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Foreword

When Captain Billy Smith caught the first bonefish on fly in the Florida Keys in
1939, he no doubt had a sure sense of the fun and excitement that it provided. How-
ever, as one of less than a handful of guides scratching out a living at $2.00 per day
chasing bonefish and tarpon at the time, I am sure he had no idea of the proportions
the sport of fishing for bonefish, permit, and tarpon would reach today.

Today, shallow water—sports fishing is in high gear and is still growing rapidly.
Dedicated anglers tour the globe with a rod and reel, something akin to a buggy
whip in their hands in pursuit of these species. They have created a multibillon dollar
industry that reaches from the Florida Keys to the Seychelles off eastern Africa and
back again via such mid-Pacific fisheries as Palmyra Atoll and Kiritimati (Christ-
mas) Atoll. An industry with seminal roots in the Florida Keys that once had only
two or three guides with experimental saltwater Orvis rods is now supported by doz-
ens of rod and reel manufacturers, scores of lodges, and thousands of guides, skiff
manufacturers, and tackle shop owners and their staffs.

Regrettable in many of the older and more developed fisheries, as the number
of fishermen in pursuit increased, the number of fish caught per angler decreased.
This is not only evidenced in just the numbers caught, which might be attributed to
angling pressure, but there have also been significant drop-offs in the number of fish
seen in some of the more popular fisheries.

There are many possible explanations for this, including:

* Change of habitat

* Juvenile mortality

* Catch and release mortality
* Fishing or boating pressure
* Commercial fishing

* Commercial by-catch

* Increased predation

and the list goes on.

The sad reality is that we do not have sufficient knowledge of species behavior,
responses to fishing, or of critical habitat changes to make anything more than intel-
ligent guesses as to causes of declines and possible fixes.

The good news is that through proper science and proper management other
species fisheries not only have been stabilized but also have been brought to new
heights of excellence. The efforts of those dedicated scientists included in this book,
and no doubt many more to come, and the leadership of Bonefish & Tarpon Unlim-
ited (BTU; www.tarbone.org) are dedicated to just that—stabilizing and enhancing
bonefish and tarpon fisheries worldwide through scientific knowledge, education,
and regulation.

Xxi



xii Foreword

BTU offers itself as a fiscal point of leadership to coordinate these efforts and
hopefully can attract sufficient funding to allow the necessary research and manage-
ment to take place. We applaud the leadership and efforts of Dr. Ault and his asso-
ciates, who have been the pioneers in these efforts, and we are encouraged by the
quantity and quality of other scientists joining the fight.

However, to succeed in this mission, we will need not only the efforts of the best
and the brightest scientists, but we will also need a substantial and sustained source
of funding and the technical leadership to coordinate these efforts. BTU hopes to
provide this oversight. Also, each of us as anglers can be part of the solution by stay-
ing informed, being careful anglers, and supporting the mission with our financial
support.

We can also all start doing our part today by being more careful anglers. Even
though we do not know the exact extent to which catch-and-release mortality is a
factor (e.g., Bartholomew and Bohnsack, 2005), we do know that whatever it is, it is
preventable or can be mitigated with better and more careful release techniques.

The general rule is the less handling the better, and to avoid removing the fish
from the water if practical. Through the use of a device like the Boga-grip one can
stabilize the fish in the water and remove a barbless lip-hooked fly without ever
touching the fish. Afterward use the Boga-grip to move the fish gently through the
water while it recovers and revives, and then release.

If the fish must be touched, use your bare hand but wet your hand before mak-
ing contact. To be avoided is the double-hand death grip photo shot that we have all
done and second worse to that is to dangle the fish vertically from a Boga-grip for a
photo (also guilty).

If it is a very special fish or a first fish and a photo is just in the cards, consider
getting in the water with the fish or leaning down near the water and holding the fish
horizontal with one hand at the tail and a Boga-grip in the mouth. Then hold your
breath and remember that you need oxygen, and so does the fish.

Special thanks to Dr. Ault and all those participating in this important work.

I wish you and your grandchildren many years of enjoyment of this wonderful
sport and pastime.

Thomas N. Davidson
Chair, Bonefish & Tarpon Unlimited, Inc.
North Key Largo, Florida

REFERENCE

Bartholomew, A. and J.A. Bohnsack, 2005. A review of catch-and-release angling mortal-
ity with implications for no-take reserves. Reviews in Fish Biology and Fisheries 15:
129-154.



Preface

What species could be better suited for an integrative systems approach that links
all aspects of biology, ecology, resource management, and human-use perspectives
to build sustainable fisheries? This book is geared to be a comprehensive reference
for the economically and ecologically important tarpon and bonefish species. It is
an outgrowth of two international symposia convened in Florida in 2003 and 2006
by Bonefish & Tarpon Unlimited, the International Game Fish Association, Tarpon
Tomorrow, the University of Miami Rosenstiel School of Marine and Atmospheric
Sciences, and the Florida Fish and Wildlife Conservation Commission. These
premier scientific and public awareness organizations recognized the importance
of consolidating the science for fishery management to include aspects of coastal
marine environment, fishery sectors, population dynamics, stock assessment, and
environmental policy. The symposia featured internationally recognized research-
ers, managers, and sportsfishers united in an effort to conserve and sustain these
fisheries worldwide.

When I proposed this book to John Sulzycki, senior editor at Taylor & Francis,
he enthusiastically endorsed its generation, and since the project’s inception, John
has been an amazing and enthusiastic stalwart. I thank him from the bottom of my
heart for all his help and support. I am also greatly appreciative of the expert publica-
tion production assistance provided by Christine Andreasen, David Fausel, and the
Taylor & Francis staff. Thanks also to the staff of Macmillan India for their produc-
tion work. A long list of peer reviewers helped provide keen insights and focus atten-
tion to detail, all of which greatly strengthened the manuscript. These include Aaron
Adams, Aaron Bartholomew, Theresa Bert, Jim Bohnsack, Steve Bortone, Steven
Cooke, Bill Dailey, Bob Diaz, Jim Franks, Alan Friedlander, Martin Grossell, Kathy
Guindon, Scott Holt, Ed Houde, Todd Kellison, Doug Kelly, Richard Kraus,
Mike Larkin, Janet Ley, Karin Limbaugh, Ken Lindeman, Jiangang Luo, Behzad
Mahmoudi, Sandy Moret, Juan Posada, Dave Philipp, Dave Secor, Steven G. Smith,
Ron Taylor, Pat Walsh, and Natalia Zurcher. In addition, I am grateful for key techni-
cal support provided by Scott Alford, Stu Apte, Luiz Barbieri, Ivonne Blandon, Curtis
Bostick, Roberto Bradley, Tadd Burke, Jim & Pam Callender, Billy Causey, Roy
Crabtree, Richard Curry, Bill Curtis, Jack Curlett, Yusso Barquet, Chico Fernandez,
Russ Fisher, Tom Gibson, Lisa Gregg, Jeff Harkavy, Joan Holt, George Hommell,
Larry Kanitz, Glenda Kelley, Kenny Knudsen, Rob Kramer, Reuben Lee, Bill Legg,
Alberto Madaria, Steve Martin, Larry McKinney, Barc Morley, Mike Myatt, George
Neugent, Billy Pate, Glenn Patton, Eric Prince, Angel Requejo, Dick Robins, Lance
“Coon” Schoest, Joel Shepherd, Mike Smith, Mark Sosin, Roe Stamps, Nancy Swakon,
Mike Tringali, Bruce Ungar, Steve Venini, and Jeff “Gator” Wilson. Special thanks
go to Capt. Joel Kalman and all participating Florida Keys guides who have helped
shape my thinking on tarpon and bonefish biology and fishery dynamics. Robert
Humston served as my sounding board over the years, and I sincerely thank him
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Xiv Preface

for his keen insights and intellectual acumen, which helped move this project to its
successful completion.

Finally, the development of this book would not have been possible without Tom
Davidson, Chairman of Bonefish & Tarpon Unlimited—a great friend and mentor
since our first meeting on his back porch at the Ocean Reef Club in North Key Largo
more than a decade ago. Since then Tom has provided his unique and indispensable
blend of strategic guidance and direction that has set into motion an incredibly excit-
ing intellectual endeavor that will, in fact, last a lifetime.

As interest in tarpon and bonefish continues to grow, for perhaps the most
important catch-and-release sport fisheries in the world in terms of their ecological
and economic value, I trust that this volume will help draw attention to the issues
and focus development of coherent and prudent strategies that will build sustainable
fisheries for generations to come.

Jerald S. Ault
Key Biscayne, Florida



Introduction

Tarpon and bonefish are two of fishing’s supreme challenges. Few species can match
the burst speeds of bonefish or the airborne acrobatics and raw power and fighting
strength of a tarpon. These fishes, which share an ancient lineage with seemingly
disparate fishes like ladyfish and eels, have endured eons of severe environmental
changes and eluded the best natural predators. Hooked up with either, you feel the
unbridled survival instincts of two of the Earth’s oldest creatures that have survived
100 million years of evolution. However, the complicated early life history, biology,
and population dynamics of these species make their study a real scientific chal-
lenge. Because their fisheries generally lack coherent strategies for study or man-
agement—either at regional or global scales—collection of relevant and accurate
data to assess and predict stock responses to exploitation and environmental impacts
remains an enigma.

FOCUS ON PROTECTION AND CONSERVATION

The seascape for tarpon and bonefish has changed dramatically over the past
50 years. In the Florida Keys, an area widely considered as the birthplace of shallow-
water and “flats fishing,” some noted fishing guides and experienced anglers have
suggested that the bonefish population has declined some 90-95% since the 1940s
(e.g., Curtis, 2004). Tarpon populations have experienced obvious and precipitous
declines in portions of their historic U.S. range. Port Aransas, Texas, was once the
“1950s tarpon capital of the world” and attracted presidents and potentates to catch
a “silver king.” It is now virtually devoid of the tarpon numbers that made it so
famous. There is serious speculation concerning the root fishing and environmental
causes for these declines, and whether these could occur elsewhere. The greatest
challenge that lies ahead concerns sustainability of these precious fisheries. With a
catch-and-release ethic becoming more commonplace, the impacts of recreational
fishing for tarpon and bonefish are potentially minimal. However, increased exploi-
tation, shoreline development and habitat degradation, pollution, and other environ-
mental impacts from rapidly growing human populations may threaten critical food
supplies and upset a tenuous balance in the ecosystems that support these resources.
Despite the economic value of the industry and wide popularity of these precious
fishery resources, very little is known about the movements and migrations, popula-
tion dynamics, life histories, and reproduction that are needed to sustain fisheries for
these amazing species. This is clear cause for concern.

Similar patterns of decline have also been noted in Florida and, in fact, through-
out the world. Florida accounts for more than two thirds of the standing world records
for tarpon and bonefish published by the International Game Fish Association in
2006. South Florida’s tarpon and bonefish fisheries alone support a multibillion dol-
lar annual regional economy. However, many of Florida’s premier marine fisher-
ies are undergoing extensive changes due to explosive regional growth in human

XV



XVi Introduction

populations, fleet sizes and fishing intensity, habitat losses, and other environmental
degradation (e.g., Porter and Porter, 2001; Ault et al., 2005a, 2005b). This is a dire
condition for a state that promotes itself as the “fishing capital of the world.”

Continued growth of human populations in the coastal margins will compound
pressures on the already stressed resources from both directed and nondirected fish-
eries, incidental mortality from catch-and-release fishing, unreported harvests, loss
of key spawning and nursery areas, and pollution. These and other fishery ecosystem
effects threaten the viability and longer-term sustainability of these fisheries. For
example, as tarpon are still actively harvested in various parts of their range, accu-
rate knowledge of their migration patterns and spawning areas is a keystone piece
of information critical to ensure their protection. Unfortunately, much of the criti-
cal population-dynamic information needed for sound fishery management decision
making is virtually lacking. Even more distressing is the fact that little attention has
been paid to the design of scientific and management programs to support conserva-
tion of these incredibly important species.

KEY ASPECTS OF THIS BOOK

Because of the ever-increasing relationships between scientific and sport fishing
interests, this book is organized to provide discussion and broad communication
between scientists, managers, professional guides, anglers, and the public about the
past, present, and future of these magnificent sport fishes. The focus of this book
is to promote better understanding of the biological and fishery management issues
that are paramount to the sustainable future of these valuable fisheries resources.
But it is surprising how little is known about the two economically important game
fishes. There are less than 100 scientific papers in total that have much of anything
to do with research on the life history, population dynamics, and resource ecology
of bonefish and tarpon. “We probably know more about the moon than we know
about tarpon and bonefish in our waters,” said Mark Sosin, a noted outdoors writer
and 2004 inductee into the International Game Fish Association Hall of Fame.
This is despite the fact that tarpon and bonefish fisheries support a multibillion
dollar recreational fishery in south Florida alone. Some important unanswered
questions that arise are, for example, “How do they survive and thrive among bur-
geoning coastal development?” and “How to manage recreational fisheries that are
catch-and-release?”

This book summarizes existing scientific literature and presents new perspec-
tives and syntheses on scientific research to guide fishery management and conserva-
tion efforts for building sustainable tarpon and bonefish fisheries. The book consists
of five major sections:

. World Fisheries for Tarpon and Bonefish

. Biology and Life History Dynamics

. Population Dynamics and Resource Ecology

. Lore and Appeal of Fishing for Tarpon and Bonefish

. Ecosystem-Based Management and Sustainable Fisheries

[ W O T NS I
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Within this framework, this book contains 30 chapters that present an up-to-date
summary of what is known about the life history, fishery biology, population dynam-
ics, and management of these important game fish species. Each major section of
the book focuses on a series of comparative syntheses, providing historical and cur-
rent perspectives on the fisheries, population biology, stock assessment, modeling,
and management by the foremost experts in their respective fields. Some of these
chapters highlight aspects of continuing debates, that rather than providing disagree-
ments, serve to channel a healthy discourse on topics of scientific and management
interests. Individual chapters are designed to summarize original research or syn-
thesize the scientific and technical literature, and discuss important issues such as
scientific knowledge gaps, resource concerns, and research necessary to support
evolving conservation and management strategies for these ecologically and eco-
nomically important fishery resources. As such, the book centralizes the scientific
and institutional knowledge of internationally recognized researchers and foremost
authorities, managers, guides, and sport fishermen who share their unique knowl-
edge and concerns for these magnificent game fishes.

PRICELESS INFORMATION

Bonefish and tarpon conservation research programs supported by groups like Bone-
fish & Tarpon Unlimited (BTU) are now providing unique, baseline datasets that
could not be obtained in any other way. These data will be indispensable in deter-
mining the extent and sustainability of the unit stocks (on which fishery manage-
ment is based) for both species, and key population-dynamic data and environmental
preferences from which management policy is based. This information is critical
because it drives the decision-making process in the regional, national, and interna-
tional fishery management councils and commissions. Key issues in the success of
such programs are the relatively high costs associated with the use of sophisticated
technologies, and the willingness of anglers and guides alike to fully participate in
reporting results to the scientific research community. History has proven to our
BTU founders that many of the world’s greatest fisheries have faced near collapse
before any proactive intervention took place. Rather than risk a critical or perhaps
irreversible decline of these two extraordinary species, BTU members are making
a stand today to preserve bonefish and tarpon fishing for many generations to come.
These results are yielding huge scientific results, and revolutionizing the way we
think about fish, fishing, and the environment. Continued progress in these areas
will take all of us working together—scientists, fisheries managers, conservation
organizations, and saltwater anglers—to ensure the future of sustainable tarpon and
bonefish fisheries. Progress toward that goal is clearly reflected in this comprehen-
sive volume on the biology and management of the world tarpon and bonefish fisher-
ies, but this is a window of opportunity that we cannot afford to miss.

REFERENCES
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in the Florida USA coral reef ecosystem. Bulletin of Marine Science 76(2): 595-622.
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INTRODUCTION

Indo-Pacific tarpon (Megalops cyprinoides; Broussonet, 1782) occur between 28° N
(Japan) and 35° S latitude (southern Australia and South Africa), and from 25° E lon-
gitude (eastern African coast) eastward to 171° W (Samoa) (Figure 1.1). From depths
to 50 m in coastal waters, they range inland to hundreds of kilometers upstream
in rivers and floodplains (Pusey et al., 2004). A comprehensive list included 255
records of occurrence from 1830 to 2001 (FishBase; Froese and Pauly, 2006).
While 20% of these records are from the Philippines, followed by 15% from India,
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M. cyprinoides also occurs near high oceanic islands (e.g., Ovalau Island, Fiji;
Bab-el-Thuap Island, Palau; and Malekula Island, Vanuatu). In Australia, M. cypri-
noides commonly occurs from the Fitzroy River near Broome, Western Australia,
around the northern coast of the nation, and along the eastern shore to Moreton
Bay near Brisbane, Queensland. In terms of habitats, M. cyprinoides has been col-
lected on coral reefs (Madagascar), and in billabongs (Australia), mangrove swamps
(Micronesia), rivers (Mozambique), reservoirs (Papua New Guinea), floodplains
(South Africa), coastal bays (South Africa), and man-made canals (Tanzania).

Megalops cyprinoides (also referred to as tarpon, oxeye herring, and other com-
mon names) is not known to be an important component of the commercial fisheries
of any nation in its range. Artisanal fisheries in Papua New Guinea (Coates, 1987)
and other countries have been reported (e.g., India; Rao and Padmaja, 1999), but no
catch data are available. Only the Philippines and Malaysia include data on com-
mercial fishery landings of M. cyprinoides in their annual reports to the Food and
Agricultural Organization of the United Nations (FAO, 2006). Consumed as a food
fish by the growing human population in the Philippines, between 1994 and 1995 a
threefold increase in catch was observed (Figure 1.2).

In Queensland, Australia, M. cyprinoides has been recorded as a bycatch species
in estuary set gill net fisheries, which primarily target barramundi (Lates calcarifer).
However, of the 381 commercial net sets recorded in observer surveys, only three
M. cyprinoides were netted and these fish were discarded (Halliday et al., 2001).
In contrast, commercial surrounding-net fisheries targeting mullet (Mugil cephalus)
and whiting (Sillago sp.) in sheltered embayments netted a relatively greater proportion
of M. cyprinoides, that is, nine were caught in 110 net sets witnessed by observers.
These observer surveys by Halliday et al. (2001) are apparently the only bycatch data
available for M. cyprinoides.
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FIGURE 1.2 A time series of available capture fisheries data for Megalops cyprinoides.

(Adapted from FAO, Fisheries Global Information System, http://www.fao.org, 2006.)
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Comprehensive data on recreational catches of Indo-Pacific tarpon are equally
scarce. Throughout Australia, telephone- and field-based surveys conducted for the
National Recreational and Indigenous Fishing Survey (Henry and Lyle, 2003) did not
document catch rates of M. cyprinoides. However, in northern Australia, M. cyprinoides
is frequently taken by sport anglers fishing in habitats such as billabongs during the
dry season (Wells et al., 2003). Guided recreational fishing enterprises commonly
advertise tarpon as an attractive species for customers seeking a satisfying fishing
experience. For example, a website for one Cairns, Queensland, operation referred
to M. cyprinoides as “little balls of silver muscle” (www.fishingcairns.com.au) (see
Figure 1.3). Another recreational fishing website indicates that “on a scale awarded
in relation to the difficulty of capture (compiled by the Australian National Sport-
fishing Association (ANSA)), tarpon rate as one of the highest with a fighting fac-
tor of 2.0” (www.fishn4.com.au). ANSA maintains a comprehensive database with
records of fish tagged and recaptured by trained recreational anglers, including 1383
M. cyprinoides caught between 1985 and 2006 in Queensland (www.info-fish.net).
Because recreational anglers do not consider tarpon to be a desirable fish for human
consumption, most fishermen employ catch-and-release practices when landing
M. cyprinoides. No studies exist on the survival rate of released individuals.

Just as comprehensive fisheries catch information for M. cyprinoides is lacking,
little biological information exists in the published primary literature. Four main
avenues of research have been summarized in the section on literature synthesis (see
below). First, several investigators have studied the larval biology of M. cyprinoides,
focusing primarily on the leptocephalus stage. A second relatively well-studied topic
is the biological function of the swim bladder, which facilitates survival in waters

21000 7 300
F\ —o— Larvae
18000 ! —— Juveniles | | 250
15000
1200
[
@ 12000 S
[ [9)
e 1150 3.
< =
— 9000 3
1100
6000
150

3000

5
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Start of 5-day sets

FIGURE 1.3 Numbers of larval and juvenile Megalops cyprinoides captured during each
set of a tidal trap during wet season, spring tides—Leanyer, Northern Territory, Australia.
(Adapted from Davis, T.L.O., Environ. Biol. Fishes, 21, 161-172, 1988.)
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with low dissolved oxygen concentrations through air gulping. Third, however,
basic biological and demographic parameters such as growth rates, length- or age-
at-maturity, and average maximum size remain in doubt for M. cyprinoides. In fact,
to the author’s knowledge, such parameter values have not been established through
systematic analyses for any population of M. cyprinoides. Fourth, while few ecologi-
cal studies have focused on M. cyprinoides, they have been incidentally recorded in
numerous surveys throughout their range providing insights into habitat use patterns
and functional role.

As a contribution to ecological knowledge on M. cyprinoides, this chapter also
draws on fishery-independent surveys, which were conducted along the northeastern
coast of Queensland, Australia from 1995 to 2000 (Ley et al., 2002; Ley, 2005). The
data from these surveys have been used in this chapter to explore distributional pat-
terns of M. cyprinoides relative to abiotic factors and associated species. Thus, the
objectives of the current study are to

1. Summarize literature published on M. cyprinoides, including food habits,
biology and ecologys;

2. Characterize M. cyprinoides data from a series of fishery-independent sur-
veys along northeastern coast of Australia; and

3. Identify management implications and research needs.

LITERATURE SYNTHESIS

LARVAL AND JUVENILE STAGES

Megalops cyprinoides are believed to spawn offshore, but the locations of spawn-
ing grounds and subsequent dispersal of larvae remain uncertain. In surveys con-
ducted in 1983-1984, covering a large area of the Great Barrier Reef (GBR) lagoon
and Coral Sea, larval M. cyprinoides were collected in November and December
between Lizard Island and the outer barrier reef (see Leis and Reader, 1991 for
further details on methods and sampling sites). Thus, spawning may occur during
these early summer months in the GBR offshore lagoon, between 25 and 45 km
from the mainland of Australia (J. Leis, personal communication). Assuming that
most spawning does occur offshore throughout their range, larvae apparently swim
or drift with tidal currents, entering estuaries at 20 to 39 days old (Tzeng et al.,
1998). Larval recruitment occurs in strong seasonal peaks. For example, Australian
investigators collected enormous numbers of M. cyprinoides larvae and juveniles in
tidal traps located in ephemeral creeks in Leanyer Swamp (Darwin, Northern Ter-
ritory) on high spring tides (Davis, 1988). Ranking third in abundance of all species
sampled, peak recruitment of M. cyprinoides larvae occurred from December to
January (rainy season) in the 6-month study (Figure 1.3). Larval M. cyprinoides was
also among the most abundant species collected on nighttime flood tides in Taiwan
estuarine creeks (Tzeng et al., 2002).

