tourism. Three-quarters of the Red Sea’s mangrove stands
were negatively affected by camel grazing, felling, cutting, solid wastes, sewage,
burial by mobilized sand dunes, or obstruction to tidal flows. Sharks were over-
fished and overfishing by industrial trawlers in the Gulf of Aden depleted cuttlefish
and deep-sea lobsters (Gladstone 2008).

A global response to the problems occurring in all tropical coastal ecosystems
(including the Red Sea) has been the design and development of a range of con-
servation and management tools, approaches, and principles and these will be the
focus of this chapter. I begin by justifying the need for conservation and manage-
ment from the perspectives of the benefits human societies derive from them, and the
ecological, social, and economic costs flowing from their degradation. I then review
nine major goals for conservation and management. Each goal is described and jus-
tified, and some practical case studies of the ways each is being implemented are
provided. There is a rich vocabulary in the disciplines of coastal conservation and
management (Kay and Alder 1999) but I have selected ‘goals’ to illustrate the point
that achieving these goals will help achieve the conservation and sustainable use of
coastal ecosystems. Readers interested in additional related topics (e.g., financing,
legal aspects) will find many relevant references herein. I have deliberately focused
on the practical ways of addressing current issues, rather than a detailed review of
the issues, and readers interested in the latter can consult several excellent recent
reviews (Connell 2007, Fine and Franklin 2007, Glasby and Creese 2007). Exam-
ples of the practical actions that can be applied are described in case studies in boxes
and many more are listed in Appendix 16.1 at the end of this chapter. The references
cited in Appendix 16.1 provide the starting point for further exploration of a diverse
and exciting literature.

16.2 The Values of Coastal Ecosystems

Coastal ecosystems in the tropics include coral reefs, mangroves, and seagrass.
Coral reefs, described as ‘the largest durable bioconstruction projects on Earth’
(Knowlton and Jackson 2001), are the major centers of marine diversity. More phyla
inhabit coral reefs than tropical rainforests, and coral reefs probably contain close
to one million species, although only about 100,000 have been described (Harrison
and Booth 2007). The presence of coral reefs influences the physical structure of
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the coastline and adjacent ecosystems, and they protect mangroves and seagrasses
against the sea.

Seagrasses are the only marine representatives of the flowering plants and the
habitats they form (‘seagrass beds’) contain diverse assemblages of other organ-
isms. There are more than 70 seagrass species, with centers of diversity occurring
in southwestern Australia, Southeast Asia, and Japan/Republic of Korea (Gillanders
2007). Mangrove forests are the other plant-based coastal habitat that occurs in the
high intertidal areas of soft sediment shorelines. Mangroves and seagrass beds con-
tribute to other habitats through export of detritus (see Chapter 3) and the move-
ments of juvenile and adult organisms (see Chapters 8 and 10), and both habitats
trap sediments and thereby protect coral reefs (Connolly and Lee 2007).

The conservation and management of coastal ecosystems can be justified by the
need to maintain the benefits they provide to human society (Duarte 2000, Turner
2000, UNEP 2006). Ecosystem services, including provisioning, regulating, and
cultural services, are the benefits humans derive from ecosystems and their supply
is dependent on supporting services (Table 16.1). Provisioning services provide the
products used by humans for subsistence, enjoyment, and enterprise, and include
pharmaceuticals, curios, building materials, and food from fisheries and aquacul-
ture. Regulating services include shoreline protection and stabilization from waves
and storm surges (provided by coral reefs, mangroves, and seagrass), and sediment
trapping and pollutant filtering (by mangroves and seagrass).

Cultural and amenity services are the non-material benefits obtained from
ecosystems. These include the attributes of ecosystems that are appreciated and
used for tourism, recreation, cultural, and spiritual reasons. These services also
include the traditional knowledge that forms the basis of much fisheries manage-
ment, tourism, alternative food sources and medicinals, education, and research
(UNEP 2006). Humans use beaches, cliffs, estuaries, open coasts, and coral reefs
for recreation and their aesthetic values. Coastal recreational activities such as boat-
ing, fishing, swimming, walking, beachcombing, SCUBA diving, and sunbathing
produce substantial economic and social returns to coastal nations and communi-
ties. The rapid growth of coastal tourism and the associated economic and social
benefits means that it is now an essential component of the economies of many
small island states (Spurgeon 2006, UNEP 2006).

These ecosystem services depend on the availability of habitats and nurseries,
primary productivity, and nutrient cycling. The associated benefits of habitats and
nurseries include their usage by a diverse range of species and communities, support
for ecologically, recreationally, and commercially significant species, and opportu-
nities for life cycle completion (by providing pathways of connectivity between
different habitats) (UNEP 2006).

16.3 Issues for Coastal Ecosystems in the Tropics

All major coastal ecosystems are experiencing degradation throughout tropical
regions of the world (summarized in Table 16.2). Coral cover is a case in point.
Overall, 30% of global coral reefs are already severely damaged and 60% may be
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lost by 2030 (Wilkinson 2006). Recovery of coral reefs will be slow or not occur at
all when they experience multiple stressors (Connell 1997). There has been a region-
wide decline in coral cover in the Caribbean from 50 to 10% between 1977 and 2001
(Gardner et al. 2003). This loss of Caribbean coral reefs has been greater than any
time in the last 100,000 years (Precht and Aronson 2006). The Indo-Pacific region
contains 75% of the world’s coral reefs and has experienced substantial declines in
coral cover: average coral cover was only 22.1% in 2003 and cover declined at the
annual rate of 1% in the past 20 years and 2% between 1997 and 2003 (equivalent
to an annual loss of 3,186 km2) (Bruno and Selig 2007).

Habitat loss and modification are being driven by the demands for aquaculture,
port construction, trawling, road construction, and the building industry (UNEP
2006). Approximately 75% of sheltered tropical coasts worldwide were once occu-
pied by mangroves, but this figure is nowadays probably closer to 25% (Dahdouh-
Guebas 2002). The use of mangroves and seagrass as nursery habitats by many
coastal species, including commercially important species, highlights the more
widespread costs that are felt from loss of these habitats.

Invasive species are likely to be an increasing cause of change in coastal ecosys-
tems (UNEP 2006). Invasive species influence fisheries, local ecological interac-
tion, and coastal infrastructure, and their effects will be difficult to reverse. The
major route of transfer of invasive species is in ship’s ballast water. Ships began
using water to control their draught, trim, and heel in the last nineteenth century in
place of solid materials. However, it is only in recent years with the advent of larger
tankers traveling at faster speeds that the chance of successful transfer of organ-
isms around the world increased substantially. Currently, global shipping annually
transfers 12 billion tonnes of ballast water around the world (Facey 2006).

Climate change will be one of the dominant causes of change in coastal ecosys-
tems, especially mangroves, coral reefs, and beaches, through its potential influence
on sea level, storm frequency, sea temperatures, and oceanographic processes such
as upwellings and surface currents. Changes arising from climate change will be
difficult to reverse and are likely to manifest as coral bleaching, coastal erosion,
alterations in plankton delivery to coastal zones, and altered calcification processes
arising from changes in ocean chemistry (Fine and Franklin 2007).

The food delivered by fisheries is one of the most important services derived
from coastal ecosystems (see Chapter 15), e.g., fisheries based around coral reefs
in developing countries provide food to about 1 billion people in Asia. After a
period of intense growth in catch beginning in the mid-twentieth century, catches
began to stagnate and decline at the end of the 1980s due to overfishing (UNEP
2006). The percentage of under-exploited stocks has declined and the percentage of
stocks exploited at or beyond their maximum sustainable yield has increased. At the
same time increases in per capita consumption of fish stimulated the rapid growth of
aquaculture to fill the gap between production and demand, and aquaculture is the
fastest growing primary industry globally. Many wild capture fisheries and aquacul-
ture practices are leading to: physical damage to habitats and associated changes in
community structure (e.g., from trawling) or complete habitat loss (e.g., due to con-
version from mangroves to aquaculture), pollution, over-exploitation of species for
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fish meal, changes in trophic ecology manifested as reduced numbers of top preda-
tors (‘fishing down the food web’), effects on by-catch species (especially turtles,
seabirds, sharks), and the spread of infectious diseases (UNEP 2006).

Major losses of seagrass have occurred in Florida and Australia and degrada-
tion is expected to accelerate in Caribbean and Southeast Asia (UNEP 2006). The
major causes of seagrass loss are nutrient loading, sedimentation, dredging, and loss
from algae farming. Coral reefs are highly degraded throughout the world: 20% are
severely damaged and unlikely to recover, with the areas of most concern being
the Caribbean and Southeast Asia (UNEP 2006). Major activities degrading coral
reefs include: destructive fishing, collection for construction, overfishing, nutrient
loading, bleaching, and sedimentation from catchment activities.