Larval biology includes a leptocephalus stage, which has been investigated
by several authors. Complete metamorphosis into juveniles occurs in estuar-
ies in approximately 10 days, after drastic shrinkage during the first several days
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(Tsukamoto and Okiyama, 1993, 1997; Chen and Tzeng, 2006). Although the size of
juvenile fish is almost stable for approximately 1 month, laboratory studies revealed
that otolith rings continue to be formed daily. However, due to internal physiological
conditions, chemical changes in otolith composition (e.g., strontium/calcium ratios)
occur during metamorphosis, regardless of whether the fish is in freshwater or sea-
water (Shiao and Hwang, 2004; Chen and Tzeng, 2006).

ADULT STAGES

Megalops cyprinoides has been known to live up to 44 years in the wild (Kulkarni,
1983). Maximum sizes up to 1500 mm have been reported, but uncertainty exists
with regard to this value (Pusey et al., 2004). The maximum caudal fork length (CFL)
recorded in the current study was 525 mm for an individual netted in the Russell
River estuary (May 4, 1996). The ANSA database includes an individual measured
at 610 mm CFL caught in the Calliope River (near Gladstone, Queensland). The
International Game Fish Association (IGFA) reports 2.99 kg (estimated length of 611
mm CFL) as the all-tackle world record for M. cyprinoides, caught May 14, 2000,
also near Gladstone (International Game Fish Association, 2006). Thus, the likeli-
hood of M. cyprinoides attaining a length near 1500 mm is low; rather, a maximum
of 610 mm CFL seems more probable.

In FishBase (Froese and Pauly, 2006), an estimate of the von Bertalanffy growth
rate parameter K is given as 0.14 per year. However, this value may not be appli-
cable to M. cyprinoides since it was derived from studies of M. atlanticus. From
the tag-recapture data provided by ANSA, out of 1381 M. cyprinoides tagged by
recreational anglers, one recaptured fish was at large for 625 days and had grown 90
mm (240-330 mm CFL), while two others were recaptured within 27 and 28 days
of tagging and had grown 5 mm each. Growth rate was calculated using the forced
Gulland—Holt method (King, 1995) with a fixed value of length-at-infinity (L_) of
610 mm, an average growth rate (Y) of 0.17, and an average length (X) of 287 mm:

K=—"——=0.19year ". (1.1)
(Lo —X)

If K is close to this value, M. cyprinoides exemplifies those species that grow at an
intermediate rate. Tarpon do appear to be sensitive to tagging (e.g., through loss of
scales), possibly leading to the very low long-term return rate observed.
Length-at-maturity as reported in FishBase (Froese and Pauly, 2006) is 767 mm,
but this estimate was also derived from studies of M. atlanticus, which grows to
2222 mm CFL (Froese and Pauly, 2006). Pusey et al. (2004) suggest that M. cypri-
noides probably achieves sexual maturity in the second year of life when lengths
in excess of 300 mm are attained. In another investigation, Coates (1987) found no
mature fish in surveys in the Sepik River, Papua New Guinea, and suggested that
fish above 400 mm in length return permanently to coastal waters to mature and
breed. Until systematic analyses of reproductive biology are conducted for this spe-
cies, crucial biological parameters such as length-at-maturity, fecundity, and related
reproductive behavior will remain unknown. Clearly, comprehensive studies of age,
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growth, and reproductive biology are important gaps in knowledge for this species
throughout its range.

SwiM BLADDER FUNCTION

With a sleek fusiform shape, tarpon are built for sustained swimming and speed
(Figure 1.4). The caudal fin of M. cyprinoides has a high aspect ratio (2.19) (Froese
and Pauly, 2006), and a high proportion of red muscle occurs in the body (Wells
et al., 2003). They have a larger gill surface area than many other fishes, and the
aerobic capacity of M. cyprinoides is also supported by air breathing (Wells et al.,
2003). Megalops cyprinoides is a facultative bimodal breather that exchanges respi-
ratory gases through gills and a physostomous, vascular swim bladder, which is in
contact with the skull (Seymour et al., 2004). Air is taken into the fish’s air bladder
at the water surface on an often spectacular and rapid roll that presumably mini-
mizes exposure to predators such as raptors (Wells et al., 2003). Recent experiments
have revealed that the rapidity of postexercise restoration of routine hematological
values in M. cyprinoides is linked to the air-breathing trait (Wells et al., 2003). This
finding implies that recovery following strenuous angling exercise may be assisted
by air breathing. In experiments, oxygen uptake through the swim bladder was
found to be a small proportion of the total oxygen uptake in well-oxygenated water
(37 breaths per hour), where the purpose of rare air-breathing events appears to be
for buoyancy control. In contrast, the frequency of breaths increased to 29-37 per
hour in hypoxic water.

This facility for air breathing may contribute to behavioral flexibility and sur-
vival of M. cyprinoides under a variety of environmental conditions. For example,
during the wet season, the fish are widely distributed across floodplains, but as the
dry season progresses, water levels drop, confining the fish to isolated pools that
are progressively warmer, stratified, and hypoxic (Russell and Garrett, 1983; Davis,
1988). Hypoxia can develop further when eutrophication caused by nutrients in runoff
at the beginning of the wet season draws down oxygen (Seymour et al., 2004). While
Centropomidae and other water-breathing fishes often perish under severe anoxic
conditions (e.g., Bishop, 1980), M. cyprinoides may have a survival advantage.

FIGURE 1.4 Megalops cyprinoides (Indo-Pacific tarpon). (Photo courtesy of J.E. Randall.)
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EcoLoGy

Among the few published ecological studies that have included M. cyprinoides,
the most comprehensive was based on populations in the Sepik River of northern
Papua New Guinea (Coates, 1987). In the fully fresh waters of the Sepik, Coates
found only immature fish, primarily caught in deeper (>15 m) oxbow portions of
the river. Coates also noted that large mats of Salvinia molesta occurred in the
oxbows, causing reduced oxygen levels. Megalops cyprinoides was one of the few
fishes besides large Ariid catfishes to be caught beneath such mats. Megalops cypr-
inoides has also been incidentally recorded in other surveys throughout its huge
distributional range, providing fragmented insights into its habitat preferences
(Blaber, 2000).

In four studies that focused on trophic ecology, gut contents of 441 individual
M. cyprinoides were examined (Figure 1.5). Food habits appear to vary with habitat
and season, but may include fishes, crustaceans, and terrestrial insects (Table 1.1).
Composition of the M. cyprinoides diet indicates opportunistic feeding and a ten-
dency toward pelagic prey. Based on the percentages given in Figure 1.5, the esti-
mated trophic level would be 3.4, an intermediate carnivore. A similar value is
provided in FishBase, that is, 3.3 (Froese and Pauly, 2006). However, in a recent
stable isotopic analysis, the basic source of primary production supporting the diets
of M. cyprinoides collected near mangrove creeks could not be ascertained even
though all obvious sources were tested (e.g., marine phytoplankton, mangroves, sea-
grass, terrestrial plants) (Benstead et al., 2006). Thus, questions remain concerning
ecological processes supporting production of M. cyprinoides.

Penaeids Plants Cribs
09 8% 9%

Worms
6%

Larvae
2%

Fish
23%

Insects
31%

FIGURE 1.5 Chart summarizing the gut contents composition of Megalops cyprinoides
derived from four studies (Table 1.1) standardized to 100%.
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TABLE 1.1
Summary of Food Items Consumed by Megalops cyprinoides in Four Studies

Ley, Coates,  Pusey etal., Rao and Average
Foods 2005 1987 2004 Padam, 1999  Percent
Crabs 17 - - - 17
Crustaceans - 45 10 17 24
Fish 83 24 29 - 45
Insects 83 95 40 31 62
Larvae - - - 5 5
‘Worms - - - 11 11
Penaeid shrimp 17 - - - 17
Plants - 26 5 - 15
Samples
Habitat Tropical Tropical Tropical Tropical

Estuary River River Bay

Minimum fish length (mm) 372 103 150 N/A 103
Maximum fish length (mm) 477 440 640 N/A 640
Number of fish 6 94 107 240 441 (total)

Note: Data are percent frequency of occurrence averaged for the studies (see Figure 1.5).

ECOLOGICAL ANALYSIS OF NORTHEASTERN
QUEENSLAND POPULATIONS

STUDY AREA

Fishery-independent surveys were conducted in 11 Queensland estuaries from the
northeastern tip of Australia (19°50" S, 147°45" E), south—eastward 1400 km to Cape
Upstart, near Bowen (10°48" S, 142°33" E) (Figure 1.6). This tropical coast has a dis-
tinct rainy season (November/December—February/March). The GBR lies adjacent to
the study area on the east, while the Great Dividing Range (maximum elevation 1700
m) extends the length of the study area, with the main ridge of mountains varying in
proximity to the shoreline. Regulated commercial gill-net fishing is permitted in 3
(Nobbies, Barrattas, and Hull) of the 11 estuaries that were sampled, while limited
recreational line fishing is permitted in all estuaries. However, the five northern estu-
aries are very remote and only accessible via off-road vehicles along rugged develop-
mental roads or through a long journey by sea. Details of the study area are described
in previous publications (Ley et al., 2002; Ley and Halliday, 2003; Ley 2005).

FisH DATA AND ANALYSIS

Upstream (2—10 km from the mouth) and downstream (within 1 km of the mouth)
sites were sampled with groups of monofilament gill nets having stretched mesh
sizes of 152, 102, and 51 mm. Multipanel nets, 30 m long by 2 m deep, with stretched
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—-10°42’ S, 142°32'E

1. Jacky—Jacky T

2. Escape T
Cape York
3. Pascoe W (northern)
4. Lockhart T
5. Mclvor W
6. Russell W Wet tropical
coast
7. Hull W (southern)
‘,";\' 8. Haughton T
1 Lucinda—Mackay
.el\ 9. Barrattas T Coast

(southern)
10. Yellow Gin T

L e R« 11. Nobbies T

FIGURE 1.6  Study sites and location of the study area in northeastern Queensland, Australia.
Estuary names are followed by a letter indicating the type (T = tide; W = wave; see text).
The three bioregions and study phase (northern, southern) are listed in boxes to the right of
the map.

mesh sizes of 19, 25, and 32 mm were also deployed. Sampling trips were conducted
in two phases: (1) five northern rivers in which sampling was carried out in Febru-
ary and June 1996 and (2) six southern rivers in which sampling was carried out
bimonthly between March 1998 and March 2000 (Figure 1.6). For the northern riv-
ers, nets were set for up to 11 daylight hours, while for the southern rivers nets were
set for up to 7 h day and night (i.e., between 1500 and 2200 hours). During the soak
periods, nets were checked hourly and fish captured were measured, recorded, and if
in good condition, released. Raw data collected by species for each net set and check
were converted to catch per hour (CPUE) to account for variations in duration of
periods between checks.

Most statistical tests, including #-tests, principal component analysis, and analy-
ses of variance, were facilitated by the use of Statistica 6.0 (Statsoft 2001). Multivari-
ate analyses of 78 nighttime net sets from the southern systems were facilitated by
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use of PRIMER V6 (Primer-E Ltd., Plymouth, 2004). Owing to the dominance of zero
counts, the Bray—Curtis index of similarity was used to derive a matrix of similarity
values between pairs of samples (Clarke, 1993). Relationships among groups were
ascertained using cluster analysis and nonmetric multidimensional scaling (MDS).
For the northern rivers phase of the study only, in sifu measurements and water
samples were collected by a team operating in a separate boat. Samples were stored
and analyzed in the Australian Institute of Marine Science laboratories using stan-
dard methods (see Furnas, 2003).

CHARACTERIZATION OF TARPON CATCH: FISHERY-INDEPENDENT SURVEYS

A total of 305 M. cyprinoides were captured (Table 1.2). In the six southern estuar-
ies, where samples were collected both day and night, 84% of the 208 M. cyprinoides
were captured at night, indicating strong nocturnal activity. Catch rates were greater
during the period just after sunset, curtailing later in the night (Ley and Halliday,
in press). For all the months, night catch rates were greater than day except dur-
ing the wet season when numbers of M. cyprinoides were lower overall, possibly
because of increased access to freshwater flooded habitat. Thus, in the wet season,
M. cyprinoides may have spent less time foraging along the mangrove fringe where
the research gill nets were deployed; in contrast, during the dry season, catch rates
were consistently higher.

A total of 162 M. cyprinoides (19.0-52.0 cm CFL) were weighed and the data
were fitted to the allometric relationship:

W=al’, (1.2)

where W is the weight in g and L the CFL in cm (Figure 1.7). Fitted parameters
(p < 0.0001) were o« = 0.0152 (95% confidence interval 0.0062-0.0242) and
S = 2.98 (2.83-3.14). For the Alligator Rivers region of Australia’s Northern Ter-
ritory, Equation 1.2 was estimated based on data for 155 individuals (13.7-41.0 cm
CFL) (Bishop et al., 2001) as

W =0.02421*%. 1.3)

Thus, the parameter estimates of the Alligator Rivers M. cyprinoides were just
barely within the 95% confidence intervals of the current study. In a New Caledonia
study (Kulbicki et al., 2005), for 35 M. cyprinoides ranging from 17.0 to 47.0 cm
CFL, Equation 1.2 was estimated as

W =0.0122%%, 1.4

Discrepancies between parameters derived for the three equations indicate
that growth rates may vary among stocks. For example, applying the equations,
the average 30-cm tarpon from the east coast of Queensland would be expected to
weigh 383 g; 363 g (Equation 1.3) from the Alligator Rivers; and 368 g from the
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FIGURE 1.7 Length—weight relationship for 162 Megalops cyprinoides taken in 11 north-
eastern Queensland estuaries.

New Caledonian lagoons. Variation in growth rates can be expected owing to factors
such as the length range of the specimens analyzed, genetics, foods, and seasonality
(King, 1995).

The lengths of all individuals measured (n = 302) ranged from 175 to 530 mm
CFL in the current study. Although nets with a range of mesh sizes were deployed,
93% of the M. cyprinoides were caught in the 102 mm mesh net. Thus, the size range
present in the 11 estuaries along the main channels and creeks where the research
nets were deployed was apparently well represented by the length—frequency histo-
gram with a median of 430 mm CFL (Figure 1.8).

ABIOTIC FACTORS INFLUENCING DISTRIBUTION PATTERNS

For the six southern estuaries, analysis of variance (ANOVA) revealed that two gen-
eral factors significantly influenced the catch rates of M. cyprinoides: estuary type
(i.e., wave dominated vs. tide dominated) and diel activity period (day vs. night)
(Table 1.3). In fact, these two factors interacted with each other such that the greatest
catch rates occurred in the wave-dominated estuaries during the period after sunset
(Figure 1.9). Higher catch rates in passive gear such as gill nets indicate fish activity
periods by mobile species such as M. cyprinoides, probably associated with feeding
(Ley and Halliday, in press). Thus, the main active feeding period for M. cyprinoides
was apparently at night.

Tide-dominated systems are located in drier catchments and tend to have expan-
sive mangrove areas, broad deltaic mouths, and muddy substrate (Ley, 2005). How-
ever, the preferred habitat of M. cyprinoides, wave-dominated systems, tend to be
located in higher rainfall catchments, have narrow mouths, less mangrove area, and
sandy/rocky substrate. Wave-dominated systems had low catch rates of all species
combined, and may have become stratified, perhaps leading to oxygen depletion.
Thus, the air-breathing ability may be advantageous in wave-dominated systems.
While these systems may be relatively low-quality habitats for most estuarine fishes



16 Biology and Management of the World Tarpon and Bonefish Fisheries

18

Frequency (%)

305 320 335 350 365 380 395 410 425 440 455 470 485 500 515 530 545
Fork length (mm)

FIGURE 1.8 Length—frequency histogram for 302 Megalops cyprinoides greater than 305
mm fork length taken in 11 northeastern Queensland estuaries.

TABLE 1.3
Summary of Results for Analysis of Variance (ANOVA) Based on 331 Gill-Net
Samples (both day and night) in the Six Southern Estuaries

Factor Sum of Squares  df Mean Squares F p
Intercept 22.09 1 22.09 152.70 <0.0001
Estuary type 8.50 1 8.50 58.76 <0.0001
Day-night 8.51 1 8.51 58.80 <0.0001
Estuary type*

day-night 5.38 1 5.38 37.21 <0.0001
Error 47.30 327 0.14

Note: See Figure 1.9: data are CPUE of Megalops cyprinoides.

in terms of food, cover, and aquatic conditions, M. cyprinoides apparently thrives
in them.

Water conditions associated with 21 gill-net samples taken by day in the five
northern estuaries were measured during the wet (February) and dry (June) sea-
sons (Table 1.4). A database consisting of 12 physicochemical variables was devel-
oped for both sampling trips in each estuary. Owing to low sample size, a subset
consisting of five of the measured variables was included in the principal com-
ponent (PC) analysis (Table 1.4). The first two PCs explained a cumulative total
of 65.7% of the variation in the physicochemical data (Figure 1.10). Furthermore,
PC 1 (“salinity gradient”) was moderately well correlated with catch rates of
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FIGURE 1.9 Mean catch rates for Megalops cyprinoides taken in the six southern estuaries
illustrating the interaction between diel period (day—night), and estuary type (wave domi-
nated, tide dominated) in the ANOVA (Table 1.3). Error bars indicate 95% confidence limits.
c/f = catch per unit effect (CPUE).

M. cyprinoides (r = 0.49), while PC 2 (“nutrient gradient”) explained very little of
the variation in catch rates (Table 1.5). Thus, samples represented by PC 1 had lower
salinity (<15 ppt) and temperature (27-29°C), but higher silicate concentrations
(200 pM/L average). Silicate concentrations may be greater in naturally flowing
rivers with few upstream man-made diversions and dams (Humborg et al., 1997,
Ittekkot et al., 2000). These results suggest that greater riverine inflow under
natural flow conditions may be an important determinant of M. cyprinoides
abundance.

B1oTIC INTERACTIONS

The first MDS analysis showed a clear separation between wave-dominated (W)
and tide-dominated (T) estuaries for the nighttime samples in the six southern riv-
ers (Figure 1.11A). One-way analysis of similarity (ANOSIM) detected a signifi-
cant but moderate separation between T and W sample groups (Global-R of 0.219,
p < 0.0001). In the similarity percentages (SIMPER) analysis, the top fami-
lies were ranked by discrimination index, that is, the ratio of the average con-
tribution to similarity between groups (W, T) to the standard deviation of
similarity between groups. The higher the value of the discrimination index,
the more informative the family was for discriminating between the groups
of samples (Clarke and Warwick, 2001). Clearly, the family most respon-
sible for discrimination between W and T estuaries was Megalopidae
(Table 1.5). Leiognathidae, Clupeidae, and Ambassidae were among several other
families consistently netted in greater abundances in wave-dominated estuaries.

A second MDS analysis detected a cluster of families that occurred together in
60% of the nighttime samples (Figure 1.11B). In fact, three highly abundant families
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TABLE 1.4

Factors, CPUE, and Abiotic Variables for Five Northern Estuaries by Type

Observation

O 0 N NN R WD =

Season

Wet
Wet
Wet
Wet
Wet
Wet
Wet
Wet
Wet
Wet
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry

Estuary

Escape
Escape
Jacky Jacky
Jacky Jacky
Lockhart
Lockhart
Mclvor
Mclvor
Pascoe
Pascoe
Escape
Escape
Jacky Jacky
Jacky Jacky
Jacky Jacky
Lockhart
Lockhart
Mclvor
Mclvor
Pascoe
Pascoe
Mean

Position Type

gcgcgcgcgococo

lov]
c

cococuoc

T

f£EEEH A3 HEEEE 333313

Meg cyp  All Fish

CPUE
(X100)

0

(=3 S eNeoNeR-}

N O O W o

113
113
19

CPUE
(X100)

511
85
165
244
151
27
91
344
55
79
2307
822
309
321
490
289
126
118
179
2663
313
461

Temp
PC

30.3
29.1
30.2
30.3
30.1
28.1
29.8
29.1
30.6
28.4
26.8
27.2
26.5
26.8
26.9
259
25.7
24.6
244
26.7
26.2
27.4

pH

7.6
75
74
7.9
7.1
6.9
8.0
6.3
75
6.6
7.8
7.5
7.5
7.1
74
73
7.0
7.8
6.8
75
6.9
73

SpCon

49.4
30.3
46.0
44.6
39.9
11.1
444
13.7
45.6

0.2
50.7
39.9
47.8
30.3
46.9
50.2
22.3
40.6

53
224

2.3
32.6
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sal N TP Si

PC DO% Tub PC PC PO, PC NH, NO, NO, DOC Tanacd
324 1000 127 186 022 002 643 046 019 066 - 032
189 664 438 196 014 001 418 049 006 0.14 - 1.02
299 976 - 153 028 002 370 070 010 025 - 0.09

28.9 80.0 123 248 036 0.02 53.8 280 041 1.16 - -
25.5 74.4 35 10.0 0.15 0.0l 975 025 0.16 0.59 - -

6.7 726 400 239 036 0.01 1185 1.06 0.08 0.84 - 0.97
28.8 85.3 170 13.0 0.03  0.01 58 002 0.06 0.28 - 0.00
8.0 662 21.1 229 056 0.09 1200 382 0.15 0.82 - 0.60
29.7 1000 17.1 12.3 041 0.01 285 134 0.08 0.25 - 0.00
0.1 883 200 14.1 0.17 0.01 69.1 1.28  0.06 1.35 - 0.42

33.3  100.0 8.7 7.2 0.01 0.01 1949 231 0.07 0.19 1.51 0.24
25.5 73.5 55 14.6 037  0.06 75 277 0.06 0.06 1.16 0.01
31.2 63.9 11.8 2938 042 0.12 432 456  0.19 0.24 1.99 0.15
18.8 60.0 30.3 12.0 005 0.03 1657 135 0.03 0.07 2.01 0.80
30.5 799 303 10.4 0.18 0.01 264 1.87  0.05 0.12 2.19 0.02
33.0 64.8 1.1 139 0.00 0.01 884 289  0.05 0.10 1.52 0.24
13.6 72.6 1.0 145 048 0.04 2760 163 0.09 0.39 2.29 -
26.0 100.0 0.8 293 031 0.13 2326 3.00 030 0.50 15.55 2.90
2.9 84.1 35 15.3 047 0.06 1102 233 0.14 0.25 3.78 0.22
14.1  100.0 - 11.7 031 0.01 2904 154 0.05 0.22 1.10 0.22
1.2 93.2 1.8 11.2 0.04 0.04 3153 138 0.03 0.46 1.21 0.14
19.1 82.0 147 16.4 025 0.03 113.7 1.8 0.11 0.42 3.1 0.96

Note: W = wave; T = tide. Values are given by position in the estuary (D = downstream; U = upstream;
FU = far upstream) and season (dry = June; wet = February).

Abbreviations and units: Meg cyp = Megalops cyprinoides; Temp = water temperature (°C); SpCon =
specific conductivity; Sal = salinity parts per thousand; DO% = dissolved oxygen; Turb = turbidity
NTU; TN = total nitrogen; TP = total phosphorus; PO, = phosphate; Si = silicate; NH, =
ammonium; NO, = nitrite; NO; = nitrate; DOC = dissolved organic carbon; Tanacd = tannic acid.
Blank cells indicate missing data. PC = variables included in the principal components analysis.
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FIGURE 1.10 Results of the principal components (PC) analysis based on five abiotic
attributes measured in the five northern estuaries (data in Table 1.4). Abbreviations: Phos =
total phosphorus; Nit = total nitrogen; Sil = silicate; Meg = Megalops cyprinoides CPUE;
Temp = water temperature; Sal = salinity (for full PC results see Table 1.5).

TABLE 1.5

Coefficients for Linear Combinations of Abiotic Variables Making up the
Principal Components (PCs) Derived from Data Presented in Table 1.4 and
the Values of the Percentage Variation Explained by the First Two PCs

Variable PC1 PC 2
Water temperature 0.77 0.06
Salinity 0.66 0.01
Total nitrogen —0.02 0.88
Total phosphorus —0.14 0.87
Silicate —0.83 —0.09
Percentage variation 34.60 31.10
Cumulative percentage variation 34.60 65.70
Correlation with Megalops cyprinoides CPUE —0.49 —0.09

Note: Values in bold type were correlated with the principal component at greater than 0.40.

in this group—Centropomidae, Mugillidae, and Ariidae—occurred together in
>95% of the night samples. Thus, most nighttime samples consistently included the
11 families in this group (“the Centropomidae group”). In contrast, Megalopidae
were only observed in 46% of the samples (Table 1.6). Because of the many zero-
catch values, Megalopidae were distinguished at the 60% similarity level from the
cluster of Centropomidae families. For Megalopidae, most of the samples with catch
rates of zero were in the tide-dominated systems.
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FIGURE 1.11

(A) Multidimensional scaling (MDS) diagram based on ordination of night-

time samples by family. Data are CPUE of families contributing at least 10% to one or more
of the 78 night samples in the six southern estuaries (see Table 1.6). Labels indicate samples
from wave-dominated (W) or tide-dominated (T) estuaries superimposed by circles sized in
proportion to CPUE of Megalopidae (all Megalops cyprinoides). (B) MDS diagram derived
by ordination of families by sample based on the same data as (A). Ellipses indicate families
that were 60% similar in distribution based on a cluster analysis (group average clustering).
Amb = Ambassidae; Ari = Ariidae; Car = Carangidae; Clu = Clupeidae; Eng = Engrauli-

dae; Hae = Haemulidae; Lei
Sci = Sciaenidae.

Leiognathidae; Mug = Mugillidae; Pol = Polynemidae;
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TABLE 1.6

Comparison of Families Discriminating Two Estuarine Types (T = tide
dominated; W = wave dominated) in the MDS Analysis (Figures 1.11A
and 1.11B)

Average Average
CPUE CPUE Discrimination

Family (Common Name) % Samples >0 T w Index
Megalopidae (tarpon) 46 0.01 1.69 1.56
Polynemidae (threadfin) 72 2.68 0.08 1.39
Leiognathidae (ponyfish) 91 2.68 19.08 1.37
Clupeidae (herrings) 94 14.76 45.70 1.32
Engraulidae (anchovies) 88 8.55 3.52 1.31

Ambassidae (glassfish) 71 0.89 2.14 1.28
Carangidae (trevally) 85 1.26 2.36 1.24
Ariidae (sea catfish) 97 9.82 4.18 1.23
Sciaenidae (drums) 68 1.08 0.30 1.22
Haemulidae (grunts) 90 2.22 1.63 1.11

Centropomidae (barramundi) 96 8.55 6.89 1.07
Mugilidae (mullet) 95 9.38 2.52 1.05

Note: Data are average CPUE (backtransformed) for families contributing at least 10% to one or more of
the 78 nighttime samples from six southern estuaries. The families are ranked by discrimination
index derived from the SIMPER analysis.

DISCUSSION

A comprehensive stock assessment of M. cyprinoides is not possible in the absence
of data on the status of stocks anywhere in its range. Not surprisingly, then, an eco-
logical assessment would also be unachievable at this time, requiring a thorough
understanding of life history stages, as well as knowledge of temporal variation,
habitat, functional role, and preferences along physicochemical gradients for each
stage. The current state of knowledge as presented in this chapter is summarized in
the following discussion.

Lire HISTORY SUMMARY

Based on larval surveys, broadcast spawning by M. cyprinoides is most likely to
occur in outer coral reef lagoons. Egg and early larval development apparently
begin in these offshore lagoons, with later stage larvae moving inshore to estuaries.
Settlement and metamorphosis into juveniles is known to occur in shallow estua-
rine habitats, following inundation during high spring tides and floods. Given these
life history processes, M. cyprinoides may be considered a marine transient species
(Day et al., 1989) in tropical and subtropical estuaries. However, critical biological
factors such as growth rates and age-at-maturity remain unknown for adult phases
in particular.
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ECOLOGICAL SUMMARY

The favored inshore habitat of M. cyprinoides may be wave-dominated estuaries,
having lower temperature and salinity but higher silicate levels. Thus, M. cyprinoides
may be more common in systems under the strong influence of unmodified river flows.
Furthermore, characteristics of wave-dominated estuaries include narrow entrances
(<500 m) opening directly into open waters of the open ocean, interior basins with
reduced area of water and mangrove forests, and sandy or hard-rock substrate (Ley,
2005). Analyses of distributional patterns in other regions are required to determine
the generality of these observations throughout the range of M. cyprinoides.

Along permanently inundated estuarine shorelines, M. cyprinoides are more
active early in the night than during the day. Morphologically adapted for high
speed, and having a wide protrusible jaw, with an eye structured to capture light
at low light levels, M. cyprinoides is equipped for foraging on water-column fishes
and emergent benthic invertebrates such as penaeid shrimps under low light levels.
During the dry season, M. cyprinoides is more likely to be present in permanently
inundated creeks, channels, and billabongs; in the wet season, it may move into tem-
porarily flooded salt flats.

The trophic role of M. cyprinoides is that of an intermediate carnivore, feeding
on a highly diverse array of prey, including many insects. This diet and its ability
to survive in low oxygen conditions through air breathing give M. cyprinoides great
flexibility in survival capacity relative to other fishes. However, M. cyprinoides is not
as ubiquitous in distribution as species such as L. calcarifer (Centropomidae), which
was abundant in all estuaries closed to commercial fishing, whether wave- or tide-
dominated (Ley et al., 2002). Thus, questions remain about the possible competitive
interactions between M. cyprinoides and other estuarine carnivores and other poten-
tial factors influencing distribution.

ASSESSMENT OF VULNERABILITY

Potential vulnerability to detrimental effects of fishing remains unknown since con-
dition of individual M. cyprinoides postnetting or postangling has not been studied
to date. Scale loss owing to handling can be severe (pers. obs.) and may promote
mortality in captured and released fish. A related issue concerns unknown levels of
stock resiliency owing to a lack of information on such critical factors such as age
and growth, reproductive biology, life history stages and habitat use, and migra-
tion patterns. In countries such as the Philippines and India, where exploitation of
M. cyprinoides for food occurs, effective stock assessments are not possible, given
the current state of knowledge. In developed countries, recreational fishing levels
may lead to overexploitation as angler numbers increase. Management decisions can
be best evaluated based on comprehensive monitoring data for stocks and knowledge
of basic biological parameters.

Since larval and juvenile M. cyprinoides appear to rely on access to periodically
flooded habitats adjacent to mangrove-lined creeks and rivers, loss of these habitats
may limit production. Larger M. cyprinoides is more abundant in wave-dominated
systems where freshwater flow from riverine tributaries is both substantial and
unaltered by diversions or dams. Changes to freshwater delivery systems through
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diversion projects or dams may reduce habitat quality for M. cyprinoides. These
observations suggest that M. cyprinoides may be an indicator species for ecosystem
effects of freshwater flow modification.
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INTRODUCTION

Bonefish support important recreational fisheries in subtropical and tropical regions
worldwide (Crabtree et al., 1996; Kaufmann, 2000). At most locations in the Pacific
Ocean, the recreational fishery resource is shared with subsistence and small-scale
commercial fisheries that harvest with spears, nets, traps, and lines. As a result of
intensive fishing effort, bonefish and many of their predators have been overhar-
vested in many locations (Ault et al., 1998, 2002, 2005; Beets, 2000), making it dif-
ficult to obtain baseline data on their unexploited ecology and population biology.

Palmyra Atoll is situated in the Line Islands at 5°53’ N, 162°5" W in the central
Pacific, approximately 1600 km south of Hawaii (Figures 2.1 and 2.2). Palmyra Atoll
is a relatively pristine environment located in the Intertropical Convergence Zone
that receives approximately 450—-500 cm of rainfall per year (Vitousek et al., 1980),
a wet climate somewhat atypical of most Pacific atolls. This weather results in lush
vegetation and beach forests, at one time supporting one of the largest remaining
stands of Pisonia in the Pacific (Maragos, 2000). The atoll also has healthy nesting
populations of at least 10 seabird species, including some of the largest-known
colonies of red-footed boobies and black noddies (Fish and Wildlife Service, 2001).
Palmyra contains approximately 4 km? of emergent land with three large lagoons
and extensive sandy reef flats (Figure 2.2). The western lagoon is nearly 2 km? and as
deep as 55 m. The central and eastern lagoons are each 1 km? and up to 30 m deep,
approximately. The lands of Palmyra were acquired in late 2000 by The Nature
Conservancy (TNC), and in 2001, the atoll’s submerged lands were designated a
National Wildlife Refuge (NWR) under the jurisdiction of the U.S. Fish and Wildlife
Service. Palmyra Atoll possesses a lightly exploited bonefish population owing to its
unique status as a NWR. The nearly pristine environment of Palmyra Atoll, coupled
with the protection from heavy subsistence or commercial exploitation, renders it
one of the few places on Earth left to examine the status and dynamics of a “natural”
bonefish population.
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where channel nets were deployed to collect bonefish larvae. On the IKONOS satellite image,
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PALMYRA BONEFISH FISHERY

Palmyra, like Kiritimati (Christmas) Atoll to the south, is world renowned for its
bonefishing—the lagoon sand flats provide excellent habitat and support a large
population of bonefish (Albula glossodonta). Since May 2000, TNC has been
operating small-scale experimental ecotourism activities at Palmyra including
fishing, diving, kayaking, and wildlife photography. Lessons learned during this
experimental period include (1) sportfishing opportunities are varied and the fishing
is excellent; (2) fly-fishing for bonefish on the flats is an attraction that is rarely
available elsewhere in the U.S. Pacific; and (3) sportfishing is a potential activity
that, if well managed, would be compatible with, and could perhaps help financially
support, conservation goals for Palmyra. These findings are reflected in the “interim
compatibility determination” for bonefish fishing by the Fish and Wildlife Service
(FWS; Fish and Wildlife Service, 2001). Bonefishing was found to be compatible
with the conservation purposes of the refuge, if fishing were subjected to the following
regulations: (1) limited to eight rods (persons) in the lagoon at any given time; (2) catch-
and-release fishing with barbless hooks only; (3) limited to certain seasons; (4) limited
to certain areas; and (5) if fishing success (e.g., catch rates) and stock status were rigor-
ously monitored and assessed through logbook records and tagging studies.

Following these guidelines, we initiated a conservation research program
focused on bonefish designed to provide critical biological, ecological, and fishery
information for resource management at Palmyra Atoll. In addition, the research
has provided some new and generally applicable information about Pacific bonefish,
particularly A. glossodonta, a regionally important species that has received little
scientific attention.

BIOLOGY AND ECOLOGY OF BONEFISH AT PALMYRA ATOLL

The low exploitation of the bonefish population at Palmyra provided a baseline of
biological and ecological measures that may be useful to assess bonefish popula-
tions at Pacific locations subjected to varying exploitation levels and environmental
stress.

FisH STOCK DEFINITION

Meristic measurements of 250 bonefish collected for biological sampling and 65 fish
that were tagged and released indicated that all the individuals examined belong to
A. glossodonta. Results from all biological sampling revealed the presence of only
A. glossodonta at Palmyra Atoll. Shaklee and Tamaru (1981) used morphological
and electrophoretic data to demonstrate the presence of two cyptic bonefish species
in the central Pacific: A. glossodonta and A. forsteri. The two species are difficult to
distinguish based on external morphology, but are highly distinct in mtDNA cytochrome
b sequences (d = 0.24 sequence divergence). Based on a limited survey of Palmyra
specimens (N = 65), we detected only the A. glossodonta mtDNA lineage identified
by Colborn et al. (2001). These data demonstrate that the dominant species in the Pal-
myra fishery, and perhaps the only bonefish in Palmyra, is A. glossodonta. However,
given our limited sampling, it is possible that A. forsteri occurs at low frequency.
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Results from nearby Kiritimati (Christmas) Atoll yielded the same outcome; all bone-
fish specimens from the lagoon (N = 52) had mtDNA sequences characteristic of A.
glossodonta. At Tarawa Atoll, investigation of bonefish biology also found only A.
glossodonta to be present (Beets, 2000). However, due to the low sample sizes of these
studies, it is possible that A. forsteri, a species that is present in Hawaii and elsewhere
in the Pacific occurs in small numbers or occupies unsurveyed habitats.

ALLOMETRIC GROWTH

Bonefish collected from biological sampling (n = 249) and from tagging (n = 890)
ranged in size from 15.5 to 67.0 cm fork length (FL), with a mean length of 41.5 cm FL.
(7.6 sd) (Table 2.1). The mean weight of specimens was 723.5 g (£327.7 sd), the
smallest individual weighed 9 g and the largest 1920 g. From these data, length—weight
and length—length relationships were developed (Table 2.2). The largest tagged fish were

TABLE 2.1
Sex, Sample Size, Fork Length (FL) and Weight of Bonefish
Collected at Palmyra Atoll between 2002 and 2003

Sex Number Length (cm FL) Weight (kg)
Male 121 39.07 (4.16) 0.81 (0.23)
Female 93 38.41 (5.53) 0.79 (0.33)
Unknown 9 31.21 (7.13) 0.43 (0.26)
Juvenile 26 23.76 (3.81) 0.19 (0.86)
Total 249 36.94 (6.67) 0.72 (0.33)

Note: Standard deviation of the mean is in parentheses.

TABLE 2.2

Linear Length-Length and Log-Linear Length-Weight Relation-
ships from Bonefish Collected at Palmyra Atoll Parameters for
the Generalized Linear Regression Model Y; = b, + b, X; + ¢;

X Y b, b, r?

FL SL —4.825(2.959) 0.925 (0.008) 0.99
TL SL —12.975 (3.529) 0.794 (0.008) 0.99
SL FL 7.346 (3.134) 1.074 (0.009) 0.99
TL FL —7.977 (0.433) 0.858 (0.008) 0.99
FL TL 12.114 (3.903) 1.161 (0.011) 0.99
SL TL 19.718 (4.251) 1.250 (0.012) 0.99
LogFL  Log,WT —4914(0.073)  2.968 (0.028) 0.99

Note: FL = fork length (cm); SL = standard length (cm); TL = total length (cm);
WT = weight (g). Standard error of the mean is in parentheses.
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FIGURE 2.3 Average size (cm FL) of bonefish at Palmyra Atoll from tagging data.
Proportional bubbles indicate differences in sizes among all flats containing 20 or more fish
sampled.

generally associated with seaward reef flats, while smaller fish were more often found
on protected, inshore lagoon flats (Figure 2.3).

SEx RATIOS AND REPRODUCTIVE CONDITION

The sex ratio and reproductive condition of bonefish were assessed during all moon
phases over a period of 2 years. Males comprised 51% of the 241 fish for which sex
could be determined, females accounted for 39%. The remaining 11% were classi-
fied as juveniles as the gonads appeared undifferentiated.

On average, males were slightly larger than females, but the difference was not
statistically significant (-test = 1.02, P = 0.31) (Table 2.1). The largest female was
58.0 cm FL, while the largest male was 48.7 cm FL. The smallest distinguishable
mature male in all samples was 24.5 cm FL, and the smallest distinguishable mature
female was 28.7 cm FL.

The gonadosomatic index (GSI) was calculated as the ratio of gonad weight (g) to
somatic body weight (total body weight — gonad weight). Fatty tissue was sometimes
associated with gonadal tissue, typically when the gonads were not reproductively
active. For all samples combined, the mean GSI of males was 0.81 (=0.77 sd) and
was significantly greater (t-test = 2.90, P = 0.004) than females (X = 0.51 + 0.71 sd).
GSI for females was significantly higher (P < 0.05) during the full-moon period,
but did not differ significantly (P > 0.05) between new- and quarter-moon phases
(Fy99 = 4.13, P = 0.02; Figure 2.4). GSI for males was apparently lowest during
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FIGURE 2.4 Mean gonadosomatic index (GSI) by lunar phase for female (one-way ANOVA
F, g0 =4.13, P=0.019) and male (one-way ANOVA F, ;3= 2.90, P = 0.06) bonefish at Palmyra
Atoll. Moon phases with the same letters are not significantly different (Tukey—Kramer HSD
P > 0.05). Error bars are standard error of the mean.

the new moon (F, ;s = 2.90, P = 0.06). These results suggest that females are most
reproductively active around full moons, but males are apparently ripe throughout
the lunar cycle.

GROWTH AND MORTALITY

We combined all length samples (N = 1140) to approximate a steady-state popula-
tion. Ultimate maximum length L_ of 67.3 cm FL was calculated using a Powell—
Wetherall plot (Table 2.3) (Wetherall et al., 1987). Age-at-length data was obtained
from otolith annuli counts from a sample of 33 bonefish collected at Palmyra in March
2003. These fish ranged in size from 15.5 to 52.5 cm FL (X = 34.1 + 8.4 sd), and in
age from 3 to 11 years (X = 5.9 * 1.8 sd). From these data, assuming von Bertalanffy
growth, a Brody growth coefficient K of 0.3 was obtained. Instantaneous total mor-
tality rate Z (0.2686/year) was derived using a length-based mortality function:

(@—gf% Z(L.— L)+ K(L.— L)
= @2.1)

L.—L, Z(L.—L)+K(L.—L)

where L, is the ultimate length; L, is the length at maximum age; L is the mean
length in the sample; and L, is the length at first capture (Ault and Ehrhardt 1991;
Ehrhardt and Ault 1992). This estimate of Z (0.2686) is very close to the estimate of
natural mortality (M = 0.27) provided by Alagaraja (1984):

_—In() i
h

M (2.2)
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TABLE 2.3
Population Dynamics Parameter Estimates for Growth and Mortality of
Bonefish at Palmyra Atoll

Ultimate Length Brody Growth  Mortality/Growth  Total Mortality  Natural Mortality
(Loo) Coefficient (K) (Z/K) Rate Z Rate M

67.28 0.3 0.8953 0.2686 0.27

where S = survival (0.05) and f, = longevity. Since fishing mortality is likely negli-
gible, instantaneous total mortality is equal to natural morality (Z = M). The value
for Z/K = 0.2686/0.3 = 0.8953.

Estimates of growth of bonefish at Palmyra are slightly higher than those
reported in the Florida Keys (K = 0.24-0.28) by Crabtree et al. (1996) and
off Mexico’s Pacific coast (K = 0.275) by Morales-Nin (1994). This may
reflect warmer year-round water temperatures and the lack of seasonality in growth
of bonefish at Palmyra. Estimates of natural mortality rate for bonefish from
Palmyra were at the high end compared to Crabtree et al. (1996) data from the
Florida Keys (M = 0.2-0.3).

STOMACH CONTENTS

Stomach contents were identified to resolve the prey composition and feeding
habitats of Palmyra bonefish. Of the 160 stomachs examined in this study, 66 (41%)
were empty. Crabs, primarily ghost crabs (Macrophthalmus spp.), made up 33% of
the total weight and 41% of the total volume of prey consumed by bonefish (Table 2.4).
Acorn worms (Sipunculids) accounted for 29% of both weight and volume of prey
consumed by bonefish at Palmyra. The remainder of the prey items consisted of
various crustaceans (e.g., shrimp, isopods) and polychaete worms, with a few small
fishes and one terrestrial beetle. Coral rubble comprised 19% of the weight and 9%
of the volume of stomach contents. Numerically, peanut worms were the most abun-
dant taxa, accounting for 16% of the total number of prey items. The two species of
ghost crabs comprised an additional 14% of the prey items by number, followed by
crawling crustaceans with 12% the total prey items encountered in the stomachs of
bonefish.