Underlying causes of many issues for coastal ecosystems (Table 16.2) include
lack of information for management decision-making, population growth and
poverty, limited technical and management capacity, poor governance and corrup-
tion, lack of institutional collaboration, a focus on solving single issues, lack of
stakeholder participation, mismatch between the issue and the geographic scale of
management, lack of an ecosystem perspective, ineffective governance and man-
agement, and a lack of awareness of the consequences of human activities (Duda
and Sherman 2002). The remainder of this chapter considers goals for conservation
and management of coastal ecosystems and the practical steps needed to address the
immediate and underlying causes of issues.

16.4 Goals for Conservation and Management
of Tropical Ecosystems

The protection of coastal tropical ecosystems and the maintenance of ecosystem
services is a highly desirable though complex aim. Conservation and management
are more likely to succeed when they are planned with reference to goals or guid-
ing principles that are based on ecological and socio-economic understanding. The
remainder of this chapter is a synthesis of nine goals for conservation and man-
agement. These goals acknowledge that successful conservation and management
requires consideration of species and ecosystems and the people who use and man-
age them. Five goals relate to the need to conserve biodiversity and associated eco-
logical processes at the scale of whole ecosystems and include: maintenance of
resilience, connectivity, and water quality, the recovery of species at-risk of extinc-
tion, and conservation of representative samples of biodiversity. Four goals relate
to the people and institutions who use and manage coastal ecosystems and include:
understanding of the socio-economic context, stakeholder participation, education
(which includes capacity building), and management at the appropriate spatial scale.
Each goal is supported by examples of the management actions and interventions
and many of these (e.g., establishment and management of marine reserves, envi-
ronmental assessment) are relevant to several goals, which reinforces their general
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power for conservation and management. Appendix 16.1 is an overview of the prac-
tical actions that can be utilized to achieve each goal.

16.4.1 Providing for Resilience

Tropical ecosystems are affected by anthropogenic and natural disturbances such
as storms, coral bleaching, crown-of-thorns starfish, invasive species, shipwrecks,
pollution events, disease, and fishing. Resilience is the ability of an ecosystem
to recover from a disturbance and maintain its production of goods and services
(Carpenter et al. 2001). A large number of coral reefs were affected by the 1998
bleaching event and the resilience of reefs to continued bleaching events is a major
concern. Resilience requires ecosystems to possess biological and functional diver-
sity including herbivores (especially grazing parrotfish and sea urchins; Mumby
et al. 2006, 2007), mobile species that move between ecosystems (such as fishes
moving between mangroves, seagrass, and coral reefs), a reef framework consisting
of scleractinian corals and coralline algae, predators (that maintain a high diver-
sity of herbivores and control bioeroders), corallivores, and settlement facilitators
(such as bacteria, diatoms, coralline algae) (Nyström and Folke 2001, Grimsditch
and Salm 2005). An ecosystem’s resilience will be facilitated by its connections
with source areas that provide large numbers of recruits that maintain popula-
tions in sink areas. Resilience will be naturally greater in dense reef networks
where individual reefs are highly connected but resilience is likely to be less for
isolated reefs (Roberts et al. 2006). Appropriate environmental conditions for suc-
cessful recruitment are required and these may relate to water quality, light availabil-
ity, limited sedimentation, and availability of suitable substratum (Grimsditch and
Salm 2005).

Resilience can be maintained by a range of management actions (Appendix 16.1).
Key functional groups can be conserved through: fisheries management, species-
specific action plans (Gladstone 2006), protection of spawning aggregation sites
(Gladstone 1986, 1996), and Marine Protected Areas (MPAs). Fisheries manage-
ment (e.g., banning fish traps) can maintain both functional diversity and abundant
populations (Mumby et al. 2007). Population rehabilitation (e.g., via transplanta-
tion of urchins) may be necessary to return the resilience of specific sites (Jaap et
al. 2006). Populations of targeted species recover in no-take MPAs (Edgar et al.
2007). The grazing intensity of parrotfish in MPAs can be double that occurring in
non-reserve areas (Mumby et al. 2006) and is associated with significant increases
in the density of coral recruits (Mumby et al. 2007). Coral reefs within MPAs are
more resilient to a major natural disturbance and the effects of increasing human
usage (see Box 16.1). Populations of a diverse range of species that are protected
within MPAs act as ‘source’ areas by producing large numbers of genetically diverse
propagules that will be available for settlement in downstream ‘sink’ areas. Addi-
tional protection of highly important source areas (e.g., spawning aggregation sites)
is likely to be necessary because many have been decimated by targeted fishing
(Sadovy 1993).
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Box 16.1 Maintaining resilience through MPAs

MPAs are one of several management tools that are necessary to maintain the
resilience of coral reef ecosystems. The result of unmanaged use is clearly
illustrated by the change in Jamaican coral reefs. The resilience of Jamaica’s
coral reefs to disturbance had been compromised by the loss (through over-
fishing) of the predators (triggerfish) and competitors (parrotfish) of the graz-
ing sea urchin Diadema antillarum (which controls growth of macroalgae and
therefore facilitates coral recruitment and growth). Grazing by the sea urchin
was the main control of the growth of algae and necessary to the recovery
of Jamaica’s coral reefs from the devastating loss of coral caused by Hurri-
cane Allen in 1981. However, pathogen-induced mortality of D. antillarum
in 1983–1984 led to an explosion in growth of algae and a phase shift of
the entire ecosystem from being coral-dominated to an algae-dominated sys-
tem. Recent surveys indicate recovery of urchin populations is occurring in
some areas of the Caribbean with associated increases in coral cover. How-
ever, the change in Jamaica’s reefs had a significant effect on the local econ-
omy. Two MPA experiences illustrate the alternative scenarios that may arise
when reefs are managed to maintain resilience. The Bahamas’ Exuma Cays
Land and Sea Park (ECLSP) has been protected from fishing since 1986 and
this has resulted in an increased survival of large-bodied parrotfish (despite
the increased density of parrotfish predators). As a result the grazing inten-
sity by parrotfish in the ECSLP is double that of non-reserve areas, which
has led to a fourfold decrease in cover of macroalgae and a twofold increase
in density of coral recruits. In contrast to the regional-wide decline in coral
cover that followed the mass mortality of D. antillarum, the reefs of Bonaire
did not experience overgrowth of macroalgae and no decline in coral cover.
Spearfishing was banned on the reefs of Bonaire in 1971 and the Bonaire
Marine Park was established in 1979. The lack of an effect from the loss of
sea urchins in Bonaire is attributed to the abundant grazing fish that remained
there.
Sources: Hughes (1994), Carpenter and Edmunds (2006), Mumby and Har-
borne (2006), UNEP (2006), Mumby et al. (2007)

On a larger scale, Integrated Coastal Management (ICM) that includes spatially
coordinated protection of connected ecosystems (such as seagrass, mangroves, coral
reefs) will sustain adult populations of important functional groups. ICM also pro-
vides for management of human activities in associated terrestrial ecosystems (such
as catchments) to limit changes in water quality and thereby maintain the envi-
ronmental conditions required for resilience, e.g., suitable water quality for coral
settlement and survival (McCook et al. 2001).
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16.4.2 Maintain/Restore Connectivity

Connectivity is the linkage of spatially disjunct populations and systems via dis-
persal of eggs and larvae, the movements of juvenile and adult organisms, and the
passage of water masses. Tropical ecosystems are connected at a range of spatial
and temporal scales:

(1) across environments, e.g., via the flow of water and its constituents from catch-
ments to estuaries and then to coral reefs (Torres et al. 2001; see Chapter 2),

(2) across ecosystems, e.g., seagrass, mangroves, coral reefs by the ontogenetic
and diurnal migrations of fishes (Ogden and Ehrlich 1977, Mumby et al. 2004,
Mumby and Harborne 2006; see Chapters 8 and 10),

(3) between examples of a single system, e.g., between coral reefs by between-reef
movement of larvae or adult fishes migrating to spawning aggregation sites (see
Chapter 4), and

(4) within a single habitat, e.g., return of larval fishes to their natal reef, the diurnal
movements of fishes between reef habitats, or the ontogenetic movements by
coral reef fishes among reef habitats (Nagelkerken et al. 2000).

The ecological processes that are supported by connectivity include population
replenishment, primary productivity (Meyer and Schultz 1985, Ogden 1997), and
habitat formation (Bellwood 1995). Mixing of freshwater runoff and coastal waters
adjacent to rivers and estuaries creates a different environment that is occupied by
distinct species assemblages (Veron 1995). The connectivity between catchments
and coasts that creates these unique coastal environments thereby supports the great
biological diversity of tropical coasts.