Weight of stomach contents for bonefish caught in gill nets on the falling
tide was significantly greater than stomach content weight from fish collected on
incoming tides (H = 44.02, P < 0.001; Figure 2.5). Bonefish caught on the falling
tide were full of small crabs (>80% by weight), and these fish were likely feed-
ing on the flats prior to capture. Stomachs of fish captured on the incoming tide
contained (by weight) mainly peanut worms (32%), coral rubble (22.0%), and sand
mixed with organic material (14.9%). These fish were likely feeding in the lagoon
prior to capture.
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TABLE 2.4
Prey Items Identified from Stomachs of 160 Bonefish at Palmyra
Percent Percent
Wet Wt WetWt Volume Volume
Taxon N (8 ® (mL) (mL)

Crabs

Ghost crab Macrophthalmus 20 8.58 11.58 9.00 13.87

convexus
Ghost crab Macrophthalmus 11 12.66 17.09 12.40 19.11
telescopicus

Swimming crab Portunidae 3 0.20 0.27 0.30 0.46

Crawling crustaceans  Reptania 26 2.06 2.78 3.40 5.24

Swimming crabs Thalamita spp. 2 0.61 0.82 0.60 0.92

Mud crab Xanthidae 2 0.61 0.82 0.60 0.92
Worms

Fire worms Amphinomidae 1 0.01 0.01 0.10 0.15

Lugworms Polychaeta 2 0.32 0.43 0.40 0.62

Peanut worms Sipuncula 35 21.49 29.01 18.70 28.81
Shrimp

Snapping shrimp Alpheidae 17 1.70 2.29 2.80 4.31

Swimming shrimp Natantia 20 0.76 1.03 2.20 3.39

Mysid shrimp Mysidacea 5 0.05 0.07 0.50 0.77

Mantis shrimp Stomatopoda 12 0.69 0.93 1.50 2.31
Fishes

Goby Gobiidae 1 0.11 0.15 0.10 0.15

Lizardfishes Synodontidae 1 0.16 0.22 0.20 0.31

Bony fishes Teleostei 2 0.27 0.36 0.40 0.62
Terrestrial beetle 1 0.06 0.08 0.10 0.15
Isopods Isopoda 6 0.06 0.08 0.60 0.92
Other crustaceans 7 1.06 1.43 1.10 1.69
Debris 5 0.28 0.38 0.50 0.77
Unidentified 23 8.16 11.01 3.40 5.24
Rubble 13 14.19 19.15 6.00 9.24

LARVAL BIOLOGY

Bonefish are primitive teleost fishes that have the unusual leptocephalus larva found
only in bonefish, tarpon, ladyfish, and eels. The bonefish leptocephalus is long
(ca. 50-70 mm TL) and ribbon-shaped. After the planktonic larval stage, larvae
move into shallow habitats where they metamorphose into juveniles. Recruitment
of larvae to inshore areas has been found to have seasonal peaks, as well as strong
lunar-month, tidal, and diurnal signals (Mojica et al., 1995).

We employed fixed channel nets (I-m X 1-m-square opening, 1000-um mesh
size, 3-m length) in two major channels that drain into the easternmost lagoon from
eastern (windward) reefs (Figure 2.2). The channels are several hundred meters
from the fringing reef; the area in between consists of coral reef flats and can be
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FIGURE 2.5 Percentage of prey items consumed by bonefish on incoming and outgoing
tides at Palmyra.

exposed on low tides. Nets were fished on nighttime flood (incoming) tides, and the
majority of our sampling took place during the week surrounding the new moon,
an interval correlated with high catches of bonefish larvae in the Bahamas (Mojica
etal., 1995). There appeared to be a seasonal pattern to recruitment. In all, 15 bonefish
larvae (and many other leptocephali) were captured at Palmyra during March and
August. No bonefish larvae (and very few other leptocephali) were captured during
three sampling trips in November and February.

Sagittal otoliths were removed from all bonefish larvae and examined to deter-
mine planktonic larval duration (PLD). Larval bonefish otoliths were generally clear
and did not require any grinding or other preparation for aging. Daily growth bands of
otoliths were counted using a compound microscope (40-100X), and measurements
were made using image analysis software (Image-Pro, MediaCybernetics Co.).

PLDs of bonefish larvae settling at Palmyra ranged from 48 to 72 days with
an average of 57.2 days (6.1 sd). Average length of larvae collected was 51.4 mm
TL (*4.3 sd), and ranged from 43.3 to 58.7 mm TL. The average maximum otolith
radius from core to edge was 118.2 um (range [89.5, 188.2]). Despite the geographic
isolation of Palmyra, the PLDs found in this study were comparable to those of bone-
fish larvae from the Bahamas (range [41, 71]; mean = 56 days; Mojica et al., 1995).

GENETIC ANALYSIS

To maximize the conservation dividends from our bonefish study, molecular genetic
tools were employed to answer questions about genetic diversity, population isolation,
recruitment, effective population size, and age of the Palmyra population. Sampling
for these studies was accomplished primarily with nondestructive collections
of fin clips (about 1 cm? per fish). The molecular marker of choice was mtDNA
cytochrome b, which has been used to estimate bonefish population structure and
cryptic evolutionary units on a global scale (Colborn et al., 2001).
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Population Isolation

Three locations in the central Pacific [Palmyra; Kiritimati (Christmas) Atoll; and
Oahu, Hawaiian Islands] and the Seychelles in the Indian Ocean were surveyed to
address the geographic scale of population structure (Table 2.5). The Seychelles, at
the presumed far western end of the species distribution, serves as an “outgroup”
population to assess species-wide genetic diversity. We observed significant
population structure overall (¢, = 0.133, P < 0.001), and all pairwise comparisons
were significant, except for Palmyra vs. Kiritimati (Table 2.6). The two Line Islands
locations (Palmyra and Kiritimati) are nearly identical in haplotype diversity,
nucleotide diversity, and other population parameters (Table 2.6). We concluded that
the primary fishery locations in the Line Islands are part of a single large genetic
population, probably connected by the relatively long PLD of 4278 days.

It is notable that, even with a small sample size (N = 10), the Hawaiian loca-
tion is highly differentiated from the Line Islands. Perhaps population divisions and
corresponding management units occur on a scale of the Line Islands vs. the Hawaiian
Islands, separated by approximately 2000 km. Additional samples across these two
archipelagos, and elsewhere in the Pacific, are desirable to test this hypothesis.

Recruitment

Larvae of the two bonefish species, A. glossodonta and A. forsteri, are morphologically
indistinguishable, and it is possible that some bonefish recruits to Palmyra are from
spawning populations located elsewhere in the central Pacific. Here we analyzed
14 larvae and compared them to 51 juveniles and adults, all collected from Palmyra,
to determine whether the recruits to Palmyra are from the same population
(and species) as the adults in the fishery (A. glossodonta). Our results show no
significant genetic differences between larvae and juveniles—adults (¢, < 0.001,

TABLE 2.5
Pairwise Estimates of Population Differentiation Based on ¢,
a Molecular Genetic Analog to F

Location Palmyra Kiritimati Oahu Seychelles

Palmyra - 0.000 0.204 0.212

Kiritimati 0.828 - 0.215 0.252
(Christmas)

Oahu, Hawaii <0.001 0.001 - 0.786

Seychelles <0.001 <0.001 <0.001 -

(Indian Ocean)

Note: The ¢ values are above the diagonal; P values indicating level of significance
(based on 100,000 Markov steps) are below the diagonal.
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TABLE 2.6
Estimates of mtDNA Diversity and Demographic Parameters for the Bonefish
(Albula glossodonta) in the Central Pacific

T

Location N h /4 0, Ny 0, Ny (age)
Palmyra 65 0.753  0.0028  0.000 0 83.75 2,080,000 1.99
(248,000)
Kiritimati 52 0.759  0.0027  0.000 0 66.25 1,639,000 2.02
(Christmas) (251,000)
Oahu, Hawaii 10 0.511  0.0019  0.001 25 1.82 45,200 2.66
(331,000)
Seychelles 18 0.000  0.000 - - - - -

(Indian Ocean)

Note: N = sample size; h = haplotype diversity; T = nucleotide diversity; 6, and 8, = expected pairwise
differences before and after the most recent population expansion; Ny, and N, = female effective
population size before and after the most recent population expansion, estimated from theta (8)
values; T(age) = mutational timescale (translated into a time estimate in years before present).
Because of the lack of diversity at Seychelles, population demographic parameters could not be
estimated. All population parameters were calculated with ARLEQUIN version 2.0 (Schneider, S.,
Roessli, D., and Excoffier, L., ARLEQUIN, Version 2.0: A Software for Population Genetics Data
Analysis, Genetics and Biometry Lab, University of Geneva, Geneva, Switzerland, 2000).

P =0.576). We concluded that larvae may be drawn from the Line Islands’ population
of A. glossodonta that encompasses Palmyra and Kiritimati.

Genetic Diversity

The bonefish population showed genetic diversity in previous allozyme and mtDNA
surveys (Shaklee and Tamaru, 1981, Colborn et al., 2001). However, isolated island
populations may have reduced diversity, an indication of vulnerability to environ-
mental stress. The mtDNA data alone are not sufficient to address this issue, but
can indicate whether further investigations of genetic diversity are warranted. In the
three central Pacific locations we surveyed, 12 haplotypes were observed, indicating
anormal level of haplotype diversity (& values; Table 2.6). However, these haplotypes
were closely related, as indicated by low levels of nucleotide diversity (;t values;
Table 2.6). A parsimony network illustrates this feature, wherein no individual is more
than four nucleotide differences away from any other individual (Figure 2.6). Consid-
ering that population sampling spans the central Pacific and western Indian Ocean,
this is a notably low level of intraspecific divergence (see Grant and Bowen, 1998).
Among the 14 haplotypes identified in this survey of A. glossodonta, haplo-
type ALBIO0L1 is the hub of the parsimony network in Figure 2.6, and designated by
the program TCS version 1.13 (Clement et al., 2000) as the ancestral state. It is also the
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FIGURE 2.6 Relationships among haplotypes observed at Palmyra and other locations for A.
glossodonta. The box surrounding haplotype ALB101 indicates a designation of ancestral condi-
tion by the program TCS version 1.13. Each line between haplotypes indicates a single mutation,
with the interrupted line between ALB101 and ALBI108 indicating two mutations. (Redrawn
from Clement, M., Posada, D., and Crandall, K.A., Molecular Ecology, 9, 1657-1659, 2000.)

most common haplotype (70 out of 145 individuals), and observed at every loca-
tion, albeit at significantly different frequencies. This is the only haplotype observed
at the Seychelles (N = 18), possibly indicating a population bottleneck or recent
founder event at the western fringe of the range for A. glossodonta.

Effective Population Size

Genetic effective population size (V,) is the number of successful spawning adults
averaged across the last few thousand generations. It is usually much smaller than the
current population abundance, indicating historical bottlenecks or high variance in
reproductive success, that is, “sweepstake recruitment” following Hedgecock (1994).

Based on the pattern of mutational differences among individuals, we estimated
effective population size at the beginning of the most recent population expansion
(either from colonization event or crash and recovery) and the current effective popu-
lation size. These estimates are subject to numerous caveats (see Lecomte et al.,
2004), especially that the maternally inherited mtDNA measures the female effec-
tive populations size (N)). Assuming a 1:1 sex ratio, the values of N, in Table 2.6
would be doubled to account for the entire effective population size. These values
also depend on mutation rate for cytochrome b in bonefishes, estimated at 1.5%
per million years between lineages, or 0.75% per million years within each lineage
(Colborn et al., 2001). All of these qualifications and assumptions indicate that
estimates of genetic effective population size are qualitative values, not specific
quantitative values. With these caveats in mind, the effective population size in the
Line Islands (including Palmyra and Kiritimati) is on the order of 2 million females,
perhaps 4 million individuals in total. The difference in estimates from Palmyra
(N; = 2 million) and Kiritimati (N; = 1.6 million) is probably not significant, given
the high variance and uncertainty in parameter estimates (Table 2.6). It is sufficient
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to conclude that the Line Islands have a bonefish population that numbers in millions.
In contrast, the estimate from Hawaii is two orders of magnitude lower, possibly
indicating a lower effective population size that is perhaps due to reduction from
exploitation. However, larger sample sizes and more thorough surveys are necessary
to confirm these preliminary results, which are based on only 10 individuals.

Age of Population

Using a mismatch analysis (Rogers and Harpending, 1992), we estimated the age
of bonefish populations. As with the estimates of effective population size, age esti-
mates are subject to several caveats, including the mutation rate (see above) and
approximation of the generation time of bonefish, which we provisionally placed at
5 years. For these reasons, we regard the age estimates as first-order approximations.
With these limitations in mind, the populations at Palmyra and Kiritimati coalesce
to a common ancestor on the order of 250,000 years ago (Table 2.6). The Hawaii
population coalesces on a somewhat longer timescale (331,000 years ago), but given
the small sample sizes and uncertainties about population parameters, it is unlikely
that these differences were significant. It is sufficient to conclude that the central
Pacific populations at the Line and Hawaiian Islands coalesce to a common ancestor
in the late pleistocene, during the intervals characterized by upheavals in sea level
associated with glacial maxima.

A previous phylogenetic survey indicates that A. glossodonta is several
million years apart from other bonefish species (Colborn et al., 2001), yet the mtDNA
diversity in contemporary populations coalesces to a common ancestor on the order
of a quarter million years. The reasons for this may include a selective sweep for a
superior mtDNA type, but also must consider connectivity across a wide range from
the western Indian Ocean to the central Pacific in the late pleistocene. All surveyed
populations share the putative ancestral haplotype ALB101, and this haplotype has
been detected in west Pacific populations as well (unpublished data).

Management units for A. glossodonta seem to emerge on the archipelago scale,
rather than for specific islands. Hawaii and the Line Islands appear to be significantly
differentiated, but the Line Island locations have uniform population parameters
(Table 2.6). The genetic effective population size for Palmyra and the Line Islands
is on the order of millions of individuals, in what appears to be a group of shallow
habitats connected by perhaps larval dispersal. This is consistent with the finding of
no discernable population structure among Caribbean locations in a related species,
A. vulpes (Colborn et al., 2001). Additional sampling in the Line and Hawaiian
Islands will be necessary to test the hypothesis of management units on a scale of
island archipelagos.

FISHERIES INFORMATION FROM PALMYRA ATOLL

SPATIAL AND TEMPORAL TRENDS IN BONEFISH CATCH

A catch-and-effort logbook program was established to determine trends in fishing
success and bonefish population abundance. Owing to the size of Palmyra and the
nature of the fishery, the logbook program provided nearly 100% coverage of fishing
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activities. Project information fliers were developed and distributed to anglers, and
guides on Palmyra were trained in data-collection techniques. Information was col-
lected on (1) time and location of caught-and-hooked fish; (2) angler experience level
(novice, intermediate, advanced); (3) fork lengths of fish caught and numbers of
hooked fish; (4) tide, moon, and weather conditions; and (5) observations on school
size, movement patterns, etc.

Angler skill level had a significant effect on fishing success, with mean catch
per unit effort (CPUE) of 2.10 for advanced anglers, 1.89 for intermediate anglers,
and 1.23 for novices (F), 5,4 = 6.33, P = 0.002, advanced = intermediate > novice).
From April 2002 to November 2003, overall mean CPUE, excluding novice anglers,
was 2.03 (£1.49 sd) fish per rod hour. Overall daily catch rates (novices excluded)
varied greatly among dates, but no significant CPUE trend was observed from April
2002 to November 2003 (Figure 2.7; P > 0.05, N = 86 days). Catch rates were
highest within =3 days of the full moon, and lowest around the new moon. No
significant differences in catch rates were found among lunar phases (Figure 2.8,
Fy9y =220, P = 0.12).

TAGGING PROGRAM

Guides and anglers were trained in tagging and data-collection methods, and a flier
about the tagging program was created to provide additional information. Three
visual tagging methods were used on bonefish at Palmyra for different applications.
The majority of tagging was conducted using t-bar anchor tags and tagging guns
(Floy Tag and MFG. Co., Inc.). Tags were 6—8 cm long and clear white in color
to reduce possible predator detection. Tag shedding was detected, with some fish
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FIGURE 2.7 Mean daily bonefish catch rates at Palmyra Atoll from April 2002 to November
2003. Novice anglers excluded from the analysis.
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FIGURE 2.8 Mean catch per unit effort (number of bonefish per line hour) by lunar phase
for bonefish at Palmyra Atoll, novice anglers excluded. Moon phases are not significantly
different (F, 4, = 2.20, P = 0.12); quarter—first- and third-quarter moon phases. Full and
new moon phases include dates 3 days on either side of moon. Error bars are standard error
of the mean.

showing signs of previous tagging. To reduce tag shedding and predator detection,
small (4—6 cm) dart tags (Hallprint Pty Ltd.) were also used. These tags have been
reported to have a better retention rate than t-bar tags but are more difficult to apply,
and most anglers and guides preferred using tagging guns with t-bar tags. Visible
implant alphanumeric tags (VI Alpha) were applied beneath the transparent tissue
(usually in the adipose eyelid) of bonefish after acoustic tag surgery in an attempt to
reduce stress and predator detection.

Between May 2001 and March 2004 861 bonefish were tagged, with only 2 recap-
tures and 10 resightings during this time period. In Hawaii, 10 (1.3%) of 791 bonefish
were recaptured in a similar study (see section on Hawaii below). The first recap-
tured bonefish was recorded on November 8, 2002. The 48-cm FL fish was tagged at
the eastern end of the atoll on 6 November at 15:25 and recaptured at the western end
at 17:00 on 8 November. The fish moved 3.7 km (2.3 mi) in slightly less than 50 h.
A second tagged 48-cm FL fish was recaptured on October 17, 2003, but the tag
number was not readable at the time of recapture. Low recapture and resighting rates
may likely result from at least five nonexclusive factors: (1) large population size and
low fishing effort; (2) tag loss; (3) mortality from tagging; (4) high natural mortality
(i.e., predation); and (5) emigration.

REMOTE MONITORING OF BONEFISH MOVEMENT

Movement of fishes is important to both anglers and scientists. We collected data on
short- and long-term movements of bonefish using acoustic telemetry methods to better
understand fish site fidelity and behavior. For short-term movement studies, VEMCO
V8SC-1L pingers (3.0 X 0.8 cm?) were epoxyed to 1.2-cm laminated disk tags and
implanted into the dorsal musculature of bonefish using two 7.5-cm nickel pins.
Several fish were tracked continually for short durations (1-4 h) using a manual receiver
(model VR60, VEMCO, Ltd.) mounted on a kayak. Tracking showed initial movement
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into the deep lagoon following tagging, which was likely a stress response. Once fish
moved back onto the flats they were difficult to follow and were quickly lost.

We deployed single-channel automated acoustic receivers (model VR2, VEMCO,
Ltd.) at eight locations within the three lagoons adjacent to major flats utilized by
bonefish to examine longer-term movements of bonefish. These omnidirectional
receivers recorded the identification number and time stamp from the coded acoustic
transmitters as tagged bonefish travel within receiver range, which was determined
to be between 400 and 500 m. Based on preliminary range detection studies, our
receivers could detect acoustic tags in the majority of lagoonal habitats.

For long-term tracking of bonefish, we surgically implanted VEMCO V8SC-1L
pingers into their stomach cavities (see Lowe et al., 2003 and Humston et al., 2005
for details). Bonefish were caught using hook and line at various flats and quickly
placed in a tub of seawater where they were rolled over with their ventral surface
facing upward. This induced tonic immobility and eliminated the need for anesthe-
sia. A 1-cm incision was made 1 cm off-center from the ventral midline between
the pelvic fins and the anus, and a small acoustic transmitter (V8SC-1L) was placed
within the visceral cavity. Battery life for these transmitters ranged from 1 to 1.5
years, on average. Acoustic transmitters were coated in a combination of beeswax
and paraffin (1:2.33) to reduce immunorejection. The incision was closed with two
to three surgical sutures (Ethicon Chromic Gut 2-0) and the fish were observed to
ensure adequate recovery. The time from initial capture to the time of release ranged
from 6 to 10 min. During recovery, each fish was measured to SL and then tagged
externally with a dart tag.

A total of 40 fish were tagged between November 6, 2002 and August 27, 2003.
Days at large ranged from 1 to 24 (mean 5.3 days). Fish moved freely among all
lagoons. Some fish were observed to move between lagoons and then back to the
original location within several days. The lagoons at Palmyra possess large numbers
of blacktip reef sharks (Carcharhinus melanopterus) and predation on bonefish
released with acoustic transmitters was observed on several occasions by these
predators. Considering the common use and success of this method in areas with
lower predator abundance (specimens retain tags for a year or more), we suspect that
the small number of days at large is likely a result of high mortality associated with
predators.

BONEFISH PHYSIOLOGICAL RESPONSES TO CATCH-AND-RELEASE STRESS

A number of tag-and-recapture studies have examined post-release mortality in
bonefish (Crabtree et al., 1996; Cooke and Philipp, 2004), but very little is known
regarding the subsequent physiological effects impact of angling that can signifi-
cantly impact post-release performance and long-term survivorship (Bartholomew
and Bohnsack, 2005). Therefore, there is a significant need to define and understand
the impact of catch stress on the physiology of bonefish and other marine fishes,
such that best fishing practices can be identified to reduce postrelease stress and
mortality.

Stress responses in fishes, as in all vertebrates, are characterized by rapid
increases in circulating levels of catecholamines (epinephrine) and cortisol
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(e.g., Sumpter, 1997). In contrast to the changes in catecholamines, which are typi-
cally transitory, elevation in cortisol has been observed to last up to several days, and
possibly longer, even after exposure to single stressors (Carragher and Pankhurst,
1991). Chronically elevated plasma cortisol leads to fuel mobilization (e.g., increased
glucose production) and inhibition of energy-expensive physiological processes
such as growth, reproduction, or immune function (see Kelley et al., 2001, 2006;
Wendelaar Bonga et al., 1997). Thus, the secondary physiological impacts of stress
(cortisol) can have important and long-lasting deleterious impacts (e.g., on growth)
in post-catch-and-release fish.

Our preliminary work on bonefish was initially directed at defining baseline con-
trols (“pre-stress”) with respect to different endocrine and biochemical markers in
blood plasma. Such controls are obtained by rapid catching and blood sampling, pref-
erably within 3 min, such that the neuroendocrine stress response has not yet had the
time to express the expected surges in plasma levels of cortisol and metabolites like
glucose. Bonefish were captured by hook-and-line and blood sampled via syringe and
needle at the cardiac sinus within 2 min. In these fish, plasma cortisol concentrations
were found to be around 1.5 ng/mL (Figure 2.9A), while glucose and lactate were 4
and 1.5 mmol/L, respectively (Figure 2.9B), all within the typical ranges of other
“unstressed” fish and vertebrates (see Schreck et al., 1997; Kelley et al., 2001, 2006;
Wendelaar Bonga et al., 1997). In contrast, caught bonefish showed a 12-fold increase
in plasma cortisol within 24 h of being placed into 4-m-diameter pens, and >25-fold
increases after 36 and 72 h. Plasma glucose concentrations increased in association
with the increasing cortisol, exhibiting >twofold higher levels by 24 and 36 h, results
consistent with cortisol’s well-known hyperglycemic actions (see above citations).
Plasma concentrations of lactate (Figure 2.9B), a marker for increased muscular
activity, were elevated sevenfold by 24 h after catching, but showed levels nearing
that of controls by 36 and 72 h, indicating recovery from oxygen debt. Measurements
of the insulinlike growth factor (IGF) system (see Kelley et al., 2006) are now under
way to determine possible impacts on the growth endocrine system of these fish.

Therefore, our findings to date indicate that bonefish exhibit substantial stress-
induced hormonal and metabolic responses to catching-related activities. Caging
effects may have contributed to these elevated stress levels and work is currently under
way to conduct similar studies with bonefish in shore-based holding tanks to eliminate
the potential effects of caging. Future work must now be directed toward understand-
ing the specific impacts of variables such as the degree of physical exertion during cap-
ture, hook type and placement/removal effects, handling and confinement effects, and
behavioral responses to captive conditions. By understanding such variables, fishing
practices may be devised that reduce the deleterious impacts of the resulting stress.

BONEFISH INFORMATION FROM OTHER PACIFIC ISLANDS

Bonefish are targeted by commercial, recreational, and subsistence fishers throughout
the Pacific. Subsistence fishing for bonefish in locations such as Tarawa consists of
one of the most important protein sources for the island’s human population. In
other locations like Kiritimati Atoll and Hawaii, recreational anglers compete with
commercial and subsistence fishers.
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FIGURE 2.9 (A) Plasma cortisol concentrations in bonefish, as measured by radioimmuno-
assay. (B) Plasma glucose and lactate concentrations in bonefish, as measured by colori-
metric assays. Fish were caught by hook and line, rapidly retrieved, and blood sampled within
2 min from initial hooking (“baseline controls,” n = 7), or they were caught and placed into
4 m diameter pens for periods of 10-20 min (n = 8),24h(n = 4),36 h(n = 4),or 72h (n = 2).
Bars indicate mean * standard error.

Hawali

Bonefish were an important food resource for early Hawaiians and are targeted
today by a mix of commercial, recreational, and subsistence fishers. Commercial
landings of bonefish in Hawaii have declined from over 136.4 mt in 1900 to only
1.2 mt in 2001 (Figure 2.10). Most recreational anglers in Hawaii used cut bait to catch
bonefish, although a small fly-fish fishery exists on Oahu. State regulations have
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FIGURE 2.10 Commercial catch data for bonefish 1900-2004 in Hawaii. Data from 1900
were based on market surveys. Data since 1946 were from commercial logbook catch data
reported to the Hawaii Department of Land and Natural Resources, Division of Aquatic
Resources (DAR, unpublished data; Cobb, 1905.)

recently raised minimum size from 23 cm (9 in.) TL to 36 cm (14 in.) FL, although
there is neither a closed season nor a bag limit.

Stock Identification

Shaklee and Tamaru (1981) used morphological and electrophoretic data to demonstrate
the presence of two cyptic bonefish species in Hawaii that range elsewhere in
the Indo-Pacific region as A. glossodonta and A. neoguinaica. Randall and Bauchot
(1999) have recently regarded A. forsteri as the senior synonym of A. neoguinaica and
described a method for rapidly distinguishing between these two species externally.
The distance from the tip of the snout to the end of the maxilla (upper jaw) of A. glosso-
donta is shorter relative to the length of the head (measured from the tip of the snout to
the end of the opercular membrane) than in A. forsteri. The ratio of head length to this
snout—upper jaw measurement for A. glossodonta is 3.03-3.31 compared to 2.67-2.87
for A. forsteri. The broadly rounded lower jaw on A. glossodonta distinguished it in
the field from A. forsteri, where the lower jaw tended to be more angular with a more
or less pointed symphysis.

Oahu Catch-and-Release Fishery

In 2003, a bonefish-tagging program was initiated to characterize the resource for the
purpose of supporting appropriate resource management and conservation programs,
as well as helping to encourage a catch-and-release ethic among fishermen. Volunteers
reported that they were able to clearly distinguish the two species of bonefish in Hawaii
based on the descriptions and photographs provided in the tagging instructions.

Of the 538 bonefish tagged between September 2003 and June 2004, 186 (35%)
were identified only as bonefish. Of the remaining fish, 72% were A. glossodonta
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FIGURE 2.11 Size frequency distribution of roundjaw (Albula glossodonta) and sharpjaw
(A. forsteri) bonefish tagged around the island of Oahu, Hawaii. Arrows denote means.

(roundjaw) and 28% were A. forsteri (sharpjaw). As of March 2005, a total of 791 bone-
fish were tagged with 10 recaptures recorded. Nearly all recaptures were within 1 km of
their original capture site where time at large ranged from 7 days to nearly 21 months.

Based on the results from tagging data, mean FL for A. glossodonta (mean =
51.93 cm = 10.99 sd, n = 236) was significantly greater (t-test = 8.97, p < 0.001)
than that observed for A. forsteri (mean = 41.02 cm * 6.99 sd, n = 95) (Figure 2.11).
Participants in the study reported that A. glossodonta typically travels across sand
and coral flats in loose schools or pairs, with larger individuals (>60 cm FL) often
seen traveling alone. Albula forsteri is most often caught in deeper water (10-15 m),
and therefore less is known regarding their movement and behavior.

Differences in morphology of the lower jaw suggest differing food preferences.
Catch data show very little mixing of the two species, supporting the presumption
of subtle habitat segregation. Beach seine sampling of juveniles (100-400 mm SL)
in Kailua Bay, Oahu resulted in catches of only one of the two species in any given
haul, although a series of hauls will result in collection of both species (Shaklee and
Tamaru, 1981). Hence, the two species may be schooling separately even when cooc-
curring in the same area.

Juvenile Recruitment

Monthly beach seining (24 X 1.8 m? with a 1.3-cm mesh) was conducted along
windward Oahu from 1994 to 2004. A total of 793 beach seine trips with an
average of 9.7 (=3.0 sd) hauls per trip yielded 874 bonefish (mean = 13. 87 cm FL
[+40.4 sd]; range [2.5, 33.0]). The small size of the individuals precluded the separa-
tion of species and all bonefish were classified as Albula spp. Mean monthly CPUE
(number per seine haul) of juvenile bonefish (<30 cm) was highest from mid-sum-
mer through the fall (July-December), while the mean size of juvenile bonefish was
larger during the winter and spring months (Figure 2.12A). Kahana Bay on windward
Oahu had the longest time-series to examine annual trends (Figure 2.12B). Capture
of recruits in Kahana was highest in 1999 and has declined by 79% since that time.
Small bonefish (mean = 10.7 cm FL) were also found to utilize the surf zone in
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FIGURE 2.12 (A) Mean monthly CPUE (number per seine haul) and fork length (cm) of
juvenile bonefish (<30 cm) captured in beach seines along windward Oahu from 1994 to
2004. (B) Mean annual CPUE (number per beach seine haul) of juvenile bonefish (<30 cm)
captured in Kahana Bay, Oahu. Error bars are one standard error of the mean.

Hanalei Bay, Kauai, as juvenile nursery habitat during both daytime and nighttime
periods (Friedlander et al., 1997).

Feeding

A total of 25 adult Albula spp. (26.6—41.3 cm FL) were collected in Hanalei Bay,
Kauai, by line fishing at night (1900—-0600) for stomach content analysis (Friedlander
etal., 1997). Three fish had empty stomachs. Of the remaining 22 fish, small shrimp,
mainly in the family Ogyrididae, were numerically (45.3%) the most important
component of the diet (Table 2.7). Crabs (mainly Portunus spp.) were the most
important taxa by volume (37.8%). Both groups were eaten by a large fraction of all
Albula specimens. Small polychaetes, especially Opheliidae, were also numerically
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TABLE 2.7
Diet of Albula spp. Captured in Hanalei Bay, Kauai (n = 22)
Prey Category Numerical Percent Volume Percent Frequency Percent
Shrimp 453 234 86.4
Ogyrididae 38.2 18.8 81.8
Pasiphaeidae 59 2.6 18.2
Other shrimp 1.0 2.0 273
Crabs 7.4 37.8 68.2
Portunidae 5.3 35.1 59.0
Other crabs 0.8 1.9 22.7
Crab megalops 1.3 0.8 4.5
Polychaetes 33.1 4.9 27.3
Bivalves 2.6 6.0 31.8
Echinoderms 59 2.1 22.7
Amphipods 33 0.1 50.0
Fish 0.8 5.7 22.7
Stomatopods 0.8 5.6 18.2
Gastropods 0.7 0.1 22.7
Cephalochordates 0.3 0.1 9.1
Unidentified material - 13.3 36.4

Source: Friedlander, A.M., et al., Habitat Resources and Recreational Fish Populations at Hanalei Bay,
Kauai, Project report by the Hawaii Cooperative Fishery Research Unit to Hawaii Department
of Land and Natural Resources, 1997, 296. With permission.

important (33.1%) in the diet. Bivalves and the small irregular urchin, Clypeasteridae,
were of about equal importance as prey items.

KIRITIMATI (CHRISTMAS) ATOLL

Kiritimati (Christmas) Atoll is world renowned for its bonefishing and is the closest
location to Palmyra that has active recreational and commercial/subsistence bonefish
fisheries as well as local knowledge concerning the life history of the species. The
Fisheries Division of Kiribati conducted a household survey of artisanal fishing
activities in 1995 on Kiritimati. Milkfish (Chanos chanos) was the dominant species
caught (76%), while bonefish was the next most common species caught, accounting
for 7% of the total catch (Kamatie et al., 1995). Gill nets caught 82% of the bonefish
with handlines providing the remainder (18%) of the catch.

Most of the recreationally caught bonefish at Kiritimati Atoll are released after
capture, and the government has established “no-kill” areas on a number of popular
sand flats. Some of the lagoonal ponds have been designated conservation areas where
all fishing except catch-and-release recreational fishing is prohibited. Despite these
conservation measures, a survey conducted by the fisheries division found a highly
skewed sex ratio (15 males:1 female) in one closed area, and no females were observed
from bonefish taken adjacent to Tabakea village. In areas with fewer predators and
lower natural mortality, females are larger and therefore selectively removed first by



50 Biology and Management of the World Tarpon and Bonefish Fisheries

the fishery. These results indicate potential overfishing, and efforts should be made
to develop additional conservation areas and management strategies.

Interviews with guides, fishermen, and others with local knowledge indicate that
fish spawn monthly during the full moon, with Paris Flats being one of the major
prespawning staging locations (Figure 2.13A). Fishermen on Kiritimati maintained
that bonefish do not spawn in the lagoon, but they were unsure of the actual spawn-
ing location. Recently, aggregations of >100 larger bonefish (50-70 cm FL) have
been discovered and harvested just north of a newly constructed pier on the seaward-
side of the island, near the village of Tabakea (Figure 2.13A, K. Andersen, personal
communication). These aggregations occur monthly just after the full moon in about
10-15 m of water at the reef/sand interface. The recent discovery and exploitation of
this aggregation has potential implications for the reproductive success of bonefish
at Kiritimati. It is reported that bonefish may have previously formed prespawning
aggregations near London, but increased human population and the creation of
seaweed farms may have disrupted this prespawning staging site. It was also reported
that fishing tends to be poorer during El Nifio years.

TARAWA ATOLL, KIRIBATI

Bonefish are the most important fish harvested in Tarawa Lagoon, Kiribati, but
recent studies have demonstrated significant declines in abundance and average size
of bonefish in the catch between 1977 and the late 1990s (Beets, 2000). Of great
concern is the shift in sex ratio that may be indicative of stressed populations. Since
male bonefish mature at smaller size than females, the intensive fishing effort, espe-
cially for larger fish, may have depleted females in the population, similar to the
trend at Kiritimati. Loss of spawning stock biomass and egg production by large
females could result in spawning failure and population collapse.

The fishermen of Tarawa Atoll have a historical perspective that is highly rel-
evant to the management of these fish (Johannes and Yeeting, 2000). All but one
of its known spawning runs have been eliminated according to fishermen, and this
last remaining run is showing signs of severe depletion (Figure 2.13B). Fishermen in
Tarawa believe that the method known as “splash fishing,” where bonefish are chased
into gill nets by splashing 2-m-long crowbars in the water, had disturbed bonefish to
the point that spawning runs were disrupted and reproductive migrations may have
shifted to deeper water (Johannes and Yeeting, 2000). Spawning runs in Tarawa may
also be impacted by the construction of causeways, as fishermen reported that a cause-
way (although fitted with a culvert) had effectively destroyed a spawning run. Regula-
tions were imposed in 1994, in north Tarawa, to prohibit bonefish fishing during the
3 days on either side of the full moon and to restrict certain fishing methods. In 1999,
fishers reported that the catch-per-unit effort and the average size of bonefish were
both increasing, and a bonefish-spawning run was reported outside the reef of South
Tarawa. The annual take of bonefish from Tarawa Lagoon is between 1,000,000 and
5,000,000 fish per year (Yeeting, unpublished data), but no stock assessment has ever
been conducted. Although heavily exploited, bonefish at Tarawa appear to be some-
what resilient to intense fishing pressure, and the life history of the species (early age
at sexual maturity and a protracted spawning season) may result in rapid recovery from
overfishing if proper management strategies are initiated.
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FIGURE 2.13 Bonefish prespawning aggregation locations and suggested migratory routes
at (A) Kiritimati (Christmas) Atoll and (B) Tarawa Atoll. Hatched squares show location of
existing prespawning aggregation locations. Hypothesized existing (solid lines) and previous
(dashed lines) show spawning routes. Solid circle and arrows show location of former pre-
spawning locations. Asterisk on Kiritimati denotes location of forereef aggregation location
(see text for details).
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DISCUSSION

Palmyra hosts one the largest lightly fished populations of bonefish in the Pacific,
representing a unique opportunity to gather critical baseline information. The
overall goals of the Palmyra bonefish conservation research program were to
provide (1) basic information on the biology and ecology of a relatively undisturbed
population of bonefish and associated ecosystem and (2) scientific foundations for
establishing a sustainable catch-and-release bonefish fishery. Fly-fishing for bonefish
on the flats is an attraction that is not readily available elsewhere in the U.S. Pacific,
and sportfishing is an activity that, if well managed, may be compatible with, and
financially supportive of, conservation goals for Palmyra Atoll NWR. The lightly
exploited bonefish population of Palmyra is also of profound scientific importance,
especially as a control in comparative studies to other heavily exploited populations
of A. glossodonta elsewhere in the Pacific.

Because of the elusive nature of bonefish, much of the information necessary
to manage this species can only be obtained through the efforts of anglers and
guides. Analyses of catch data from Palmyra showed large variations in catch rates
by location, angler expertise, and time of year, but no apparent trends in catch rates
were detected during the period of study. This is not surprising, considering the
relatively large bonefish population size and brief history of the recreational fish-
ery. Collaboration with anglers and guides provided valuable data as well as helped
formulate recommendations for bonefish management at Palmyra.

Biological data provided critical information for the management of bonefish at
Palmyra and elsewhere. Reproductive condition data indicate that spawning occurs
around the full moon and feeding and movement patterns are strongly influenced
by tidal fluctuations. Larvae are most frequently encountered around the new moon
period and larval duration was similar to bonefish examined in other locations.

Sex ratios of bonefish at Palmyra were assumed to represent those for a lightly
exploited population compared to the highly skewed sex ratios observed at both
Tarawa and Kiritimati Atolls where exploitation pressures are relatively intense
(Table 2.7). Heavy fishing pressure and degradation of habitats at Tarawa and
Kiritimati Atolls have resulted in the loss of pre-spawning staging sites and spawn-
ing migration routes, which may be responsible for the observed declines in bonefish
catches, average size, and sex ratios at these locations.

The average size of fishes among these atolls was similar but smaller than those
observed on Oahu, a high volcanic island in Hawaii (Table 2.8). Genetic isolation
and varying environmental factors likely explain these differences. Female bonefish
have been observed to be larger than males in Tarawa Atoll (Beets, 2000) and
Kiritimati Atoll (Kamatie, 1995). It is therefore interesting that there does not seem
to be any difference in size of bonefish between sexes at Palmyra or Florida (Ault
et al., Chapter 16, this volume). The large number of apex predators at Palmyra
(sharks and jacks) likely results in high natural mortality, and this in turn may help
explain the differences in sizes of bonefish at Palmyra compared with other loca-
tions in the Pacific. Intense predation pressure of blacktip reef sharks may restrict
bonefish foraging, thereby reducing their growth rates and maximum size. In addi-
tion, it is possible that juvenile blacktip reef sharks also feed on the same prey and



Biology and Ecology of Palmyra and Pacific Bonefish 53

TABLE 2.8

Comparisons of Mean Size L, Maximum Observed Size L, (cm FL), and Sex
Ratio (male:female) for Albula glossodonta among Several Locations in the
Pacific

Location r L, Sex Ratio Source

Palmyra 41.5(7.6) 67.0 1:1.25 This study

Tarawa 40.7 (5.7) 55.7 1:6.75 Beets, 2000

Kiritimati 43.6 (2.1) 60.0 1:15 (one area—  Kamatie et al., 1995

no females)

Hawaii

Windward and southshore 51.9(11.0) 73.7 Oahu tagging study
Oahu

Note: Standard error of the mean is in parentheses.

therefore compete with bonefish. The high density of bonefish at Palmyra also may
result in competition for resources and therefore lower growth rates compared to
other bonefish populations in the Pacific, but estimates of growth are lacking for A.
glossodonta from other locations in the Pacific. The lack of life-history informa-
tion on bonefish in the Pacific represents an important knowledge gap for science-
based management and conservation of these stocks.

Bonefish exhibit similar nonstressed (baseline) physiological levels to those
of other species such as California sheephead (Semicossyphus pulcher) studied to
date (Lowe, unpublished data). They exhibit a profound and significant increase
in blood cortisol, glucose, and lactate that are indicative of fight exertion and in
some cases exhaustion. Owing to the high density of blacktip reef sharks at Palmyra
and the physiological state of bonefish after angling with light tackle, released fish
may be at greater risk of predation. Strategies to improve survivorship may include
translocating fish to areas where there are fewer sharks (e.g., deeper parts of the
lagoons), where fish may have time to recover without the presence of sharks. Future
research should examine not only time to recovery of bonefish caught and released,
but also the physiological impacts of repeated recapture.

Genetic data indicate that Palmyra bonefish are part of a large, genetically diverse
archipelago-wide population that may encompass the entire Line Islands. In contrast,
Hawaii is less diverse genetically, and that may be due in part to overexploitation.

Remote locations such as Palmyra, with limited fishing pressures, are among
the few remaining examples of marine ecosystems without major anthropogenic
influence (Friedlander and DeMartini, 2002). Our research at Palmyra has offered
an important opportunity to understand how unaltered ecosystems are structured,
how they function, and how they can most effectively be managed. Scientists must
work with anglers and resource managers to develop a viable catch-and-release
fishery for bonefish that is sustainable and compatible with the objectives of Palmyra
Atoll National Wildlife Refuge.
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INTRODUCTION

The Atlantic tarpon (Megalops atlanticus) is a highly prized sport fish, widely
distributed in warm temperate, subtropical, and tropical waters ranging from Nova
Scotia to Argentina in the western Atlantic Ocean, from Senegal to Angola in the
eastern Atlantic Ocean, and more recently proximate to the Panama Canal terminus
in the eastern Pacific Ocean (Hildebrand, 1939; Murdy et al., 1997; Nelson, 1994;
Wade, 1962; Zale and Merrifield, 1989). This magnificent fish is esteemed for its
incredible leaps, aerial acrobatics, tremendous strength, and powerful runs. Often
referred to reverently as the “silver king,” tarpon currently support valuable recre-
ational fisheries in Florida, Louisiana, and Mexico.

Seasonal migrations account for recreational fisheries in Texas, Alabama,
Georgia, South and North Carolina, and Virginia, while resident and migratory
stocks contribute to healthy fisheries in Mexico, Belize, Nicaragua, Costa Rica, and a
host of Caribbean nations. In the southern hemisphere, Trinidad, Venezuela, French
Guiana, and Brazil have significant seasonal fisheries during the austral summer.
Gabon, Guinea-Bissau, Sierra Leone, Angola, and Liberia are increasingly popular
west African destinations for anglers seeking world record tarpon. The world record
(130 kg [286 1b 9 oz]) was landed by Frenchman Max Domecq at Rubane, Guinea-
Bissau on March 19, 2003 (International Game Fish Association, 2006). Prior to the
new record, two 128.4-kg (283-1b) tarpon landed from Lake Maracaibo, Venezuela, and
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Sherbro Island, Sierra Leone, in 1956 and 1991, respectively, accounted for the
record (Crawford, 2003).

Management practices for tarpon across state and international boundaries vary
from limited to none, despite the undeniable value of its recreational fishery. State
fishing regulations are commonplace and are usually in the form of minimum sizes
(i.e., total lengths), bag limits, or requiring possession of trophy tags. In general,
state regulations attempt to manage the fishery for quality tarpon, but arguably these
restrictions occur where and how the fishing public perceives the management needs
rather than based on tarpon biology or life history. Management of highly migratory
tarpon by state and federal agencies has been complicated by lack of data on move-
ments and migrations, and spatial distribution related to landings and fishing effort.
Regarded as nonpalatable in the United States, tarpon and their highly esteemed roe
are usually available in the fish markets of developing and third-world countries with
artisanal or subsistence fisheries. Negligible commercial value is a primary reason
why tarpon have historically not been included in U.S. federal management plans.
The National Oceanic and Atmospheric Administration (NOAA) Fisheries’ Marine
Recreational Fisheries Statistics Survey (MRFSS) treats the recreational U.S. tarpon
fishery as a specialized event or catch-and-release fishery for which specific landings
data are not collected. Failure of federal and state fishery surveys to document tar-
pon landings and catch-per-unit effort (CPUE) renders management of this species
problematic. Historical and current documentation of tarpon landings throughout
its range is largely restricted to tournament weighmaster logbooks, local newspaper
sports pages, and regional natural history books.

Tarpon in excess of 91 kg (200 1b) are regarded as the “holy grail” among
many saltwater fly-fishing anglers. The world saltwater fly rod record was set in
2002 at 91.9 kg (202 1b) by Jim Holland of Vancouver, Washington, while fishing in
Homosassa Springs, Florida. Numerous fly fishermen have pursued tarpon records
by state and line/tippet class including fishing legends Stu Apte (see Chapter 6,
this volume), Billy Pate, and Ted Williams. Fly records seem to be set each season,
including Robert Cunningham’s landing of a 58.9-kg (130-1b) fish in Louisiana from
Capt. Lance Schouest, St.’s Mr. Todd, in 2003 and Guide Scott Graham’s capture
and release of a silver king in nearshore waters at Port O’Connor, Texas, taping to
220.9 cmtotal length (TL) (87 in.) and 109.2 cm girth (43 in.) with an estimated weight
of 91.1 kg (201 Ib) (Lance Schouest, Sr., Houma, Louisiana, and Ted Baker, Angler’s
Edge, Houston, Texas, personal communication). Silver king anglers have included
Presidents Theodore Roosevelt, Herbert Hoover, and Franklin Roosevelt; Boston Red
Sox Hall of Famer Ted Williams; and Dallas Cowboy Hall of Famer Bob Lilly.