Ecosystems are resilient when they remain connected to sources of replenish-
ment. Conversely, resilience may be diminished by population declines in source
areas (Roberts et al. 2006) and loss or degradation of the habitats required by
different ontogenetic stages (Mumby et al. 2004). Management actions to main-
tain/restore connectivity include the protection or rebuilding of viable populations
in areas that are well-connected to downstream areas, the protection of corridors of
connected habitats (such as mangroves, seagrass, and coral reefs), and the rehabili-
tation of degraded habitats (Appendix 16.1). For example, reductions in populations
of the rainbow parrotfish (Scarus guacamaia) in the western Caribbean are related
to loss of nursery habitat (mangroves) and overfishing. However, despite fishing
restrictions recovery is non-existent in areas where mangroves are absent (Mumby
et al. 2004). S. guacamaia is listed as vulnerable on the IUCN Red List. The size,
location and number of MPAs needed to maintain connectivity will vary with the
density of habitats, the reproductive strategy and habitat requirements of the species
of concern, the degree of self-replenishment, and the risks of future loss (Roberts
et al. 2006).

A negative consequence of connectivity between terrestrial and coastal ecosys-
tems is the degradation of coastal ecosystems from unmanaged land uses. For exam-
ple, substantial areas of seagrass have been lost due to declines in water quality
associated with poor land use practices in catchments. The unique nearshore coral
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assemblages adjacent to the Great Barrier Reef have been degraded by declines
in water quality arising from extensive land clearing for agriculture in catch-
ments (Furnas 2003). Maintenance of connectivity at this landscape–seascape scale
requires integrated actions that address land use in catchments and human uses of
each connected habitat (Appendix 16.1).

16.4.3 Protect Water Quality

Nutrient and sediment loads to the coastal zone increase following catchment alter-
ations for agriculture and grazing, urbanization, and industrialization. Increases in
these loads can have extreme effects such as the creation of coastal ‘dead zones’
or zones of hypoxia (Joyce 2000). The effects of elevated nutrients and sediment
loads on coastal ecosystems will depend on input levels, historical ambient loads,
the natural dispersal processes, and the extent of other simultaneous stresses (Furnas
2003). There is still considerable debate about the relative importance of declining
water quality or reductions in herbivores as the cause of change of many coral reef
systems from coral to algae-dominated (Precht and Aronson 2006).

Of longer-term significance for coastal ecosystems may be the additional reduc-
tion in resilience to natural and anthropogenic disturbances caused by declines in
water quality. The most extreme examples of the ecosystem-wide effects of eutroph-
ication have occurred in semi-enclosed bays following point-source discharges of
sewage, e.g., Kaneohe Bay, Hawaii (Grigg 1995) or urban-industrial effluent, e.g.,
Barbados (Tomascik 1990). Excessive nutrients released into Kaneohe Bay caused
persistent plankton blooms. Corals suffered extensive mortality due to freshwater
runoff and sedimentation. Proliferation of filter-feeders (which fed on the plank-
ton) and macroalgae on the dead coral substratum inhibited coral settlement and
prevented reef recovery. Reefs became more unstable for settlement due to crum-
bling caused by boring organisms. Major improvements in the coral reef ecosystems
of Kaneohe Bay followed infrastructure developments including the redirection of
sewage offshore (Appendix 16.1). Seagrass beds adjacent to developed catchments
are likely to be influenced by increased sediments, nutrients, and the addition of
herbicides. Particular concerns relate to the transfer of land-derived herbicides from
seagrass to herbivores such as dugong (Furnas 2003), and overgrowth of corals
(Miller and Sluka 1999).

Larger-scale effects may follow degradation of adjacent terrestrial systems. On
the mainland adjacent to the Great Barrier Reef, land-use practices have increased
the quantity of sediment and nutrients in run-off seven-fold since 1850. Although
seemingly an enormous increase, it has been difficult to link directly these increases
with the degradation that has been observed in some coastal and island fringing coral
reefs (in part because of the lack of long-term monitoring). However, most of the
disturbed reefs are located adjacent to catchments where there have been significant
amounts of land clearing and fertilizer usage. In addition, given the long time peri-
ods required for degraded ecosystems to recover and the likelihood of additional
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anthropogenic and natural stresses compromising this recovery, a precautionary
approach to management that includes changing current land-use practices is rec-
ommended (Appendix 16.1) (Furnas 2003). For example, the goal of the Reef Water
Quality Protection Plan is halting and reversing the decline in water quality entering
the Great Barrier Reef within 10 yrs. The two objectives to achieve this goal are to (i)
reduce the load of pollutants from diffuse sources in the water entering the Reef, and
(ii) rehabilitate and conserve areas of the Reef catchment that have a role in remov-
ing water borne pollutants. Some of the practical steps that are being implemented
to achieve these objectives include: self management approaches, public education,
economic incentives, planning for natural resource management and land use, reg-
ulatory frameworks, research and information sharing, government-private partner-
ships, the setting of priorities and targets, and monitoring and evaluation (The State
of Queensland and Commonwealth of Australia 2003). Additional practical steps
are provided in Appendix 16.1.

16.4.4 Conservation and Recovery of Species-at-Risk

Some species are especially vulnerable to over-exploitation and habitat loss due to
features of their life history (such as slow growth, late maturity, low fecundity), spe-
cialized habitat requirements, restricted breeding season or their habit of aggregating
in a limited number of localized areas at predictable times to reproduce (Dulvy et al.
2003, Claydon 2004; Box 16.2). The current status of some of these species is that
37% of sharks, rays, and chimaeras are threatened/near-threatened, three species of
sea turtles are critically endangered and three are endangered (from a total of seven
species), and shorebirds are declining globally (UNEP 2006). The IUCN’s Red List
of Threatened Species includes 1,530 marine species of which 80 are threatened
with extinction and 31 have a high risk of extinction. A particular concern is the
rate of new additions to the list of threatened marine species. Fish species that have
declined recently include the giant humphead wrasse Cheilinus undulatus (Sadovy
et al. 2003), humphead parrotfish Bolbometopon muricatum (Donaldson and Dulvy
2004), and the Banggai cardinalfish Pterapogon kauderni (Allen 2000; Fig.16.1).

Box 16.2 Conservation and recovery of species at-risk: the
Banggai cardinalfish

The Banggai cardinalfish Pterapogon kauderni is naturally vulnerable
because it is endemic to the Banggai Islands, in central-eastern Sulawesi,
Indonesia, over an estimated area of 34 km2. Like other species in the fam-
ily Apogonidae males of the Banggai cardinalfish incubate the fertilized eggs
within their mouth; however, it is unique in the very small number of eggs
(12–40) which are large (2.5–3.0 mm) and lack a pelagic larval phase follow-
ing hatching. Males incubate the eggs for 2–3 weeks and continue to brood the
newly hatched juveniles within their mouth for another 6–10 days. Emergent
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juveniles are independent, but mortality is high. Due to the lack of a pelagic
dispersive phase there is no prospect of recovery of locally depleted popula-
tions by recruitment from outside sources. The species is highly prized in the
aquarium trade because of its beautiful appearance, unique biology, and ease
of capture, and large numbers (700,000–900,000) are collected annually. The
population declined by 89% between 1995 and 2007 following the start of the
aquarium fishery. Further problems include habitat destruction from dynamite
fishing and net damage to corals. P. kauderni was listed on the IUCN Red
List as endangered in 2007. The most promising conservation measure would
appear to be replacement of the wild capture industry by captive breeding,
including at the community-level; however, there has been little take up of
this so far.
Sources: Allen (2000), IUCN (2007)

Fig. 16.1 The Banggai
cardinalfish (Pterapogon
kauderni), listed as
endangered on the IUCN Red
List in 2007 (photo: David
Harasti)

Conservation measures are designed to prevent or arrest declines and facili-
tate recovery of depleted populations. The necessary practical steps include the
development of recovery plans, critical habitat protection, captive breeding, trade
restrictions, provision of alternative livelihoods for coastal communities that utilize
these species, national legislation, international treaties, and community education
(Appendix 16.1).

16.4.5 Conservation of Representative Samples
of Species and Assemblages

The global biodiversity crisis stresses the need for samples of the variety of species
and assemblages to be conserved in perpetuity so that future generations can share
the same experiences as us and to fulfill human society’s moral responsibilities
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towards biodiversity. A further rationale is that different ecosystems have differ-
ent functional values (Mumby and Harborne 2006) and therefore conservation of
representative examples of each will ensure maintenance of a suite of ecological
functions and processes. Properly managed MPAs are the most appropriate practi-
cal action tool to achieve this aim (Appendix 16.1) and they can vary from large
multiple-use MPAs (within which areas are zoned for different levels of use with
no-take reserves buffered by a zone of less restrictive usage) to networks of smaller
no-take marine reserves.

Selection of candidate protected areas requires the clear delineation of a set
of MPA selection criteria that fulfill a society’s vision for biodiversity conserva-
tion. Selection of MPAs within Australia, for example, is guided by the crite-
ria of comprehensiveness, adequacy, and representativeness (Australian and New
Zealand Environment and Conservation Council Task Force on Marine Protected
Areas 1999). When these criteria are combined with criteria for connectivity, pop-
ulation replenishment, and resilience, conservation planning can achieve multiple
objectives for biodiversity conservation and maintenance of ecological functions
(see Box 16.3 ). Deficiencies resulting from a history of ad hoc selection of MPAs
(Pressey and McNeill 1996) are nowadays addressed by the use of automated and
objective reserve selection software (Possingham et al. 2000). Reserve selection
programs aim to achieve the selection criteria for the minimum cost and select sites
that are complementary (Box 16.3). Conservation planning to represent samples of
the variety of biodiversity should ideally be based on accurate spatial data, such
as maps for the planning area of the distribution boundaries of species, assem-
blages, and habitats, as well as ecological understanding of the factors and pro-
cess (e.g., depth, wave exposure, oceanography) that underlie variation in species
and assemblages. However, these data are rarely available because of patchiness
in sampling records, access problems, uncertain taxonomy, financial constraints,
and limited research (Gladstone 2007). Surrogates are a potential solution to this
issue when they can be shown to represent other unmeasured species and assem-
blages (Gladstone and Owen 2007), and their distribution is already mapped within
the planning area or data on their distribution is more easily and cheaply obtained
(Appendix 16.1). Recent advances in remote sensing and habitat mapping show
great promise for economically and rapidly providing spatial data suitable for con-
servation planning (Mumby and Harborne 2006). The selection of MPAs must also
include socio-economic considerations and these are discussed in the following sec-
tion on socio-economic assessment.

Box 16.3 Approaches to conservation planning for MPAs

The Seaflower Biosphere Reserve (San Andrés Archipelago, Colombia) was
declared a UNESCO international biosphere reserve in recognition of its great
significance in the Caribbean for its biodiversity and endemism, and covers an
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area of 255 km2. Along with other island groups in the Archipelago its bio-
diversity values are to be conserved by establishing a multiple-use MPA that
includes no-take reserves. The process of designating the boundaries of poten-
tial reserves began with the confirmation (via extensive field surveys) that
habitats classified a priori represented distinct assemblages of species. Gen-
eral criteria for designating reserve boundaries included the requirement that
individual reserves should cover at least 10 km2 to ensure population viability,
be placed on every coastal shelf and include representatives of each habitat
present, and have straight line boundaries to facilitate compliance enforce-
ment in the field. Additional specific criteria included the need to include
within reserves spawning aggregation sites, rare and ecologically significant
habitats (e.g., mangroves, seagrass), and corridors of ecologically connected
habitats (seagrass, mangroves, coral reef). Stakeholders (local fishers) were
consulted about these criteria and provided their own preferences for reserve
boundaries. The reserve boundaries nominated by the fishers covered 27–32%
of the area, the scientist’s boundaries (based on the above general and specific
criteria) covered 38–41% of the area (with an average of 30% coverage of
each habitat type; Friedlander et al. 2003). The Seaflower MPA was declared
in 2005.

Working at a much larger spatial scale, the Great Barrier Reef Marine Park-
covers 344,400 km2 (85% of the area of California) and is a World Heritage
site. Increasing pressure from a range of different uses, and a recognition that
the levels of protection afforded to the Park’s biodiversity in no-take areas
was inadequate (only 4.5% of the Park was no-take and 80% of this was coral
reefs) led to a re-zoning process called the Representative Areas program.
The planning units were 70 bioregions, and decisions on candidate locations
for no-take areas were guided by scientific operational principles (e.g., no-
take areas should have a minimum length of 20 km to maintain population
viability) and social, cultural, economic, and management feasibility opera-
tional principles. The process involved the identification of alternative sets of
no-take areas that achieved the biological objectives (determined by reserve
selection software) and the integration of the social, cultural, economic, and
management factors (based on a high degree of stakeholder consultation). The
final outcome was a re-zoning with more than 33% of the Park’s area desig-
nated as no-take reserves which represented a five-fold increase in the total
global area of no-take reserves (Fernandes et al. 2005).

16.4.6 Understanding the Socio-Economic Context

Twelve percent of the total global population (equivalent to 31% of the global
coastal population) lives within 50 km of a coral reef (UNEP 2006). People have
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favored coastal locations for settlement because, among other benefits, these areas
tend to contain the greatest biological productivity. Sixty-five percent of cities with
populations above 2.5 million inhabitants are located along the world’s coasts. One
billion people depend on fish catches from shallow coastal waters dominated by
coral reefs (Whittingham et al. 2003). Coastal populations in many countries are
growing at double the national rate (Turner et al. 1996). Small island states typically
have experienced population growth rates of around 3% per annum, although the
rate of emigration is also high in some cases. Many islands are also densely popu-
lated with the capital island of the Maldives, Malé, providing an extreme example. It
is home to 56,000 people despite being only 1,700 m long and 700 m wide (Pernetta
1992).

Economic valuation of ecosystem services quantifies their contribution to human
welfare and provides further support for conservation and management (Costanza
et al. 1997, Costanza 1999, Balmford et al. 2002). Methods of economic valua-
tion have been reviewed (Ahmed 2004) and the estimates of economic benefits are
impressive. Earth’s oceans contribute about US$21 trillion per year to human soci-
eties from their provision of food, materials, and services (e.g., atmospheric gas
and climate regulation, cycling of water, nutrients, and wastes; Costanza 1999). The
net economic benefits of coral reefs are estimated to be US$30 billion per annum,
including US$100 million annually from recreational fisheries (UNEP 2006). Fish-
eries on small island states in the Caribbean provide full-time and part-time direct
employment for more than 200,000 people and indirect employment for an addi-
tional 100,000 (UNEP 2006). A synthesis of recent economic analyses of the value
of tropical coastal ecosystems is provided in Table 16.3.

The human costs of ecosystem degradation can be measured in terms of loss
of revenue, opportunities, and social costs such as reduced income and loss of
a preferred lifestyle (Table 16.4). The costs of ecosystem degradation are experi-
enced more deeply in the coastal communities of developing countries, which have
a greater dependence on coastal ecosystems (Turner et al. 1996, Dahdouh-Guebas
2002). Declines in the production values of ecosystems will lead to social and eco-
nomic hardships, loss of tourism potential because of declining attractiveness, and
loss of option values such as the potential for pharmaceutically active compounds or
future tourism ventures (Bruno and Selig 2007). The reliance of human society on
coastal ecosystems means that conservation has to be balanced with sustainable use.

An understanding of the importance of cultural factors will increase the likeli-
hood of success of conservation and management. Cultural significance can relate
both to places and activities. Culturally significant places are areas that are impor-
tant to a community because of some attribute of the natural environment or its
association with a spiritual activity. MPAs have been used to protect culturally sig-
nificant sites (Kelleher and Kenchington 1992, Gladstone 2000, Salm et al. 2000).
For example, in the Farasan Islands (Red Sea) the local community organizes an
annual festival to coincide with the mass spawning of the parrotfish Hipposcarus
harid in a single bay (Fig. 16.2) (Gladstone 1996). The bay was given the highest
level of protection in the zoning scheme for the multiple use Farasan Islands MPA
to simultaneously protect the spawning ground and thereby ensure the sustainability
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(a) (b)

Fig. 16.2 The festival of the harid parrotfish is a culturally significant event in the Farasan Islands,
Saudi Arabian Red Sea, which has been incorporated into a management plan for the Farasan
Islands Marine Protected Area. (a) Locals capturing spawning harid parrotfish, (b) Lower guards
of the local emir maintain orderly conduct during the collection of the parrotfish (photos: William
Gladstone)

of the cultural festival (Gladstone 2000). As a culturally significant activity, fish-
ing fulfils many needs in fishers that are unrelated to economic returns. This can
make it difficult to implement alternative livelihood schemes, even when catches
are declining (Pollnac et al. 2001, Momtaz and Gladstone 2008). Understanding the
personal significance of an activity such as fishing will increase the likelihood of
more acceptable alternatives being developed.