Tarpon have been primary target species of tournaments in Louisiana, Texas,
Florida, and Mexico for more than a half century. Anecdotal evidence indicates
populations in the northwest Gulf of Mexico, particularly Texas, have declined
substantially since the 1960s (Sutton, 1937; Roberts, 1970; Kuehne, 1973; Farley,
2002). Prior to 1960, tarpon arrived in Texas estuaries and nearshore waters from Boca
Chica at the mouth of the Rio Grande to Sabine Pass at the Texas—Louisiana stateline
as early as May, and were plentiful as late as November. Internationally renowned
“tarpon rodeos” at Port Aransas and South Padre Island, Texas, were renamed in
the early 1970s to reflect this collapse of the Texas tarpon fishery in the early 1960s,
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and subsequent elimination of the fish as a category or division. In contrast, tarpon
tournaments in Boca Grande, Florida, Grand Isle, Louisiana, and Veracruz, Mexico,
continue to generate economic impacts in the millions of dollars. Florida is the primary
destination of tarpon anglers today and hosts more than a dozen tarpon tournaments
statewide, including Suncoast Tarpon Roundup, Boca Grande World’s Richest Tarpon
Tournament, and Gold Cup Invitational Tarpon Fly Tournament. Approximately
three decades ago, there were as many as a dozen tarpon rodeos in Louisiana from
the Sabine River east to the Mississippi River. Four prominent rodeos continue today:
Golden Meadow Tarpon Rodeo, International Grand Isle Tarpon Rodeo, Terrebonne
Sportman’s League Annual Rodeo, and Empire-South Pass Tarpon Rodeo.

In Louisiana coastal waters, tarpon primarily feed on Gulf menhaden (Brevoortia
patronus), small clupeid fishes that form large, dense, near-surface schools in coastal
waters of the northern Gulf of Mexico from spring through fall (Lassuy, 1983; Smith
et al., 2002; Whitehead, 1985). Louisiana and the mouth of the Mississippi River are
a center of abundance for the Gulf menhaden resource, and this high-energy food
source coupled with the overall productivity of the region undoubtedly contributes
strongly to the tarpon’s seasonal migrations to the Mississippi delta.

LOUISIANA’S DYNAMIC RECREATIONAL TARPON FISHERY

Occasionally referred to by its Cajun French common name grande ecaille, the
tarpon has a significant social and cultural history in fishing communities of
Louisiana’s Mississippi River delta and coast. Despite this tremendous influence,
tarpon anglers, their numbers, demographics, motivations, and preferences are
no better known or understood by fishery managers and social scientists today
than they were more than a half century ago. Estimates of the numbers of anglers
continue to rely on tournament participation records. In contrast to several Florida
tournaments (e.g., World’s Richest Tarpon Tournament), there is little to no prize
money associated with angling tarpon at Louisiana rodeos. A primary motivation for
Louisiana tarpon anglers is socialization. Leaderboards at Louisiana rodeos reflect
both genealogy and fishing expertise with listings of winners including fathers,
sons, and grandsons (Figure 3.1). The golden era of tarpon fishing in Louisiana was
arguably the late 1960s, with both spectacular angler participation and a tremendous
number of silver king landings. Participants in the Golden Meadow Tarpon Rodeo
numbered approximately 3000 in 1967, with some unidentified proportion of these
being tarpon anglers who entered 45 silver kings. The 1966 Abbeville Tarpon Rodeo
drew in excess of 3100 participants and 110 tarpon were landed at its Intracoastal
City weigh station. In a similar fashion, the 1966 Grand Isle rodeo entrants, total-
ing approximately 2000, established its landings record of 48 silver kings (Falkner,
1967). The specific number of tarpon anglers in these rodeos is not documented;
however, tarpon anglers at the Grand Isle rodeo have waned from as many as 500
in the 1960s and early 1970s to fewer than 100 in 2003 (Grady Lloyd and Marty
Bourgeois, Grand Isle Rodeo weighmasters, personal communication).

The historical Louisiana recreational tarpon fishery grounds spanned from Lake
Pontchartrain and the Pearl River delta around the birdfoot delta of the Mississippi
River and west to Atchafalaya and Vermilion Bays, a linear distance of more than
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FIGURE 3.1 Three generations of the Schouest family at the 1st Annual Coon-pop Tarpon
Classic (September 15, 2002). Capt. Lance “Coon” Schouest, Sr. (kneeling with granddaugh-
ter) has tagged more than 700 tarpon; seven have been recaptured. (Courtesy of William
Dailey.)

300 km. Areas west of Grand Isle, particularly Marsh Island, Little Pass Timbalier, and
Timbalier Bay, were popular hotspots prior to the 1970s, and the fishing destinations
of anglers in the Abbeville Tarpon and New Iberia Rod and Gun Rodeos. The decline
in tarpon fishing success in the Vermilion—Atchafalaya Bay complex coincided with
reduced freshwater inflows into this brackish estuary associated with the 1963 con-
struction of the Old River Control Structure (ORCS). This system of floodgates and
diversion canal, built proximate to the confluence of the Mississippi and Red Rivers,
was designed to reverse a century-long trend of increasing Mississippi discharge into
the Atchafalaya River.

The historical tarpon season began in April and ran through early November. Tar-
pon were primarily taken on large spoons (e.g., Pet 21) trolled at six to seven knots
proximate to pass fishing grounds and rolling tarpon pods or small schools. “Rolling
pods” refer to tarpon’s tendency to form small aggregations and slowly roll at the sur-
face to gulp air in a fashion similar to dolphins and other marine mammals. Traditional
catch rates languished at 3 fish landed for every 10 tarpon “jumped” or hook-ups.

The current fishery is relatively localized and operates primarily within and just
west of the Mississippi River delta. These fishing grounds consist of approximately
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100 km of nearshore and offshore sites stretching from the delta’s Northeast Pass to
the barrier island of Grand Isle and Barataria Bay. Recent restoration efforts in Lake
Pontchartrain have produced a dramatic recovery in water quality and resurgence in
its fishery including a 94.3-kg (208-Ib) silver king landed in August 2004. Anglers
target waters from 6 to >40 m deep where tarpon aggregate to feed on an abundant
and diverse array of prey ranging from anchovies to menhaden to mullet. The Coon-
Pop® was introduced by tarpon guide Lance Schouest, Sr., of Venice, Louisiana,
in 1987. It consisted of a brightly colored BB-filled lead head and soft plastic lure
wired to large circle hook (Figure 3.2). Catch rates doubled from 3 to 6 or more
tarpon for every 10 jumped, and the landing frequency of tarpon that weighed
90.7 kg (200 1b) or more increased substantially with the introduction of the CoonPop
and integration of the circle hook. Advent of the CoonPop precipitated the fishery’s
emphasis on reducing vessel-related disruption of rolling schools, intercepting these
rolling schools, and using bait-casting and drifting techniques in lieu of trolling.
This fishing strategy resulted in increased dependence on calm seas to facilitate
sighting of rolling tarpon. Capt. Lance Schouest, Sr. reported that successful tarpon
seasons were often coincidental with Bermuda High weather systems, which settle
Louisiana delta waters and create nearly windless and flattened seas.

Similar to many marine fish, distribution of tarpon throughout their range is
strongly influenced by seasonal temperature regimes. Monthly median water tem-
peratures at the NOAA Grand Isle Station (GDILI) ranged from 31.6°C in July to
27°C in October during the seasonal fishery in 2004 (National Data Buoy Center).
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FIGURE 3.2 The CoonPop lure, consisting of a BB-filled leadhead and soft plastic lure
wired to circle hook, was introduced by tarpon guide Capt. Lance “Coon” Schouest, Sr.,
Venice, Louisiana, in 1987. (Courtesy of Heidi Amin.)
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FIGURE 3.3 Hourly water temperatures by month at the NOA A Grand Isle Station (GDIL1)
in 2004. Lower and upper boundaries of the box indicate the 25th and 75th percentiles; line
within the box represents the median water temperature; and error bars represent the 10th and
90th percentiles. (Data compiled from National Data Buoy Center, http://www.ndbc.noaa.
gov/data/download_data.php?filename=gdil1h2004.txt.gz\&dir=data/historical/stdmet/.)

Applying the historical season to 2004 water temperature data, median temperatures
for April arrivals and November departures would have been 22.9 and 21.8°C, respec-
tively (Figure 3.3). Preliminary results from pop-up archival tags on tarpon indicate
migration patterns between tropical and subtemperate waters reflect thermal prefer-
ences (Luo et al., Chapter 18, this volume; Michael Domeier, unpublished data). The
extended duration of the historical fishery and a portion of the current season are
coincidental with spawning period in the Gulf of Mexico and Caribbean. Tarpon
reproductive activity in Florida occurs in offshore waters from May through August,
while spawning occurs year-round in Costa Rica (Crabtree et al., 1992, 1997). Repro-
duction in Puerto Rico extends throughout the year with seasonal peaks in April and
August (Zerbi et al., 2001). Despite the rare capture of young-of-the-year tarpon, its
waters, Louisiana’s delta, and coastal wetlands are thought to serve only as foraging
grounds during the annual migrations of adults and subadults in the Gulf of Mexico,
with minimal contribution as spawning grounds or nursery habitat.

LOUISIANA’S 200 Ib TARPON CLUB AND RECORD TARPON

The Louisiana Tarpon Club and Capt. Lance Schouest, Sr. have documented 40 tarpon
>90.7 kg (200 1b) landed in state waters since 1973. Twenty-five of these “giant”
silver kings were landed since 1990. “Trophy” tarpon are arguably 63.5 kg (140 1b)
and more. Nine of eleven of the Louisiana’s largest tarpon were landed since the
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TABLE 3.1
Top 10 Tarpon Landed and Weighed in Louisiana Including Angler, Weight
of Tarpon (lb/kg), Vessel, Date (Month and Year), and Location

Rank Angler Weight (Ib/kg) Vessel Date Location

1 Tom Gibson 230/104.3 Anticipation August 1993 Grand Isle

2 Pat Parra 222.8/101 Bandit June 1979 West Delta 58
3 Jessica Barkhurst 221.5/100.5 Argonaut August 1993 West Delta 58
4 Joshua Tanner 220.5/100 Lil Moon August 1997 Southwest Pass
5 Lance Schouest, Sr. 219.5/99.6 Mr. Todd October 1989 Grand Bayou
6 James Eichorn 218/98.9 Mr. Todd October 1984 West Delta 58
7 Joe Roberts 216.8/98.3 Bambo Bernie August 1990 ‘West Delta 58
8 Chris Schouest 215.5/97.7 Crawdaddy September 1995 Southwest Pass
9 John Deblieux 215.2/97.6 Rock-n-Roll July 2004 Grand Bayou
t10 Debbie Ballay 214.5/97.3 Aw Heck August 1990 West Delta 58
t10 Buddy Hebert 214.5/97.3 Fru Fru Maru September 1997 Southwest Pass

Note: t = tie.
Source: Lance Schouest, Sr. and Jeff Deblieux, Louisiana Tarpon Club, unpublished data.

CoonPop’s introduction into the fishery. Retired National Aeronautics and Space
Administration (NASA) engineer and avid international tarpon angler Tom Gibson
landed the state record near Grand Isle, in August 1993, during slow trolling a
CoonPop (Table 3.1). The overwhelming majority of tarpon greater than 200 1b were
captured in late summer or early fall. Four silver kings were landed prior to July 30,
and 30 were landed in August (19) and September (11) (Figure 3.4). Whether these
landings data are more representative of fishing pressure or peak migratory abundance
is pure conjecture without a thorough survey of tarpon anglers and their catches.
The state’s record tarpon (104.3 kg [230 Ib]) ranks second behind Florida (110.2 kg
[243 1b]) among the nine southeastern U.S. states with recreational tarpon fisheries.
Tarpon records for each of the current Louisiana rodeos are in excess of 90.7 kg
(200 1b), and if the state has failed to rival Florida in sheer tarpon abundance,
Louisiana has a strong argument for its trophy fishery.

THE INTERNATIONAL GRAND ISLE TARPON RODEO

Grand Isle is a barrier island west of the Mississippi River delta at the southern terminus
of Louisiana State Highway 1 in Jefferson Parish, Louisiana. The International Grand
Isle Tarpon Rodeo (IGITR) is conducted annually, Thursday through Saturday dur-
ing the third or final weekend in July. The tournament, the oldest contest of its kind,
hosted its 84th annual event in July 2005. The first IGITR was held in 1928 with 25
anglers from New Orleans. Seven of these fishermen landed a tarpon, and five tarpon
weighed in excess of 45.4 kg (100 1b). The rodeo was suspended in 1930 because of the
Great Depression and from 1942 to 1945 during World War II (Crawford, 2001). Angler
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FIGURE 3.4 Temporal distribution of 90.7-kg (200-Ib) tarpon landings by month. Nearly
one half of 40 trophy silver kings were landed in the month of August. (Data compiled from
Jeff Deblieux and Lance Schouest, Sr., personal communication.)

preferences for target species other than tarpon were recognized early by the tourna-
ment committee, and by 1948, categories were expanded to include tripletail (Lobotes
surinamensis), cobia (Rachycentron canadum), Atlantic bonito (Sarda sarda), cre-
valle jack (Caranx hippos), king mackerel (Scomberomorus maculatus), dolphinfish
(Coryphaena hippurus), sheepshead (Archosargus probatocephalus), spotted seatrout
(Cynoscion nebulosus), and red drum (Sciaenops ocellatus). Many other finfish species
have been added to the tournament through the years. Currently, the four divisions of
the IGITR are tarpon, big game, shoreline and fly-fishing, with categories for more than
25 species. The tarpon division consists of “harvest” and tag-and-release subdivisions.

Several conservation measures related to tarpon were initiated for the 1993
rodeo including (1) a minimum entry weight of 50 Ib (22.7 kg) for the tarpon harvest
or “kill” division; (2) winning entries, that is, award recognition, reduced from 10 to
5 largest tarpon (by weight); and (3) introduction of a tag-and-release division. This
division was established to discourage harvest of smaller noncompetitive tarpon,
provide conservation-minded anglers with a nonharvest option regardless of weight,
and assist NOAA Fisheries in its cooperative tagging program related to migratory
behavior of recreational finfish species. With the 2001 tournament, award recogni-
tion was further reduced from five to three largest tarpon, and minimum weight was
increased to 100 1b (55.4 kg) in 2001. There is no minimum weight restriction in the
tag-and-release division, and arguably, all tarpon captured in the rodeo are subse-
quently accounted for in either the harvest or tag-and-release divisions. The number
of tarpon caught and released prior to the introduction of the tag-and-release division
in 1993 is unknown.
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Tournament weighmaster logs and programs, local newspapers, and library
archives were reviewed for historical and current documentation of tarpon land-
ings at the IGITR. For the purpose of this review, a “landing” is defined as a tarpon
entered in either the harvest or tag-and-release divisions. Rodeo results were col-
lected and analyzed for 47 tournaments dating from 1957 through 2003. During this
period, 691 silver kings were landed in the Grand Isle Rodeo. Four tarpon exceeding
90 kg were landed and included the event winners in 1973 and 2001, and the win
and place silver kings in 2002. John Guidry of Galliano, Louisiana, set the rodeo
record with a 93.4-kg (206-1b) silver king in 1973, and Lee Schouest of Houma,
Louisiana, won “most outstanding fish in the rodeo” in 2001 with his 90.7-kg speci-
men. Six of the ten largest entries since 1957 were landed subsequent to the intro-
duction of the CoonPop in 1987. Rodeo entries exceeded 70 kg (154.3 1b) twice prior
to 1975. Since the mid-1970s, tarpon have exceeded 70 kg every tournament except
four: 1975, 1976, 1992, and 2000. Gradual increases in winning-entry weight and
mean weight since 1957, and especially post-1993, can be attributed in part to the
introduction of conservation measures introduced by the rodeo committee and the
growing conservation ethic among anglers (Figure 3.5). The increase in winning-
entry weight is likely attributable to introduction of the CoonPop lure into the tar-
pon fishery, growing integration of circle hooks into this fishery, and emergence of
expert anglers. Four of the top five rodeos in number of tarpon landings occurred
prior to 1975. Tournament landings peaked at 48 in 1966, and exceeded 30 in 1962,
1965, 1966, and 1988. In contrast, five or fewer tarpon were entered in 1964, 1967,
1970, 1974, and 1995. Silver king landings have not exceeded 15 fish since 1988.
There is a general trend in reduced landings for the period 1957-2003 (Figure 3.6).
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FIGURE 3.5 Maximum, minimum, and mean weight and 95% CI of tarpon landed annu-
ally at the International Grand Isle Tarpon Rodeo, Grand Isle, Louisiana, for the period
1957-2003.
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FIGURE 3.6 Number of tarpon landed or leadered annually at the International Grand Isle
Tarpon Rodeo, Grand Isle, Louisiana for the period 1957-2003.

Since the early to mid-1970s, the rodeo has been characterized by a reduction in
tarpon angler numbers from nearly 500 in the 1960s, to approximately 200 in the
1970s and 1980s, and approximately to 100 from 1990 to present. The downward
trend in rodeo landings is more likely the result of reduced fishing pressure rather
than declining tarpon abundance.

MANAGEMENT AND CONSERVATION

Angling opportunities for tarpon in U.S. waters are largely restricted to nearshore
waters (i.e., state territorial waters); consequently, state management impacts the
fishery and the fish itself. The saltwater fishing license for residents in Florida,
Louisiana, and Texas costs $13.50, $15, and $33, respectively. Florida and Texas
require possession or trophy tags to take a tarpon at a cost of $51.50 and $120,
respectively. The Florida possession tag has no size restriction, while its Texas coun-
terpart has a minimum length of 80 in. (203.2 cm TL). At the conclusion of the 2003
Texas season, their trophy tag fee increased by 20% from $100 to $120. Tag sales
in Florida are approximately 400 annually, while sales in Texas have languished at
less than 20 tags annually since its inception in 1995. Louisiana currently has no size
restriction, tags, or stamps associated with its recreational tarpon fishery.

Research is needed to better understand aspects of tarpon biology and life
history, as well as tarpon angler demographic characteristics such as level of fishing
participation, fishing experience and socialization, motivations and attitudes, and
expenditures of tarpon and tournament anglers in Louisiana, and furthermore,
throughout the northwest Gulf of Mexico. Tarpon and the tarpon sport fishery are likely
to benefit as NOAA Fisheries and Louisiana Department of Wildlife and Fisheries
make a transition from single-species management to an ecosystem approach.
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INTRODUCTION

BACKGROUND

Tarpon, Megalops atlanticus Valenciennes 1847, is broadly distributed in coastal
areas in the western North Atlantic from Virginia (with occasional records from
as far north as Nova Scotia) southward along the Gulf of Mexico, throughout the
Caribbean Sea, and extending as far south as Rio de Janeiro, Brazil (Zale and
Merrifield, 1989; Crabtree et al., 1995). Tarpon are also found along the west coast
of Africa (Migdalski and Fichter, 1976), where the world record of 130 kg was captured
(IGFA, 2005). Beginning around 1900, a recreational fishery for this species developed,
especially in Florida where early sportfishing clubs were directed almost exclusively
toward the recreational capture of tarpon during the late winter to spring months.
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Jordan and Evermann (1923, p. 85) indicated that excellent tarpon fishing was known
in Florida from Punta Gorda and Fort Myers where “on the west coast of Florida has,
perhaps, been the most popular resort.”

A characteristic of these early recreational fishers was to remove a scale from a
landed tarpon and record the catch data directly on the scale. These data most often
included weight (in pounds), length (presumed to be total length in feet and inches),
and girth (in inches). Other data recorded were date of capture, angler’s name, home-
town of the angler, name of the fishing guide, and place of capture. Thus, the data
inscribed by participants in the historical recreational fishery provide a virtual “treas-
ure chest” of basic biological features of tarpon caught during the early twentieth
century.

JUSTIFICATION

Crabtree (2002) indicated that although the recreational tarpon fishery off Florida
was well developed, there was a paucity of data on its historical population structure
and abundance, thus disallowing an examination into long-term trends of the species
in areas where it has been highly exploited for over a century. A similar situation
prompted Holt et al. (2005) to examine data recorded on tarpon scales as part of
the historical recreational fishery off Texas. Their presentation and analyses of the
data recorded on scales allowed some insight into changes noted in the Texas tarpon
fishery.

The utility of historical data on the tarpon fishery prompted this author to inves-
tigate the possible presence of tarpon-scale collections from Florida’s southwest
coast, an area acknowledged as the center for the early recreational tarpon fishery in
the United States (Oppel and Meisel, 1987). Three locations were identified as hav-
ing a substantial number of tarpon scales from the early fishery. These included two
establishments near Boca Grande Pass: the Gasparilla Inn on Gasparilla Island, and
the Collier Inn and Tarpon Bar on Useppa Island. A third location, the Olde Marco
Inn, was identified on Marco Island (about 100 km southwest of Boca Grande Pass).
The information inscribed on the scales served as a basis for this investigation into
the population structure of the historical tarpon fishery off Florida.

METHODS AND MATERIALS

Visits to the aforementioned establishments led to obtaining data from 1027 tarpon
scales: 166 from Gasparilla Island; 464 from Useppa Island; and 397 from Marco
Island. Additional scales were observed at each location but were not included in the
analyses, as the data were unreadable (i.e., faded ink or illegible handwriting). Many
of the scales (especially on Useppa Island) were embedded in resin on wall plaques
or laminated into tabletops. All data were recorded and entered into a spreadsheet,
which served as the database for analyses. It should be noted that scales rarely had
complete capture data. Weights and lengths were converted into metric units (kg and
cm, respectively). Lengths were presumed to be recorded as total length (TL). To allow
for comparisons with other studies (e.g., Crabtree et al., 1995; Holt et al., 2005), all lengths
were converted to fork length (FL) using the equation of FL = —10.8096 + 0.8967
TL from Crabtree et al. (1995). Many scales included only weight and not length.
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To allow a more expanded database for some analyses, weights were converted to FL.
based on the equation presented below in the length/weight analysis.

A condition index (Fulton’s K = weight/length®) was calculated following Holt
et al. (2005). Values of K > 1 indicate that fish were in “good” condition while values
of K < 1 were indicative of fish in “poor” condition.

The data were assumed to be nonparametric, that is, not randomly chosen from
a normally distributed population. It was also assumed that the decision to include
a tarpon scale in the available collections was equally selective over time, that is,
scales from larger fish were generally retained for inclusion in the series. Data from
all locations were pooled. An analysis of the length/weight data from the two areas
(and three locations) indicated that there was no significant difference (p < 0.05)
in this basic aspect of their population structure. Consequently, it was assumed that
tarpon from either of these areas were from the same unit stock.