Coastal communities are not homogeneous entities, consisting of groups of indi-
viduals who differ in the ways they perceive and use their environment. Percep-
tions and uses, in turn, depend upon a host of social, cultural, and economic factors
such as age, occupation, income, ethnicity, gender, level of education, and migra-
tion status (Cinner and Pollnac 2004). Changing people’s behaviors, as the funda-
mental means of addressing conservation and management problems, is therefore
a complex undertaking. A socio-economic assessment provides the framework for
comprehending the socio-economic context in which management and conservation
have to operate and demonstrates the underlying causes (e.g., poverty, lack of edu-
cation) of many issues for coastal ecosystems. Management can then be directed
at addressing both the underlying causes of issues (which is likely to be a long-
term undertaking) and the immediate effects. A socio-economic assessment cov-
ers the social, cultural, economic, and political conditions of stakeholders (Bunce
et al. 2000, Browman and Stergiou 2005). Specific areas that may be assessed
include stakeholder characteristics, resource use patterns, gender issues, stakeholder
perceptions of problems and management, organization and resource governance,
traditional knowledge, community services and facilities, the local business envi-
ronment, the incomes of stakeholders, and the economic values of resources (Bunce
et al. 2000). Appendix 16.1 provides specific examples for each step of the socio-
economic assessment and Box 16.4 provides three case studies that illustrate the
ways in which socio-economic understanding has been used to develop conserva-
tion and management actions.
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Box 16.4 Case studies in the assessment of the
socio-economic context for management

Case study 1: Great Barrier Reef Marine Park Representative Areas Program
(GBRMPRAP)

The aim of the GBRMPRAP was to comprehensively conserve exam-
ples of the Marine Park’s biodiversity, which was likely to lead to a sub-
stantial increase in the number and total area of no-take areas. There was
a high risk of conflict with the Park’s existing users: tourism, commer-
cial fishing, and cultural and recreational activities employ 44,000 people
and contribute A$3.7 billion annually to the economy of the Park and its
catchment (Access Economics 2007). Managers of the GBRMPRAP estab-
lished a social, economic, cultural steering committee (comprised of rep-
resentatives of management and stakeholder groups) that developed social,
cultural, economic, and management feasibility operational principles that
would guide decision-making about the location of no-take areas in partner-
ship with bio-physical operational principles. A key operational principle was
to ‘maximize complementarity of no-take areas with human values, activi-
ties and opportunities’ by placing no-take areas where conflicts with indige-
nous users’ aspirations, non-commercial and commercial extractive users,
and all non-extractive users, would be minimized. Federal government finan-
cial support for displaced fishers enhanced the community’s acceptance, and
reduced the economic costs, of the greatly expanded network of no-take areas
(Fernandes et al. 2005).

Case study 2: The economics of blast fishing
Declines in fish catches, ease of use, and demands of creditors, forced

many fishers into blast fishing in Indonesia. Blast fishing targets schooling
reef fishes but also kills other fishes and invertebrates that are not collected
and damages reef habitat. The latter has opportunity costs such as the fore-
gone benefits of tourism. A lack of political will (arising from lack of aware-
ness of the economic costs of blast fishing) is the main reason for the lack of
enforcement of this illegal activity. Pet-Soede et al. (1999) quantified the eco-
nomic costs of blast fishing in Spermonde Archipelago, Southwest Sulawesi,
Indonesia, from observations at sea (numbers of bombs, fish catch biomass),
interviews with fishers and middlemen (for data on number of trips, costs, and
profits), and from the logbook records of fishers of their daily catches. The
authors estimated the blast impacts on corals from surveys done while diving.
The projected cost of 20 years of blast fishing in areas of high value coral
reef was a net loss of US$306,800 per km2 through loss of coastal protection
and foregone benefits of tourism and non-destructive fisheries, which are four
times greater than the net private benefits. Management options suggested
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by this socio-economic assessment include an awareness program (to inform
blast fishers of the links between blast fishing and their own livelihood and the
general status of Indonesian coral reefs, the latter to counter the blast fishers’
perceptions that catches can be improved by traveling to other reefs), provi-
sion of alternative livelihoods (e.g., pelagic fisheries, mariculture, tourism),
greater enforcement, and a locally managed credit system (Pet-Soede et al.
1999).
Case study 3: Using understanding of the influence of socio-economics on the
perceptions of coastal resource issues to address underlying causes

The coastal resources adjacent to the small fishing village of Mahahaul
(Mexico) support fishing and tourism and are therefore socially and eco-
nomically significant to residents. A socio-economic assessment and inter-
views revealed that most residents believed the reef and fishery were in
poor condition. The migration status, wealth, and education of residents
influenced their perception of the causes of the issues with wealth being
the most influential: poorer residents only attributed declines in fisheries
to fishing whereas wealthier residents understood the issue to be the result
of a host of inter-related factors (e.g., fishing, increasing tourism, land-
based activities). Wealthier residents are therefore more likely to support
ecosystem-based management approaches. Developing an understanding of
the need for holistic management throughout the coastal community (and
thereby improving its chances of success) requires management approaches
that include increasing the wealth of poorer residents, e.g., by provid-
ing alternative livelihoods or supporting other income generating activities
(Cinner and Pollnac 2004).

16.4.7 Stakeholder Participation

Stakeholders are the ‘people, groups, communities and organizations who use
and depend on the reef, whose activities affect the reef or who have an inter-
est in these activities . . . ’ (Bunce et al. 2000). Stakeholders include government
agencies mandated with responsibilities for conservation and management, local
and indigenous communities, international and local non-government organiza-
tions (NGOs), the international donor and lending organizations, the private sec-
tor, educators, and researchers. The number of stakeholder groups participating
in a conservation and management issue will vary with the issue (e.g., MPA
planning vs. fisheries regulations), its scale (e.g., planning for a local MPA
vs. an international network of MPAs), the development status of the planning
area, and any mandated requirements. Management actions are usually led by
governments, but not always. The development of the Ecoregion Plan for the
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Sulu-Sulawesi Marine Ecoregion has been led and sustained by an NGO (see
Box 16.7).

The participation of stakeholders in management is an acknowledgement of
stakeholders’ material and personal interests in the outcomes of conservation and
management and the practical benefits of this participation. The active inclu-
sion of stakeholders can overcome the limitations of management that arise from
insufficient funding, e.g., the participation of stakeholders in monitoring. Com-
munities may also have a strong motivation to initiate and participate in manage-
ment because an issue directly affects them, e.g., declining fish catches (Pollnac
et al. 2001). Stakeholders’ desires to participate also reflect a broader need by
individuals to make a personal contribution to the sustainability of the marine
environment.

Stakeholder participation leads to improved compliance with management reg-
ulations and so is more likely to provide successful management outcomes (Bunce
et al. 2000). For example, a comparison of MPAs that had been established and
managed by central governments with little/no community participation with MPAs
that had been established, planned, and managed with a high level of commu-
nity involvement found that although there were few differences between the two
groups in the bio-physical benefits, stakeholder conflicts were more successfully
resolved in the community-based MPAs (Alcala et al. 2006). The likely outcome of
this difference is a greater chance of long-term sustainability for the community-
based MPAs. Limited involvement by stakeholders has been a significant factor in
the failure of MPA management in the Caribbean (Mascia 1999) and elsewhere
(Beger et al. 2004).

Additional benefits of stakeholder participation include development of more
acceptable management practices (Gladstone 2000, Friedlander et al. 2003,
Fernandes et al. 2005), improved relationships between management agencies and
stakeholders (Bunce et al. 1999, Fernandes et al. 2005), and reduced stakeholder
conflicts due to ease of communication and closer links between stakeholders and
community management teams (Mefalopulos and Grenna 2004, Alcala et al. 2006).
Agencies benefit from the increased awareness by stakeholders of the manage-
ment process and the support this engenders for an organization and its aims. The
increased awareness of coastal issues amongst participating stakeholders is likely
to produce positive flow-on effects to other aspects of people’s interaction with the
environment.

The opportunities for stakeholder participation include participation in the plan-
ning process (e.g., by representing the interests of stakeholder groups), the use of
local knowledge in the planning process, the incorporation of traditional manage-
ment practices in management plans, stakeholder-led planning and management
(see Box 16.7), assistance with management implementation (e.g., as volunteer
community rangers), public review of draft management plans and environmen-
tal assessments, and opportunities for volunteerism (Figs. 16.3, 16.4, Box 16.5).
Specific examples of these different opportunities for participation are given in
Appendix 16.1.
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Fig. 16.3 Recreational
SCUBA divers from the
Solitary Islands Underwater
Research group assisting with
volunteer coral reef
monitoring in the Solitary
Islands Marine Park,
Australia (photo: Ian
Shaw©)

Fig. 16.4 Reef HQ
volunteers are a valuable
source of information for the
general community about the
Reef HQ Aquarium and the
Great Barrier Reef Marine
Park (photo: Great Barrier
Reef Marine Park Authority)

Box 16.5 Community volunteers working for coral reef
conservation

The Reef HQ Volunteers Association grew out of community enthusiasm for
active involvement with the work of the Reef HQ Aquarium (Townsville, Aus-
tralia). The goal of the Reef HQ Aquarium is to ‘Inspire all to care for the
Great Barrier Reef’. The Volunteers Association involves the community in
achieving this goal through the ongoing education of the general public about
the Great Barrier Reef and the Marine Park. Volunteers are engaged in nearly
all facets of the Reef HQ Aquarium’s operations, including interpretation,
education, curatorial, exhibits, administration, promotions, and marketing.
Interpretive volunteers assist with visitor information, conduct talks/tours and
visitor surveys, craft activities, and provide one-to-one interpretation about
the Reef. Education volunteers assist with school groups during the day and
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sleepovers at night. Administrative volunteers assist with databases, mail-
outs, and photocopying. Exhibits volunteers help with displays. Curatorial
volunteers help maintain tanks, prepare feeds, water changes, and other duties.
Marketing and promotions volunteers conduct sales calls to hotels/motels and
other tourism outlets and promote the Reef HQ Aquarium at special commu-
nity events. Since its inception in 1987, the Volunteers Association has trained
over 975 volunteers, who have collectively contributed over 290,000 hrs of
voluntary service, which is valued in excess of A$4 million dollars. New
volunteers undergo an initial 18-h basic training course over a seven-week
period, followed by an additional 8 hrs of specialized team training over a
four-week period. This induction is designed to equip volunteers with infor-
mation, skills, and confidence needed to provide visitors with an informative
and enjoyable experience. The training course covers diverse topics including:
operating structure of the Reef HQ Aquarium and an orientation of the facility,
marine biology, coral reef ecology, and communication skills and presentation
techniques.
Source: staff and volunteers at the Reef HQ Aquarium

Ensuring the success and sustainability of stakeholder participation is challeng-
ing but essential, given most issues usually require long-term solutions. Many stake-
holders volunteer in their spare time and often with little support and so avoiding
volunteer and stakeholder ‘burnout’ is a major concern, especially when conser-
vation activities come to depend almost entirely on volunteer workers. Practical
steps to ensure success and sustainability include: maintaining the mechanisms for
ongoing stakeholder input, demonstrating the links between participation and pos-
itive conservation and material outcomes for participants, combining community
development plans with conservation, providing information, education, and com-
munity activities, mandating continued stakeholder participation in legislation, pub-
lic recognition of successful partnerships, and partnerships with local rather than
central governments (Appendix 16.1).

16.4.8 Education

It is essential to develop people’s understanding of the relationship between their
actions and the environmental problems these may create. It is also essential for
people to appreciate the costs arising from not properly managing human uses
of ecosystems. Both are needed as a step in getting people to accept the need to
change their behavior. A central means of achieving this understanding is commu-
nication, education, and public awareness: ‘Without communication, education and
public awareness, biodiversity experts, policy makers and managers risk continuing
conflicts over biodiversity management, ongoing degradation and loss of ecosys-
tems, their functions and services. Communication, education and public awareness
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provide the link from science and ecology to people’s social and economic reality’
(Van Boven and Hesselink 2002). This section reviews the recognition given to the
importance of education, the range of potential benefits, and specific examples of
successful education approaches (summarized in Appendix 16.1).

The central role of education in conservation and management is recognized
in international conventions such as the United Nation’s Agenda 21 (1992) and
Johannesburg Plan of Implementation (2002). It is also incorporated into regional
conventions such as the Protocol Concerning Specially Protected Areas and Wildlife
that is part of the Convention for the Protection and Development of the Marine
Environment of the Wider Caribbean Region. Education is a key management action
also in issues-based programs (e.g., Great Barrier Reef Water Quality Protection
Plan). In recognition of the significance of education the United Nations declared
2005–2014 the Decade of Education for Sustainable Development.

Education is a powerful tool to develop and increase political will for the need
for management (Pet-Soede et al. 1999) and to demonstrate to stakeholders the con-
sequences of their activities, e.g., overfishing (Bunce et al. 1999). Education can
support the development of new management actions by explaining the need for
management to stakeholders (Fernandes et al. 2005) and demonstrating the poten-
tial benefits from examples of similar management (Rodriguez-Martinez and Ortiz
1999, Alcala et al. 2006). Demonstrations of the positive benefits of establishing
community-based MPAs have been effective at stimulating fishing communities in
the Philippines to create new MPAs (Alcala et al. 2006). Enhancing users’ experi-
ences (e.g., by providing information to tourists) will increase the support amongst
the broader community for management. Education is as effective as enforcement
at ensuring users’ compliance with MPA regulations (Alder 1996). Stakeholders’
personal ecological effects can be significantly reduced by brief educational inter-
ventions that provide information and skills instruction, and education to reduce
the impacts of divers on corals has been particularly effective (Medio et al. 1997,
Rouphael and Inglis 2001, Hawkins et al. 2005).

On the other hand, lack of awareness (e.g., MPA boundaries) will constrain man-
agement success (Alcock 1991, Kelleher and Kenchington 1992, Bunce et al. 1999).
Inadequate education is one of the main causes of unsuccessful MPAs (Browning
et al. 2006). However, not all stakeholders and groups respond positively to educa-
tion and so education has to be seen as one part of a mix of management activ-
ities. Although education programs can be more expensive than other forms of
management, e.g., compliance enforcement (Alder 1996), the potential for flow-
on effects to other individuals (e.g., friends, family) and the lifelong changes in
behavior (Browning et al. 2006) greatly amplifies the benefits of education.

Each conservation and management issue that requires education has a specific
communication issue. For example, conventional environmental education may not
be sufficient to convey the complexity of the connections among coastal ecosys-
tems. Connectivity presents issues in technical understanding, complex concepts,
and large-scale thinking. Research in the field of environmental education has shown
that it is not sufficient to provide information (e.g., about the state of the coast, value
of biodiversity) because there is no cause-and-effect from providing information to
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changes in attitude and behavior. A more effective approach is to create relevance in
the lives of individuals (Denisov and Christoffersen 2000, NSW National Parks and
Wildlife Service 2002, Gladstone et al. 2006). Major contributors to developing a
commitment to conservation include childhood contact with nature (Box 16.6) and
the influence of a significant adult, rather than formal education (Palmer 1995).
Approaches to successful environmental education have been reviewed recently
(Rickinson 2001, Browning et al. 2006). Examples of specific education activities
are provided in Appendix 16.1.

Box 16.6 Educating children about marine conservation:
SeaWeek on Lord Howe Island

Today’s children play a vital role in the future conservation of the marine
environment. It is their actions both now and in adult life that will directly
affect coral reef communities. Educating children about marine environments
can result in positive attitudes and behaviors that can also influence family
and friends. Effective education will make children responsible managers of
the world’s vulnerable coral reefs. One community that takes marine educa-
tion seriously is World Heritage listed Lord Howe Island. Residents actively
support SeaWeek (the annual national public awareness campaign organized
by the Marine Education Society of Australasia—MESA) through planned
activities and events for the Central School and local community. SeaWeek on
Lord Howe is timed to coincide with coral spawning. Night dives and guided
snorkeling enable both children and adults to witness this spectacular phe-
nomenon and to learn about the reproductive cycle of corals. Ecological reef
walks are guided by a resident naturalist who educates island visitors about
coral reefs and their unique organisms and habitats. School activities include
snorkel trips conducted by one of the local tour operators and presentations
by the Marine Park Manager and other guests such as visiting scientists and
marine educators (Fig. 16.5).
Source: Christine Preston, Faculty of Education and Social Work, University
of Sydney

The stakeholder groups providing education will vary with the context of the edu-
cation program and the intended audience. Education can be the responsibility of
government agencies responsible for coastal management, NGOs, universities, sec-
ondary and primary schools, the private sector (e.g., tourist resorts, private aquaria),
and informal education providers (e.g., marine discovery centers, visitor centers)
(Fig. 16.5).

Most tropical ecosystems occur in developing countries (Fig. 16.6) where man-
agement and technical capacity or experience can be constrained by the limited
opportunities for formal education and personal experience with successful man-
agement interventions. A further constraint on the capacity of many countries to
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Fig. 16.5 Children testing
model fish they made to
demonstrate how fish swim
through the water during a
SeaWeek lesson (photo: John
Johnstone)
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Fig. 16.6 Development
status (in 2007) of countries
with coral reefs. Sources:
GCRMN (Global Coral Reef
Monitoring Network) (2004)
Status of coral reefs of the
world; 2004. vol 1. Australian
Institute of Marine Sciences,
Townsville

conserve and manage coastal ecosystems is the migration of talented individuals to
countries with greater opportunities, further weakening national capacity (Gladstone
2008). In these situations, the continuing education of conservation professionals
(i.e., capacity building) (Appendix 16.1) and the development of effective and sus-
tainable conservation and management institutions (i.e., institutional strengthening)
must precede or go hand-in-hand with the implementation of more visible forms of
management such as MPAs.

16.4.9 Manage at the Most Appropriate Spatial Scale

Planning by agencies and nations for sustainable use and conservation of individual
ecosystems, species, catchment-coast linkages, and bioregions may be sufficient in
situations where there are few external influences (e.g., isolated oceanic atolls) or no
overlapping boundaries with other nations. However, there are compelling reasons
for managing at much greater spatial scales. Ecosystem boundaries can be very large
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when they include the boundaries of relevant catchments and the extent of seaward
influence of coastally-derived water masses. The semi-enclosed nature of many seas
(e.g., the Caribbean Sea, Red Sea) and the large-scale, trans-boundary nature of
some issues (e.g., pollution, climate change, invasive species, coral diseases) means
that countries may be affected by issues occurring in neighboring countries. Path-
ways of connectivity resulting from the trans-boundary movements of pelagic lar-
vae and eggs from spawning sites can cross national boundaries (Domeier 2004).
Migratory species such as whale sharks, pelagic fishes, turtles, and cetaceans move
between feeding and mating grounds in different countries (Eckert and Stewart
2001). Many countries also share biogeographic regions and catchments. Effective
and sustainable solutions to problems are therefore more likely to follow from coop-
erative approaches rather than single-country actions.