REesuLTs

Data were available from scales retained from tarpon caught from 1902 through
1998, but the majority of scales were retained from 1910 to 1930 (Figure 4.1).
Of the 1027 scales examined, 926 had sufficient information to determine length,
either measured directly or calculated from the length/weight relationship equation
offered below. The smallest and largest tarpon analyzed here were 69 and 210 cm
FL, respectively. Evidence indicates that a decline in tarpon captures began after the
mid-1930s with a notable decrease during World War II (1941-1945). Tarpon land-
ings by month display a notable, consistent, seasonal pattern. Fish were generally
caught beginning in March through May (Figure 4.2). Modern local fishers indicate
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FIGURE 4.1 Year class (5-year intervals) vs. number of tarpon scales examined from 1902
to 1998.
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FIGURE 4.2 Number of tarpon caught (as evidence from scales) according to month of
capture.

that this pattern has only altered slightly, but the peak fishery season is delayed by
1 month, beginning in April and lasting until the end of June. Based on tarpon lengths,
a higher number of tarpon caught were between 140 and 170 cm FL (measured;
Figure 4.3, top) or between 110 and 190 cm FL (combined measured and calculated;
Figure 4.3, bottom). Modal sizes were 140 and 160 cm FL, respectively. An exami-
nation of tarpon size over time indicates a slight but significant (p < 0.05) decline
(Figure 4.4).

The relationship between actually recorded (not calculated) length and weight
is presented in Figure 4.5. The regression coefficient of +0.89 is high and signifi-
cant (p < 0.05) for the log FL/log weight relationship. Using the length—weight
data, the condition factor (Fulton’s K) was calculated for each fish for which data
were available. The relationship between condition factors and years is depicted in
Figure 4.6. Most tarpon had a condition factor >1, indicating they were in “good” con-
dition. Although there was a positive relationship between year and condition factor
(Y = —3.5682 + 2.5629X), this relationship was not significant (p = 0.305), indicat-
ing that there was no long-term change in the condition factor among these fish.

DISCUSSION

Regarding the erratic pattern in the number of tarpon scales available after 1945,
it should be noted that this may reflect changes in the social/recreational aspect
of anglers recording data on a tarpon scale. Alternatively, the pattern could depict
a decline in tarpon landed by this fishery. There are no data currently available
that allow testing of either hypothesis. It should be noted that historically it was
“fashionable” to make an extended annual vacation to these resorts to fish for tarpon.
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FIGURE 4.3 Length—frequency histogram of the number of tarpon scales examined. (Top)
Includes only those fish for which fish lengths were recorded on the scale. (Bottom) Includes
lengths from all fish for which measured lengths were recorded and for which lengths were
calculated from reported weights.

Hence, anglers were housed in the very lodges or inns where the scales were retained,
inscribed, and mounted. More recently, anglers are likely to fish the same areas via a
private boat launched some distance from the location of the present locations of the
inns and lodges. Thus, few tarpon captured as part of the present-day recreational
tarpon fishery are brought to the sites where historical tarpon scales are currently
on display.
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FIGURE 4.4 Scatter plot of length vs. year for tarpon based on scales examined. The
regression line is represented by FL = 366.0479 — 0.1173 * year. The correlation coefficient
is —0.069 and is significant at p < 0.05.

Interestingly, smaller tarpon were often recorded during the earlier years for
which there are data. This may have been related to the types of gear used for fishing.
Possibly, anglers during more recent times either do not catch smaller-sized tarpon
or do not report them. Assuming there was no long-term trend in human behavior to
retain scales from smaller fish (or a trend among anglers to overestimate size earlier in
the twentieth century or underestimate size later in the same century!), the long-term,
downward trend in tarpon size may be biologically meaningful. Overfishing usually
results in a decline of a species’ average size in the catch over time. Haedrich and
Barnes (1997) indicated that a reduction in size structure and catch-per-unit-effort
over time are indicative of a stock under exploitation. Holt et al. (2005) presented
evidence that there was no obvious decline in length modes with time among tarpon
caught off Texas. They also indicated that larger tarpon tended to be caught in more
recent years, but conceded that this could also be evidence of size selectivity by the
fishing public to retain larger fish for display or acknowledgment. Holt et al. (2005)
concluded with the hypotheses that there may be a lack of recruitment of tarpon into
the Texas fishery, especially from Mexico, after 1960, perhaps indicative of a decline
in nursery habitat. Here it should be noted that, while the conclusions reached by
Holt et al. (2005) could also be operating among tarpon populations along Florida’s
southwest coast, evidence of overexploitation off Florida is more apparent given
the decline in average length in the catches and a potential increase in condition
factor over time. It would be reasonable to assume, however, that both features may
be operating on the recreational tarpon fishery along Florida’s southwest coast—
overexploitation of adults and recruitment limitations on juveniles could be co-occurring.
The mutual occurrence of these features may be a more reasonable explanation.
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Weight (kg) vs. FL (cm); line derived from equation (top).

First, while most adult tarpon are released live, some degree of mortality still occurs
upon release. Shark attacks on newly released tarpon are particularly frequent off
Boca Grande Pass. Second, inshore waters in which juvenile tarpon occur (Shenker
et al., 2002) are becoming more subject to degradation due to increased development
along many coastal areas (Bortone, 2005), especially in Florida.

Evidence presented here indicates that the condition factor (based on an
assumption of isometric growth) has been stable among tarpon caught as part of the
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FIGURE 4.6 Condition factor (Fulton’s K) vs. year for tarpon examined. The dashed line at
1.0 is a boundary line indicating that fish with K > 1 were in “good” condition and fish with
K <1 were in “poor” condition.

nearshore recreational fishery over the past 100 years. While the data certainly have
an element of error included in them because of the lack of control in the informa-
tion recording process (i.e., no certified/calibrated weighing scales, no verification
of lengths, nonrandom sampling design, etc.), this study (along with studies such as
recently completed by Holt et al., 2005) is potentially useful in assessing the causes
of observed changes in tarpon population structure (abundance and size). It is hoped
that this effort will serve to bring other sources of historic data on tarpon fisheries to
the attention of the scientific community for further evaluation.
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INTRODUCTION

Bonefish (Albula spp.) are an important group of fishes inhabiting shallow, nearshore
marine environments worldwide. Historically, bonefish have played a strong role in
supporting local and regional economies of the Bahamian Archipelago (i.e., The
Bahamas and the Turks and Caicos Islands) (Alexander, 1961; BEST, 2002, 2005),
an extensive expanse of shallow bank environments that comprise nearly 90% of
the 300,000 km? archipelago (Sealey, 1994, Buchan, 2000). The ample nearshore
habitats of the Bahamian Archipelago make bonefish readily accessible to local
residents and visitors of this unique island chain (Kaufmann, 2000).
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Despite their regional, economic, and ecological importance, relatively little
scientific information exists to assist assessment or conservation management of
bonefish in the Bahamian Archipelago. The purpose of this chapter is to review the
history of the Bahamian bonefish fishery, and to highlight ecological and fishery
research that has been conducted on bonefish in the Bahamian Archipelago, either
as a target species or incidentally as part of other studies. This synthesis and analysis
will help identify information gaps in the Bahamian Archipelago that need to be
filled before bonefish stocks can effectively be managed and conserved.

HISTORY OF THE BONEFISH FISHERY

SUBSISTENCE FISHERY

For generations, bonefish have been the focus of subsistence and artisanal fisheries
in The Bahamas and the Turks and Caicos Islands (Olsen, 1986; BEST, 2002; BEST,
2005). Catches of bonefish tend to be sold to individuals or small restaurants in
rural communities, where bonefish were a favored species of finfish for consumption
(Olsen, 1986). Subsistence and small-scale commercial harvesting was traditionally
conducted in relatively shallow waters using handlines or by “hauling” seine nets
(Olsen, 1986). Recently, monofilament gill nets have been employed for the har-
vest of bonefish in some areas. Unfortunately, these gears are nonselective, resulting
not only in excessive harvests of bonefish, but also in substantial bycatch of other
important species (e.g., turtles, barracudas, dolphins, sharks) (Clark and Danylchuk,
2003).

Use of bonefish as a subsistence food item has declined in recent decades (Rudd,
2003). Attrition of old-time ‘“haulers” and the increased availability of commer-
cially produced food items to local communities have contributed to the decreased
reliance on bonefish as a staple food. In addition, the social stigma of bonefish as
a “poor man’s” food to some extent has reduced its popularity among islanders
(Rudd, 2003).

RECREATIONAL FISHERY

As subsistence and small-scale commercial fisheries for bonefish in the Bahamian
Archipelago have subsided, bonefish have gained importance as a target species
for specialized recreational anglers. Angling for bonefish has become extremely
popular because their wary nature and powerful swimming abilities when hooked
make them a challenge to catch using lightweight fly-fishing and conventional
hook-and-line gears (Kaufmann, 2000; Davidson, 2004; Fernandez, 2004). In addi-
tion, the remoteness and tranquil beauty of subtropical and tropical locales and
serene qualities of the “flats” environment has turned bonefishing into a highly
sought-after “holistic” angling experience. The clear, unpolluted waters of the
Bahamian Archipelago with abundant bonefish and proximity to the United States
are all draws for well-healed recreational anglers (BEST, 2002).

Interest in sportfishing has influenced the development of tourism-based
industries specifically focused on recreational angling for bonefish (Figure 5.1).
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FIGURE 5.1 A beautiful Bahamas bonefish, a real focus of the region’s high-value tourism
industry. (Photo courtesy of Bob Stearns.)

From fishing tackle and guiding fees to travel and accommodations, the amount of
direct and indirect revenues from the bonefishing industry can be high (Humston,
2001). For example, in the Florida Keys, regional economic contributions of the
recreational industry centered on bonefishing generate a billion dollars in revenue
per annum (Humston, 2001; Ault et al., Chapter 26, this volume). In developing
countries, such as The Bahamas and Turks and Caicos Islands, local communities
can be solely reliant on revenues generated by recreational bonefishing, especially
when there is a paucity of alternative sources of revenue.

In The Bahamas, tourism represents more than 50% of the annual gross domes-
tic product, making tourism the largest single contributor to the country’s economy
(Buchan, 2000; BEST, 2002). Recreational angling is a popular activity for tourists
visiting The Bahamas and the Turks and Caicos Islands, many of whom dedicate their
entire trip to fishing for bonefish. Of the 1.5 million tourists in 2004 who filled out
immigration departure forms in The Bahamas, 5000 (0.3%) of these individuals stated
that the purpose of their trip was for “bone/fly-fishing” (Government of The Bahamas,
unpublished data). Most of these tourists who visited primarily for angling responded
that their “bone/fly-fishing” trip targeted the “family islands” such as Abaco, Andros,
and Eleuthera (Figure 5.2). Almost all respondents (92%) were from the United States,
and most of these individuals were from the southern (41.1%) or northeastern areas of
the country (28.8%) (Government of The Bahamas, unpublished data).

ECOLOGY OF BONEFISH IN THE BAHAMAS

GENERAL APPLICABILITY

Research conducted on the ecology of bonefish in the waters of the Bahamian Archi-
pelago has been relatively limited. Fewer than 10 peer-reviewed scientific publications
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FIGURE 5.2 Proportion of immigration departure cards collected throughout The Bahamas
in 2004, whose respondents indicated that the purpose of their visit was “bone/fly-fishing”
(n = 5000). (From Government of The Bahamas, unpublished data.)

have been produced that specifically focus on bonefish (e.g., Colton and Alevizon
1983a, 1983b; Clark and Danylchuk, 2003; Cooke and Philipp, 2004; A.J. Danylchuk
et al., 2007; S.E. Danylchuk et al., 2007) or that sampled bonefish as part of broader
research questions (e.g., Layman and Silliman, 2002; Layman et al., 2004; Nero and
Sullivan-Sealey, 2005). Although research conducted on bonefish in other parts of the
world can provide some insights into the ecology and management of bonefish inhabit-
ing the Bahamian Archipelago, studies by Pfeiler etal. (2000) and Colborn etal. (2001)
have revealed the potential existence of multiple species of bonefish across several
spatial scales. This brings into question the legitimacy of extrapolating results across
geographic regions because different species may have vastly different life histories
and behavioral patterns. Most accounts in the scientific literature refer to bonefish
inhabiting the Bahamian Archipelago as Albula vulpes; however, rarely has the spe-
cies identity of these populations been confirmed through genetic and morphometric
analyses. An exception is a study by Bowen et al. (2003), which identified both
A. vulpes and a second species (nova or species b) in a sample of bonefish collected
from Bimini, although their overall sample size was relatively small. Regardless,
comparative studies of genetics and morphometrics for bonefish may help to clarify
whether distinct stocks occur across the Bahamian Archipelago and help lay the
framework for ecological studies and management plans.

Understanding the ecology of bonefish in the Bahamian Archipelago could be
complicated by the sheer size and unique oceanographic features characteristic
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of the region (Buchan, 2000). The Bahamian Archipelago is made up of a series
of banks distributed on a southeast to northwest axis to the north of Cuba and
Hispaniola that are separated by deep expansive oceanic toughs (Sealey, 1994;
Buchan, 2000). The strong northward-flowing oceanic currents of the Gulf Stream
to the west and the Antilles current to the east interact with these banks and troughs
to generate complex patterns of water circulation that can influence the recruitment,
distribution, abundance, and genetic differentiation of marine organisms on a
regional scale (Gunn and Watt, 1982; Colin, 1995; Almada et al., 2001; Floeter
et al., 2001). Similarly, variation in bathymetry and tidal currents generated by the
close proximity of landmasses and the influence of wind on water movement across
the shallow banks (Smith, 2004a, 2004b) could influence the ecology of bonefish
populations. As such, extrapolating the results of other studies to bonefish in the
Bahamian Archipelago (or vice versa) should be done with caution until the extent
of the variation in systematics and ecology of bonefish populations in the region are
more thoroughly examined.

DISTRIBUTION AND ABUNDANCE

Anecdotal observations by subsistence fishers, recreational anglers, and guides indi-
cate that bonefish are widely distributed throughout the Bahamian Archipelago.
Popular media articles and books on bonefish often provide extensive detail as to
the regional and local distribution and relative abundance of bonefish the Bahamian
Archipelago (e.g., Kaufmann, 2000). For instance, Kaufmann (2000) highlights
the Abacos, Andros Island, Berry Islands, Bimini, Crooked and Acklins Islands,
Eleuthera including Spanish Wells and Harbour Island, the Exumas, Grand Bahama
Island, Great Inagua, Long Island, and the Turks and Caicos as prime destinations
for recreational angling for bonefish. Undoubtedly, bonefish reside in the waters
adjacent to other islands in the Bahamian Archipelago; however, their presence, dis-
tribution, and relative abundance are not generally known.

Although it is recognized that bonefish are distributed throughout the Bahamian
Archipelago, no formal studies have been conducted to determine their distribution
and relative abundance across a range of spatial and temporal scales. Recreational
anglers and guides often comment on relative differences in the abundance and size
structure of bonefish inhabiting different islands in the Bahamian Archipelago and
during different seasons (Kauffmann, 2000); however, there has been no formal
study or population census quantitatively assessing the abundance of bonefish in the
region or whether spatial and temporal patterns in abundance do indeed exist. Spatial
and temporal variation in the abundance of bonefish both within and among distinct
regions of the Bahamian Archipelago could be related to intrinsic (e.g., reproductive
ecology, species distribution) or extrinsic factors (e.g., oceanography, predation); and
identifying the relative influence of such factors on bonefish abundance is crucial to
developing reliable conservation management plans.

HABITAT USE AND MOVEMENTS

Bonefish in the Bahamian Archipelago generally inhabit shallow, nearshore waters
(Kaufmann, 2000). Studies on the localized movements of bonefish in The Bahamas
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have suggested that bonefish utilize a range of nearshore habitats, including seagrass
beds, mangrove creeks, and even coral reefs (Colton and Alevizon, 1983a, 1983b;
Cooke and Philipp, 2004; A.J. Danylchuk et al., 2007; S.E. Danylchuk et al., 2007).
Articles in popular angling publications and ancillary information garnished from
recreational anglers and guides indicate that bonefish in the Bahamian Archipelago
are also often observed and caught from other habitat types within the nearshore flats
environment (Kaufmann, 2000), including sandy flats devoid of benthic vegetation
(Layman and Silliman, 2002; Layman et al., 2004; Nero and Sullivan-Sealey, 2005).

Nearshore movements of bonefish within the Bahamian Archipelago have
received some attention. Colton and Alevizon (1983a) used ultrasonic telemetry to
examine the activity and daily movements of bonefish in waters near Deep Water
Cay off Grand Bahama Island. Of the 13 fish surgically implanted with transmit-
ters, only 3 were relocated more than 24 h post-release. The inability to detect 10 of
the transmitter-implanted bonefish could have been attributed to predation follow-
ing release or their movement out of reception range. The three remaining bonefish
were tracked for between 5 and 100 days post-release, and their movements tended
to be synchronous with the ebbing and flooding tides (moving into deeper water with
ebbing tides and moving into shallow flats on flooding tides). On Andros Island,
Nero and Sullivan-Sealey (2005) attributed variability in fish abundance among
sites, including bonefish, to tides as well as to season; however, their data were not
sufficient to determine if specific coastal or benthic factors were driving observed
differences. Bohlke and Chaplin (1993) also reported that bonefish move into deeper
water at slack low tides, with large schools being observed at depths of over 15 m
below the edge of the drop-off in the Tongue of the ocean near Green Cay. Such
movements are similar to the reoccurring localized pattern observed by Humston
et al. (2005) for bonefish studied with acoustic telemetry in the Florida Keys, and by
Colton and Alevison (1983a) for bonefish at Deep Water Cay in The Bahamas. Both
studies inferred that the bonefish movement into deeper channels was attributed to
avoidance of high water temperatures associated with shallow flats. In the case of
Deep Water Cay, Colton and Alevison (1983a) noted that the proportion of large fish
(>555 mm fork length, FL) was inversely correlated with inshore water tempera-
tures, and that these observations were supported by anecdotal information provided
by guides, anglers, and lodge owners.

Bonefish movement and migration patterns in the Bahamian Archipelago
may also reflect the distribution and abundance of predators (Cooke and Philipp,
2004; Humston et al., 2005; A.J. Danylchuk et al., 2007). Although Humston
et al. (2005) suggested that Florida Keys bonefish may avoid deep channels fre-
quented by sharks; several recent studies in The Bahamas demonstrated that
even bonefish in shallow waters (i.e., <0.5 m depth) are susceptible to preda-
tion, particularly following catch-and-release angling (Cooke and Philipp, 2004;
A.J. Danylchuk et al., 2007; S.E. Danylchuk et al., 2007). Predation may have
also affected the observations made by Colton and Alevizon (1983a) about the
long-term movement patterns of bonefish at Deep Water Cay, since their lack of
detection of transmitter-implanted fish or the recapture of externally tagged fish
may have been caused by bonefish migrating out of the study area, or by predation
by sharks or barracudas following release.
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Movements of bonefish in the Bahamian Archipelago may be related to body
size, reproductive maturity, spawning migrations, or ontogenetic shifts in feed-
ing habits (Colton and Alevizon, 1983a; Bohlke and Chaplin, 1993). According to
anecdotal accounts by Bahamian fishermen, large bonefish appear to return to tidal
creeks in the fall where they aggregate in large numbers prior to spawning (Colton
and Alevizon, 1983a). It is also commonly observed that schools of bonefish are
generally composed of small- to medium-sized fish, while larger individuals tend to
be more solitary, at least outside the spawning season (Bohlke and Chaplin, 1993).
In the Turks and Caicos Islands, Clark and Danylchuk (2003) collected a total of
120 bonefish ranging in size from 28 to 72 cm total length (TL) as part of a tag-
and-release study to determine movements on the Caicos Bank. During the course
of the study, only one tagged bonefish was recaptured, with the fish being caught by
a local hauler using a seine net (Clark and Danylchuk, 2003). They noted that the
mean size of bonefish increased from west to east across Caicos Bank, potentially
indicating ontogenetic shifts in habitat use. Local fishermen from South Caicos have
also reported schools of large bonefish over offshore patch and coral reefs close to
the wall of the Columbus Passage during winter months, and they believe that these
aggregations might be related to spawning activity.

FEeDING ECcOLOGY

Several diet studies, which examined stomach contents, have been conducted on bonefish
in the western Atlantic (e.g., Warmke and Erdman, 1963; Crabtree et al., 1998b), with
two of these in The Bahamas (Colton and Alevison, 1983b; Layman and Silliman, 2002).
In all studies, bonefish were found to feed predominately on benthic invertebrates, but
occasionally on small fishes. In Deep Water Cay, Colton and Alevizon (1983b) examined
the stomach contents of 393 bonefish that ranged from 25 to 69 cm FL. Only 7% of stom-
achs were empty. Over 88% of the diet was comprised of invertebrates, with bivalves
and crabs making up the majority of the biomass (dry weight) consumed (Colton and
Alevizon, 1983b). Other prey items included small benthic fishes, such as gobies. Colton
and Alevizon (1983b) also indicated that the dietary composition of bonefish differed
among sand and seagrass habitats, likely related to the availability of prey items. Layman
and Silliman (2002) examined the diet of considerably smaller bonefish (mean size of
13.8 = 0.4 cm) in creek systems on Andros Island and found that 90% had eaten crusta-
ceans, with 40% being decapod crabs. The majority of the diet by volume was composed
of crustaceans (48%), mollusks (17%), and insects (18%) (Layman and Silliman, 2002).
Although their sample size was relatively small (» = 10), Layman and Silliman (2002)
did find that these small bonefish were most abundant over sand flats.