In addition to these bio-physical planning considerations, variations in the devel-
opment status of countries within a region may mean that the required financial,
technical and management expertise for conservation and sustainable use is beyond
the capacity of some countries. In these situations support from neighboring coun-
tries is required to achieve regional conservation goals (Gladstone et al. 2003).
Looking even further afield, the benefits that developed countries gain from the
ecosystem goods and services of developing countries places some responsibility
on these developed countries to assist, where necessary, with conservation and sus-
tainable use in these developing countries.

The practical options for large-scale management include legally binding global
treaties (e.g., United Nations Convention on Law of the Sea), sectoral agreements
(e.g., International Convention for the Prevention of Pollution from Ships, Interna-
tional Convention for the Regulation of Whaling), and species-based agreements
(e.g., Memorandum of Understanding on the Conservation and Management of
Marine Turtles and their Habitats of the Indian Ocean and South-East Asia) (Agardy
2005, UNEP 2006). In the remainder of this section I will focus on the use of spatial
management to achieve large-scale conservation and sustainable use.

The Regional Seas Programme was established by the United Nations Environ-
ment Programme (UNEP) in 1974 to assist and engage countries sharing a common
body of water in cooperative conservation and management activities to address
regional issues. The Programme covers 18 regions (and more than 140 countries):
the Antarctic, Arctic, Baltic, Black Sea, Caspian, Eastern Africa, East Asian Seas,
Mediterranean, North-East Atlantic, North-East Pacific, North-West Pacific, Pacific,
Red Sea and the Gulf of Aden, ROPME Sea Area, South Asian Seas, South-East
Pacific, Western Africa, and the Wider Caribbean. Countries within each region
commit to addressing these issues through their development of a regional plan of
action and their ratification of a legally binding convention and associated issue-
specific protocols.

The Wider Caribbean Region includes 28 island and continental countries with
coasts on the Caribbean Sea and Gulf of Mexico and the adjacent waters of the
Atlantic Ocean. Governments of these countries identified the main issues as:
land-based sources of wastes and run-off, over-exploitation of marine resources,
increasing urbanization and coastal development, unsustainable agricultural and
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forestry practices, and a lack of government and institutional capacity to address
environmental problems. The Convention for the Protection and Development of
the Marine Environment in the Wider Caribbean Region (the Cartagena Conven-
tion) requires countries to ‘protect, develop, and manage their common coastal
and marine resources individually and jointly’. The Convention has three associ-
ated protocols dealing with oil spills, specially protected areas and wildlife, and
pollution from land-based sources and activities. The Protocol on Specially Pro-
tected Areas and Wildlife, which became international law in 2000, contains a list
of protected species and guidelines for the establishment of protected areas, national
and regionally cooperative measures for species’ protection, environmental impact
assessment, research, and education. Regionally cooperative measures include com-
mon measures to protect listed protected species, and common guidelines and cri-
teria for the identification, selection, establishment, and management of protected
areas (Appendix 16.1).

Large Marine Ecosystems (LMEs) are regions that cover more than 200,000 km2

of ocean and extend from the landward boundary of catchments and include estu-
aries and the coastal zones out to the seaward boundaries of continental shelves or
a major current system and also possess a distinct bathymetry, hydrography, and
productivity. There are 64 recognized LMEs and many occur within the bound-
aries of UNEP’s Regional Seas. The Global Environment Facility has developed an
approach for nations sharing an LME to address jointly their coastal and marine
issues (Duda and Sherman 2002). A trans-boundary diagnostic analysis provides a
synthesis of trans-boundary concerns and their root causes. Based on this, a strategic
action program (SAP) plots the reforms needed regionally and nationally. Box 16.7
illustrates the specific steps undertaken to develop a SAP.

Box 16.7 Case studies in regional approaches to
conservation and sustainable use

Case study 1: Strategic Action Programme (SAP) for the Red Sea and Gulf of
Aden

The Red Sea and Gulf of Aden SAP’s global objective was to safeguard the
coastal and marine environments and ensure sustainable use of its resources.
The SAP’s activities involved: institutional strengthening, reducing naviga-
tion risks and maritime pollution, sustainable fisheries, habitat and biodiver-
sity conservation, development of a regional network of marine protected
areas, support for integrated coastal zone management, enhancement of public
awareness and participation, and monitoring and evaluation of the SAP’s out-
comes. Implementing regionally-agreed objectives at the national-level has
been a major challenge. In the Red Sea and Gulf of Aden regional status
assessments were used to develop regional action plans for the conservation of
turtles and breeding seabirds. National action plans were developed to facil-
itate national implementation of the regional needs. Given the discrepancy
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in capacity among countries, the action plans were adapted to suit each par-
ticular country. National implementation is occurring through integrated net-
works of national and local working groups, government departments, agen-
cies and personnel, non-governmental organizations, and other stakeholders
(Gladstone et al. 1999, Gladstone 2006).

Case Study 2: Sulu-Sulawesi Sea Marine Ecoregion
The Sulu-Sulawesi Sea Marine Ecoregion (SSME) (shared among

Indonesia, Malaysia, the Philippines) was listed by World Wide Fund for
Nature (WWF) as one of its Global 200 ecoregions because of its global
significance for coral and fish diversity (see Fig. 16.7), rare and endan-
gered species (including the coelacanth), habitat richness, productive coastal
ecosystems, and the large coastal population (35 million people) dependent
on its resources. Degradation resulted from unsustainable levels of resource
use, poverty, and increasing populations. The SSME Conservation Program
involved regional conservation planning combined with specific actions for
sites and species. Implementing the Program required a Biodiversity Vision
(based on inputs of 70 stakeholders) that guided development of an Ecore-
gion Conservation Plan (requiring 12 stakeholder workshops across the three
nations). The Plan identified 10 objectives with associated actions to be imple-
mented nationally or regionally over 10 years and was formally adopted as
national policy by the three nations in a memorandum of understanding in
2004. National actions included enforcement at key sites, an integrated con-
servation and development plan for key sites, local community education, and
a GIS data base. Actions to be implemented collaboratively across the ecore-
gion include protection of sea turtles, improved fisheries management, and a
network of MPAs (Miclat et al. 2006).

Fig. 16.7 The Sulu-Sulawesi
Marine Ecoregion is one of
the World Wide Fund for
Nature’s Global 200
ecoregions because of its
significance for marine life
(photo: David Harasti)
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Coordinated networks of MPAs have the potential to achieve local, national
and regional conservation goals simultaneously. Regional networks of MPAs have
been designed to represent in a complementary manner examples of major regional
ecosystems (Gladstone et al. 2003, Agardy 2005), source areas highly connected
to areas outside a network, and areas important for species of special concern
(Miclat et al. 2006; Box 16.7). To be effective, the functioning of a regional net-
work of MPAs requires a legally binding protocol ratified by all countries within the
region, a mechanism for regional coordination of the network, and active on-ground
management within each of the participating MPAs. The objective of the regional
coordination role should be to support individual MPAs in achieving their manage-
ment objectives so that regional objectives for sustainable use and conservation are
being met. The regional support role can include: development of regionally-agreed
guidelines for the selection, establishment and management of MPAs, support
for revenue generation, capacity building (e.g., through training in management),
and monitoring (Gladstone et al. 2003). The impediments to regional approaches
include lack of political will for cooperation with neighboring countries, varying
capacity among participating countries, the diversity of stakeholders with varying
and conflicting priorities (Agardy 2005), varying opportunities for participation by
stakeholders in different countries, and incomplete ratification of legally binding
agreements.

16.5 Conclusion

Addressing the issues confronting tropical coastal ecosystems requires manage-
ment approaches that restore and conserve the natural patterns and functions of
ecosystems. The recent advances in our understanding of the dynamics of marine
and coastal ecosystems, the scales at which they operate, and the development
of new technologies (reviewed in Part 3 of this book) have supported simultane-
ous advances in conservation and management. These advances include the selec-
tion and design of MPAs, habitat rehabilitation, environmental assessment, and the
developing field of seascape approaches to management. Achieving society’s aspira-
tions for coastal ecosystems requires, on the one hand, changes to people’s behaviors
and greater awareness about the effects of their actions. This cannot be successful
without deep understanding of human coastal societies and economies and their
interaction with local coastal ecosystems. The greatest challenges to conservation
and management will continue to come from larger factors such as global climate
change, poverty, population growth and coastal migration, and low development
status.

Acknowledgments I wish to thank the following people for their assistance with this chapter:
Steven Lindfield (University of Newcastle), Christine Preston (University of Sydney), David
Harasti (for photos), Julie Jones (Great Barrier Reef Marine Park Authority), Julie Spencer
(Reef HQ Townsville), Evangeline Miclat (Conservation International–Philippines), Ian Shaw (for
photo), and Ivan Nagelkerken for the invitation to participate as an author. I thank Ivan Nagelkerken
and two anonymous reviewers for helpful comments on an earlier version of this chapter.



16 Conservation and Management of Tropical Coastal Ecosystems 597

Appendix

Appendix 16.1 Examples of management tools, actions, and interventions to implement the
conservation and management goals reviewed in this chapter

Goal Tools, actions, interventions

Resilience Education about ecosystems and functional groups
Establish MPAs to manage/minimize usage
Fisheries management to maintain functional diversity (e.g.,

banning fish traps) and abundant populations
Global action to address causes of coral bleaching
Identify and protect source reefs (e.g., via MPAs)
Identify and protect spawning aggregation sites and other

sources of replenishment
Integrated coastal zone management to protect water quality

(e.g., catchment management to maintain water quality)
Minimize disturbance (e.g., oil spills) to currents connecting

source reefs with sink reefs
Protect connected habitats used by all life history stages of key

functional groups (Mumby et al. 2004)
Rehabilitate habitat and species to increase populations and

return keystone species (Jaap et al. 2006)
Status assessments of key functional groups followed by

development of action plans for their conservation
(Gladstone 2006)

Trade restrictions on key functional groups and species
Connectivity Establish MPAs at well-connected reefs to maintain

replenishment of downstream reefs (Roberts et al. 2006)
Integrated coastal zone management (Furnas 2003) to manage

external influences on connected habitats, e.g., land use
management, development controls, habitat protection plans,
environmental assessment

Protect connected habitats used by all life history stages of key
functional groups (Mumby et al. 2004), threatened species,
fisheries species in MPA networks

Rehabilitate connected habitats (Keller and Causey 2005)
Conservation of

representative samples of
the variety of species and
assemblages

Develop maps of spatial distribution of biodiversity or suitable
surrogates such as indicator groups (Gladstone 2002),
habitats (Friedlander et al. 2003), environmental gradients

Reserve selection algorithms to identify cost-effective options
for MPA networks (Possingham et al. 2000)

Selection and design guidelines for MPAs (Salm et al. 2000,
Fernandes et al. 2005)

Conservation and recovery
of species-at-risk

Codes of conduct for industries (e.g., eco-tourism) that interact
with these species

Community education and participation (e.g., in monitoring)
Conservation and recovery plans
Identification, protection and management of critical habitats,

e.g., nesting sites (Gladstone 2000), spawning aggregations



598 W. Gladstone

Appendix 16.1 (continued)

Goal Tools, actions, interventions

International treaties
National conservation and environmental assessment legislation
Provide alternative livelihoods to communities dependent on

threatened species
Status assessment
Substitute captive breeding for wild harvest (IUCN 2007)
Trade restrictions on threatened species, e.g., syngnathids,

Cheilinus undulatus
Protect water quality Comprehensive monitoring of water quality, algae, and other

ecosystem components
Economic incentives (e.g., to encourage landholders to

implement sustainable management practices and property
level planning)

Environmental assessment for new developments (UNEP 2006)
Establish targets and priorities (e.g., identify catchments in good

condition for protection)
Planning for natural resource and land management (e.g., habitat

rehabilitation, reduce soil and nutrient loss, minimal use of
herbicides and pesticides, protect wetlands, riparian zones, and
native vegetation important to maintain and improve water
quality) (Furnas 2003, The State of Queensland and
Commonwealth of Australia 2003)

Public education and awareness (e.g., increasing stakeholders’
awareness of the value for water quality of wetlands and
riparian habitat) (The State of Queensland and Commonwealth
of Australia 2003)

Reduce and control point-source inputs via licensing (UNEP
2006), infrastructure improvements

Regulatory frameworks (e.g., legislation, guidelines, compliance)
Research and information sharing (e.g., distribute research

findings to stakeholder groups)
Self-management by stakeholders (e.g., industry-led

development of best management practice for land, natural
resources, and chemical use) (The State of Queensland and
Commonwealth of Australia 2003)

Stakeholder partnerships (e.g., industry, all levels of government,
research)

Assessing the
socio-economic context
for management

Assess effects of management on stakeholders (Elliott et al.
2001) including the need for provision of alternative
livelihoods (Pet-Soede et al. 1999, Elliott et al. 2001), or
structural adjustments for displaced stakeholders (Fernandes
et al. 2005)

Community services and facilities (Hariri 2006)
Explore alternative management options with stakeholders

(Friedlander et al. 2003, Fernandes et al. 2005)
Gender issues (Bunce et al. 2000)
Identification of stakeholders (Bunce et al. 1999)
Identify and quantify values (market, non-market, non-use)

(Ahmed 2004) including costs of current uses (Pet-Soede et al.
1999)
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Appendix 16.1 (continued)

Goal Tools, actions, interventions

Market attributes (Pet-Soede et al. 1999)
Organization and resource governance (Elliott et al. 2001)
Patterns of stakeholders’ resource use (Bunce et al. 1999, Gladstone 2000,

Cinner and Pollnac 2004)
Stakeholder characteristics (Gladstone 2000)
Stakeholder perceptions of the resources and issues (Bunce et al. 1999,

Gladstone 2000, Cinner and Pollnac 2004)
Traditional knowledge (Bunce et al. 2000)

Stakeholder
participation

Assistance with management implementation, e.g., installation of mooring buoys
(Bunce et al. 1999)

Combine community development plans with conservation (Pollnac et al. 2001,
UNEP 2006)

Community-based management of MPAs (Pollnac et al. 2001, Beger et al. 2004)
Demonstrated links between participation and positive conservation and material

outcomes for participants, e.g., improvements in fish stocks, living standards
(Alcala et al. 2006)

Incorporation of traditional management practices (Gladstone 2000, Johannes
2002)

Maintenance of a mechanism that provides for ongoing stakeholder input, e.g.,
consultative committees (Pollnac et al. 2001)

Participation in MPA planning by representing the interests of stakeholder
groups (Gladstone 2000, Friedlander et al. 2003, Fernandes et al. 2005),
providing local knowledge, e.g., spawning aggregations, important species,
status of fish stocks, resource-use conflicts (Gladstone 2000, Johannes 2002)

Partnerships with local rather than central governments (Alcala et al. 2006)
Provision of information, education, community activities (Pollnac et al. 2001,

Alcala et al. 2006)
Public review and commentary on draft management plans (Fernandes et al.

2005) and environmental assessments
Stakeholder participation mandated in legislation (Alcala et al. 2006)
Volunteerism, e.g., community rangers (Alcala et al. 2006), clean-up events

(Bunce et al. 1999), education, habitat restoration (Jaap et al. 2006),
monitoring (Hodgson 2000), animal rescue

Education Capacity building and institutional strengthening
Community outreach (Rodrı́guez-Martrı́nez and Ortiz 1999, Browning et al.

2006)
Diver briefings (Medio et al. 1997)
Eco-tourism interpretation (Andersen and Miller 2006)
Education facilities, e.g., aquaria, marine discovery centers, visitor centers,

displays, interpretative signage, nature trails (Evans 1997, Browning et al.
2006)

Educational materials, e.g., posters, stickers, brochures, CDs, DVDs
Mass media, e.g., radio, newspaper, TV
Modules in school curricula (Browning et al. 2006)
On-the-job training and workplace exchanges (Crawford et al. 1993)
Partnerships with international donors/developed countries (Gladstone et al.

2003)
Regional training centers (Gladstone 2006)
Stakeholder education
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Appendix 16.1 (continued)

Goal Tools, actions, interventions

Tertiary education (Smith 2000)
Training workshops and short courses (Smith 2002)
Virtual education, e.g., internet discussion forums, list

servers, e-mail exchanges, International Coral Reef
Information Network’s–Coral Reef Education Library

Manage at the appropriate spatial
scale

Analysis of regional issues and root causes (Gladstone
et al. 1999)

Formal adoption by national governments of
regional/national actions (Miclat et al. 2006)

Identification and participation of national and
international stakeholders (Gladstone et al. 2003,
Miclat et al. 2006)

Legally binding regional conventions and issue-specific
protocols (e.g., protected areas, pollution, biodiversity
conservation) (Gladstone 2006, Miclat et al. 2006)

Programs of complementary regional and national
actions to address issues, e.g., MPA networks
(Gladstone et al. 2003, Miclat et al. 2006), education,
pollution reduction, capacity building, monitoring,
regional database and GIS (Gladstone 2006)

Regional coordinating mechanism (e.g., secretariat),
advisory body of representatives of participating
governments (Gladstone et al. 1999)
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