PoPULATION DYNAMICS

No formal studies on population dynamics of bonefish (e.g., age and growth, repro-
duction, survivorship) have been conducted in the Bahamian Archipelago. Only inci-
dental accounts of body size for bonefish in the Bahamian Archipelago have been
reported in the scientific literature (Table 5.1). Those collected by scientific stud-
ies, in general, tend to be smaller than those caught by anglers (Kaufmann, 2000).
For instance, bonefish exceeding 5 kg have been reported by guides and anglers
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TABLE 5.1
Body Size of Bonefish Reported in Studies Conducted for Populations across
the Bahamian Archipelago

Capture Purpose
Location Length N Method of Study Source
Andros Island 13.8 £ 0.4 mm SD 10 Cast net Diet Layman and
Silliman, 2002
Deep Water Cay ~ 50.5-61.0 cm FL 13 Angling (3), Movement  Colton and
gill net (10) Alevizon, 1983a
Deep Water Cay 25-69 cm FL 393  Not stated Diet Colton and
Alevizon, 1983b
Deep Water Cay  50.2 £ 1.4 cm TL SE 18  Angling Post-release  Cooke and
mortality Philipp, 2004
San Salvador 512 *1.4cm TL SE 17 Angling Post-release  Cooke and
mortality Philipp, 2004
Eleuthera 48.2 £5.0cm TL SE 87  Angling Post-release  S.E. Danylchuk
mortality et al., 2007
Eleuthera 50.0 £ 8.4cm TL SE 14 Seine Post-release ~ S.E. Danylchuk
mortality et al., 2007
Eleuthera 471 £12cm TL SE 12 Post-release  A.J. Danylchuk
mortality et al., 2007
Turks and 28-72cm TL 120 Angling, Movement  Clark and
Caicos Island seine Danylchuk,
2003

across the Bahamian Archipelago, but not in primary scientific research. Neverthe-
less, if age and growth patterns can be generalized across regions in the western
Atlantic, bonefish in the 10—12 Ib range inhabiting the Bahamian Archipelago could
easily be over 12 years old (Bruger, 1974; Crabtree et al., 1996).

All information on the seasonal timing of bonefish reproduction in the Bahamian
Archipelago is based on anecdotal observations made by local fishers, recreational
anglers, and fishing guides. Anglers often comment on the release of milt or eggs
when fish are handled, especially between January and May. Anecdotal observations
made in the Bahamian Archipelago suggest that bonefish aggregate and spawn in the
fall, winter, and early spring (November—April). Mojica et al. (1995) studied larval
recruitment patterns of Albula spp. near Lee Stocking Island and found leptocephali
during fall and early winter, in agreement with anecdotal observations and with
maturation patterns for bonefish in the Florida Keys (Crabtree et al., 1997). However,
Mojica et al. (1995) also noted a large pulse of recruitment during a single 72-day
sampling period in the summer months, indicating that spawning may occur year-
round in The Bahamas. Otolith analysis of larval duration for specimens collected
near Lee Stocking Island ranged from 41 to 71 days. Almost all leptocephali were
collected at night in the upper 1 m of the water column, and inshore movement was
strongly associated with flooding tides and the new moon (Mojica et al., 1995).
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BONEFISH CONSERVATION AND MANAGEMENT STRATEGIES

Despite their ecological and economic importance, fishery regulations for bonefish
across the Bahamian Archipelago are limited. In The Bahamas, the capture of
bonefish using nets and the commercial trade of bonefish are prohibited (Bahamas
Department of Fisheries, 1986). In the Turks and Caicos Islands, there are no specific
regulations for bonefish (Turks and Caicos Islands Government, 1998a). At the same
time, fishing guides in the Turks and Caicos Islands state that monofilament gill nets
are being deployed across tidal creeks, resulting in the mortality of large numbers of
juvenile and adult bonefish, as well as the bycatch of other important species such as
marine turtles (Clark and Danylchuk, 2003).

In an effort to conserve fish stocks and their habitats, both countries are using
marine protected areas in conjunction with existing fisheries regulations to build
sustainable fisheries and protect marine biodiversity (Turks and Caicos Islands
Government, 1998b). Although a marine reserve was established in the Turks and
Caicos Islands in 1992 with bonefish conservation specifically in mind, no formal
scientific information was used in its design and implementation. Only recently
has there been any effort to assess the efficacy of this particular marine reserve, or
whether marine protected areas in general are useful for conserving bonefish stocks
(Clark and Danylchuk, 2003; Cooke et al., 2006).

One potential way in which bonefish in the Bahamian Archipelago are partially
protected is through voluntary catch-and-release efforts (Cooke et al., 2006). Catch-
and-release is commonly practiced by recreational anglers with a strong conservation
ethic who travel to The Bahamas and the Turks and Caicos Islands. Catch-and-release
angling can be an effective way to help maintain bonefish stocks only if the postre-
lease mortality is minimized (Cooke and Suski, 2005). When a fish is hooked by an
angler, many factors affect the outcome of the event for the fish (Cooke et al., 2002;
Cooke and Philipp, Chapter 25, this volume). At best, the fish will survive the event.
At worst, the fish will not survive. Although anglers strive for the former outcome,
an intermediate outcome in which the fish suffers transient physiological and behav-
ioral impacts is probably more likely (Cooke and Philipp, 2004; Cooke and Suski,
2005; Bartholomew and Bohnsack, 2005), can increase the susceptibility of released
fish to predation (Cooke and Philipp, 2004), and may ultimately lead to population-
level effects.

Recently, Bartholomew and Bohnsack (2005) highlighted a number of factors
related to recreational angling that influenced the mortality of released fish. They con-
cluded that catch-and-release angling was not compatible with the conservation objec-
tives of no-take marine protected areas. In a response, Cooke et al. (2006) indicated
that the effects of the factors identified by Bartholomew and Bohnsack (2005), such
as hooking in vital organs and angling duration and handling, could be reduced to the
point where the fishing mortality rate approached zero, increasing the likelihood of inte-
grating catch-and-release angling with no-take reserves. Determining whether catch-
and-release is a useful tool for bonefish conservation requires more attention, especially
as there is an increase in the demands of recreational anglers seeking bonefish along
with the associated tourist operations supporting this activity (Crabtree et al., 1998a;
Cooke and Philipp, 2004; Bartholomew and Bohnsack, 2005; Cooke et al., 2006).
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Some studies have examined the short-term (24—48 h) mortality of bonefish following
catch-and-release angling. In The Bahamas, these studies have found that predation of
bonefish by lemon sharks (Negaprion brevirostris) and barracuda (Sphyraena barra-
cuda) can range from 0 to 39%, with predation rates being correlated with the relative
abundance of predators (Cooke and Philipp, 2004; A.J. Danylchuk et al., 2007) and
the handling practices of anglers (S.E. Danylchuk et al., 2007). Post-release predation
rates on bonefish could be regulated by the actions of anglers, potentially reducing the
impacts of catch-and-release angling and making this activity more compatible with the
conservation goals of no-take reserves (Cooke et al., 2006).

RESEARCH AND CONSERVATION NEEDS

A systematic, integrative, and cooperative approach is clearly needed to better under-
stand and manage bonefish populations in the Bahamian Archipelago. Developing
effective ecosystem management plans depends greatly on a comprehensive under-
standing of the systematics, biology, ecology, and population dynamics of bonefish
throughout the region. Identifying if unique bonefish stocks occur (by compatible
genetic and morphometric methods) in the Bahamian Archipelago is of primary
importance, since stock mixing could significantly complicate management of the
species. To determine whether traits in bonefish populations vary significantly across
the large spatial scale of the Bahamian Archipelago, basic information on the genetic
identity, age, growth, and reproductive potential (e.g., size and age at maturity, fecun-
dity) needs to be collected at multiple locations across the region as part of a coor-
dinated Bahamian Archipelago—wide sampling (monitoring) and assessment effort.
Such an archipelago-wide program would help encompass potential variation in bone-
fish populations associated with different properties of individual shallow water banks
(e.g., degree of physical isolation, interactions with major oceanographic currents, and
latitude). Such sampling should occur at regular intervals throughout the year to deter-
mine whether the population structure of bonefish varies temporally and is potentially
related to spawning migrations, recruitment, or climatic patterns. Sampling the age,
growth, and reproduction of bonefish populations at multiple locations throughout the
year will allow for the examination of age- and size-specific trends in the allocation
of energy to gonad development that, in turn, would help quantify the spatial and
temporal patterns in the phenology of reproduction for bonefish across the Bahamian
Archipelago. At selected focal research sites, the input of bonefish leptocephali could
be monitored using channel nets or light traps as a way to cross-validate the seasonal
timing of reproduction inferred through the direct examination of gonad development.
In addition, movement studies of bonefish using remote acoustic telemetry could be
conducted in concert with the examination of gonad development and larval input to
help determine where spawning activity actually occurs.

Given that the nearshore environment of the Bahamian Archipelago is relatively
diverse at both the local and regional scales and that the region is prone to envi-
ronmental extremes (e.g., high summer water temperatures, freshwater input, hur-
ricanes), understanding how natural variation and natural disturbance regimes shape
bonefish populations will allow for a more thorough evaluation of how anthropogenic
disturbances may affect bonefish stocks (Cooke and Philipp, 2004; Sealey, 2004).
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Such comparisons could be facilitated through before-after-control-impact studies
(Underwood, 1994), empirical studies on bonefish populations subjected to a range
of natural and anthropogenic disturbances, and experimental or manipulative stud-
ies that target particular disturbances. For instance, the tourist industry is steadily
increasing throughout the Bahamian Archipelago, often resulting in anthropogenic
disturbances such as dredging and coastal eutrophication (Rudd, 2003; Sealey,
2004). The potential effects of such disturbances on bonefish populations could be
examined by monitoring bonefish populations before and after dredging or shore-
line development has occurred in a particular area, specifically to test if modifying
or eliminating foraging habitat has cascading impacts on bonefish distribution, life
history traits, and ultimately abundance (Syms and Jones, 2000; Gust et al., 2001;
Hixon et al., 2001; Sadovy, 2005). Similarly, comparative and manipulative studies
may help differentiate the effects of recreational activities or if angling-related
activities such as wading have detrimental effects on the integrity of nearshore
habitats (Cooke and Suski, 2005).

The interdependence of coastal environments of the small islands and the
dependence of local communities on bonefish for income in the Bahamian
Archipelago calls for a holistic and comprehensive management strategy to conserve
and protect bonefish stocks. Although marine protected areas are often advocated
and used throughout the Bahamian Archipelago as a low-cost tool for protecting
habitats and species (BEST, 2005; Dahlgren, 2002; Danylchuk, 2003; Lubechenco
et al., 2003), they will only be effective if they balance the needs of society with
the needs of the local marine resources (Murray et al., 1999; Hanna, 2001; Roberts
et al., 2001; Sealey, 2003). With this in mind, determining whether or not catch-and-
release angling is compatible with the conservation goals of marine-protected areas
is important (Bartholomew and Bohnsack, 2005; Cooke et al., 2006). If recreational
angling for bonefish is deemed compatible with marine-protected areas, then the
development of locally based tourism focused on this activity could be promoted as
part of a larger integrative management plan without disrupting the overall level of
protection offered to the ecosystem (Cooke et al., 2006).

An effective archipelago-wide sampling and management program for bonefish
will depend greatly on collaborative partnerships between scientific institutions, per-
tinent local and regional governments, conservation organizations, and stakeholders.
Integrating cooperative research with education and outreach programs throughout
the Bahamian Archipelago will also instill the importance for marine conserva-
tion, including the protection of bonefish stocks. Only through such partnerships
and education programs will realistic conservation management plans be developed
that adequately encompass the needs of bonefish stocks, as well as the sustainable
development of local communities in the Bahamian Archipelago.
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INTRODUCTION

Located in the southern Matanzas province, the National Park of the Peninsula of
Zapatais part of the protected area of Peninsula of Zapata wetland in Cuba (Figure 6.1).
The wetland has been a protected area since 1995 (Cuban legislation, Executive Com-
mittee of the Council of Ministers, January 1995), and it was declared a biosphere
reserve by the United Nations Educational, Scientific and Cultural Organization
(UNESCO) in January 2000. It is both the largest and most ecologically important
wetland in the Caribbean. Owing to its vast area and the importance of the ecosystem,
the Peninsula of Zapata is one of the most remarkable geographic units of the Cuban
territory. The natural resources of this large insular wetland are of vital importance for
the livelihood of the locals, mainly the extraction of wood and production of charcoal.
The forests are also used for tourism and as a source of food for local communities. A
small fishing port in the area supplies the needs of southern Matanzas province.
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FIGURE 6.1 Map showing the location and boundary of the protected area of the Peninsula
of Zapata. The dark gray area illustrates the National Park regions of the Hatiguanico River
and Las Salinas.

The Peninsula of Zapata has unique vegetative ecosystems and a system of
surface drainage characterized by several rivers, lagoons, swamps, channels, and
artificial canals of medium to small flow with an important hydrological function.
Intricate hydrological systems support a large diversity of habitats and variable
climatic conditions that maintain a great diversity of species and provide an ideal
habitat for bonefish and tarpon.

The National Park of the Peninsula of Zapata includes the salt marshes of
Las Salinas and the basin of the Hatiguanico River (Figure 6.1). Among the most
important activities in the park is sportfishing for bonefish (Albula vulpes) and tarpon
(Megalops atlanticus). Since 2002, in an effort to maintain greater control and eco-
logical sustainability of the ecosystem for the future, sportfishing for bonefish in the
area of Las Salinas and for tarpon in the Hatiguanico River have been monitored by
the National Park authorities. All fishing activities in the park are led by professional
guides working for the National Park, whereas local and nationwide travel agencies
handle outreach programs to attract tourists to the area.

LAS SALINAS

Las Salinas, with an area of 35,000 ha, is located in the southern center of the penin-
sula. The different ecosystems in this area vary as a result of the presence or absence
of fresh, brackish, or salt surface waters, which directly affects the vegetation and the
terrestrial and aquatic fauna. Salt marshes are the most important ecosystem in Las
Salinas. This saltwater ecosystem has many shallow lagoons linked by very small
channels that run from the coastline toward the inland for an approximate distance
of 8—10 km. The channels are connected through an underground hydrologic system,
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and tidal variations are extremely low, making it ideal for sight casting most of the
day. The primary type of vegetation surrounding these lagoons is mangroves. In
winter, parts of the lagoons dry out, creating concentrations of natural salt that give
the area its name.

A trail of 21 km provides terrestrial access to approximately 90 km? of
fishing area. It is impossible and forbidden to use motorized boats at Las Salinas.
The lagoons average 0.3 m in depth. The main species caught include bonefish
(A. vulpes), permit (Trachinotus falcatus), snook (Centropomus undecimalis),
barracuda (Sphyraena barracuda), and horse-eye jack (Caranx latus). The area
has an outstanding and abundant bonefish population, with an average size ranging
from 1.1 to 1.8 kg.

Las Salinas has been declared by the chamber of commerce as an ideal area for
bonefish fishing because of its size, suitable depths, great preservation of its natural
pristine environment, and seclusion from other human activities. The variety of
bottom habitat types includes extensive sand bars; open mangrove areas; rocky-
bottom lagoons; and sandy, muddy, and mixed bottoms, which create a challeng-
ing environment for both guides and anglers. In contrast, shallow depths and clear
water allow fish to be easily seen while feeding and tailing, creating exceptional
conditions for sportfishing of the species. Only boats that are flat-bottomed, non-
motorized, have no keel, have a freeboard height of 20 cm, and a capacity for only
two persons (i.e., one guide and one angler) are allowed in the area. Only catch-
and-release fly-fishing is allowed in Las Salinas. The park allows entrance only
to licensed fishing guides within a designated fishing zone per day. The carrying
capacity has been defined as six guides per 4 days per week or the equivalent of 24
fishing sessions per week. Bonefish guides are assigned different zones, changing
periodically to ensure maintenance of the appropriate conditions of the fisheries.
This zonation was implemented after monitoring fish behavior to guarantee optimal
catch rates of fish of a large average size and favorable environmental conditions.
The regular rotation changes only in cases of extreme weather conditions. Each
guide is in charge of collecting a series of data and information on the progress of
his/her daily fishing activities. This information is crucial for both scientific under-
standing and management decision making required for the sustainability of the
bonefish fisheries of Las Salinas.

SEASONAL FISHING WEATHER AND CATCH RATES

There is not a significant annual difference in the daily catch and effort in Las
Salinas; however, there is a clear seasonal correlation between weather conditions of
a given area and catch rates.

* December to February: These months are notorious for being the coldest
of the year, with temperatures ranging between 15 and 25°C, lower water
levels, and the passage of periodic cold fronts with winds in excess of
30 km/h. Therefore, during these months, a fishing day generally starts early
at 0900, coinciding with the time when bonefish are actively feeding. Fish are
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found in the shallow lagoons outside the mangroves and the limiting factors
are the cold fronts that create cloudy skies, which in turn create difficult condi-
tions for sight casting.

* March to May: During this period temperatures are higher, between 20 and
30°C, and fishing starts at 0800 and continues throughout the entire day.
Water reaches the lowest levels and weather conditions are more stable,
favoring bonefishing. This is the best time of the year for the sportfishing
of bonefish in the Salinas.

* June to August: These are the warm and rainy months, with temperatures
ranging between 25 and 35°C. Higher water levels cause the mangroves to be
flooded, creating extensive feeding grounds for bonefish. Fish usually move
into these areas in the early hours of the morning, thus fishing days must
begin as early as possible and practically end early in the afternoon. Owing
to the presence of fresh water in the lagoons, the water coloration is dark
and stained with tannic acid. Winds have little or no influence on fishing;
however, the low winds contribute to a greater presence of mosquitoes.

o September to November: Known to be the active hurricane season, tem-
peratures vary between 23 and 33°C. Water levels are usually high with
abundant fresh water that mixes in the lagoons and contributes to darker
water colorations. Fishing in the mangroves takes place during the early
hours of the morning. If hurricanes are not present, general weather condi-
tions are favorable for fishing.

THE HATIGUANICO RIVER

The basin of the Hatiguanico River has been described as the Amazon of Cuba. It is
located on the west side of the National Park of the Peninsula of Zapata. The river is
30 km long and crosses the marsh and drains off the surface water to the Broa Cove.
Depths vary between 4 and 6 m. The river width is about 20 m inland and approxi-
mately 300 m at the mouth. A well-protected mangrove forest and distinctive swamp
grasslands grow on the edges of the river. More than 80 species of birds have been
reported in this area, several of which are common to the entire country and three
that are endemic to the area. In addition, it provides habitat to the Cuban crocodile,
manatees, and the jutia (hutia). The main species of fish that can be found here
include tarpon (M. atlanticus), snook (C. undecimalis), cubera snapper (Lutjanus
cyanopterus), and horse-eye jack (C. latus). The fishing area includes the main river
and its tributaries, Rios Negros, Guareira, and Gonzalo.

Magnificent natural conditions and scenic beauty make the Hatiguanico River a
perfect place for tarpon fishing. There is an abundant population of small-size tarpon,
ranging from 1.8 to 5.5 kg; larger tarpon of about 45 kg or more are occasionally
caught in the river. The park allows only licensed fishing guides to fish in the river.
The carrying capacity has been defined as four guides per 3 days per week, or the
equivalent of 12 fishing sessions per week. The distribution of guides is random,
adjusted only to the daily movements of the fish. The boats used in the Hatiguanico
River have outboard engines with a maximum capacity of one guide and one angler.
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SEASONAL FISHING WEATHER AND CATCH RATES

There are two well-defined seasons for tarpon fishing in the Hatiguanico River.

* December to May: This is the cold and dry season. It is characterized by
clear waters with cold temperatures, which contribute to low catch rates and
the lowest numbers of sightings of tarpon.

* June to November: This period is known to be the warm and rainy season.
The river water is dark and favorable for the sighting of big schools of fish.
This is also the period of highest catches for fly-fishing in the area.

DISCUSSION

The National Park of the Peninsula of Zapata is responsible for any management
decision making related to human activities in the park, including any decisions about
carrying capacity of the region, zonation, environmental conditions, and conservation
of the area during the fishing season. Although the National Park has implemented
fishing programs to manage and monitor the bonefish and tarpon fisheries of the area,
much is unknown. To date, limited work has been done studying population dynamics
in the park. All management decision making is based on carrying capacity, catch
rates, and environmental conditions. Preliminary results of the management program
have led to new information about the behavior of the species, previously not available
or gathered from reports from other places, and on the effects of water temperatures
and lunar phase on catch rates and average sizes of fish caught. Area closures have
only been implemented if after permanent monitoring of the resources there is an
indication of overload and excessive fishing pressure.

Carrying capacity has been defined for each area by taking the natural and
biological factors of the species under consideration. Knowledge has been acquired
by previous observations and through consultation with experts on the subject and the
area. In the future, carrying capacity will be evaluated by permanently monitoring
and recording catch rates and condition of the fisheries, which will indicate if any
changes are necessary.

Knowledge of the existing natural conditions and their evolution is a key element
to the efficient management of the area. Understanding how fishing impacts the
normal functioning and natural conditions of the area has led to enforcement of cer-
tain regulations in the park. These regulations are intended to control and sustain the
resources and performance of the guides and anglers during the fishing, optimizing
their experience when they visit the park. To maintain the existing natural conditions
and to ensure a positive fishing experience, park personnel continuously take care of
cleaning the narrow channels, removing any obstacles that will hinder fishing, and
monitoring any invading species.

To maintain and expand their management program, the National Park of the
Peninsula of Zapata hopes to collaborate with other national and international insti-
tutions to establish a research program that will allow them to thoroughly study fish-
ing impacts on the biodiversity and the functioning of the ecosystem, and to guide
implementation of a management plan that will reduce or mitigate these effects.
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The main management objectives are (1) to study fish behavior, feeding, and repro-
duction in the area and changes during the different seasons and weather conditions;
(2) to study movements in and out of the area; (3) to manage the catch rate per session;
(4) to monitor ecological and weather conditions specific to the area; (5) to monitor
water quality and feeding grounds in the fishing areas; (6) to monitor the tarpon
population in the river and its movements to other zones; (7) to periodically conduct
inventories of sportfishing species in the area; and (8) to implement systematic
regulations to manage the fisheries during the entire season. This information
will also provide the park with more complete and accurate population dynamics
parameters and other critical biological information that will facilitate management
decision making to build sustainable fisheries.

Outreach to support the sportfishing activities and management decision making
required for sustainable bonefish and tarpon fisheries in the park is a central and
essential component of the program. The Ministry of Tourism of Cuba is in charge
of marketing programs and promoting and selling packages for sportfishing for
bonefish and tarpon, an indispensable feature for attracting tourists to the park. Pub-
lic presentations and workshops will be organized to provide opportunities to estab-
lish dialogue with other institutions, fishing guides, and the general public.
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THE ENVIRONMENT

Turneffe Atoll is located 30 km east of Belize City, Belize in the western Caribbean
Sea (Figure 7.1). This atoll stretches 48 km long and about 16 km across at the widest
point. Almost 80% of the total land area is submerged. The remaining 20% is just
0.5-1.0 m above sea level. A wall of living coral reef surrounds Turneffe Atoll, a
series of mangrove stands and cays formed from sand, mud, and coral rubble. Inside
the reef, over 200 cays make up the landmass that surrounds two central lagoons,
the Northern Lagoon and the Southern Lagoon. The lagoons average =4 m in depth
with the areas between the reef system and the cays averaging considerably less.
These systems provide nursery and feeding grounds for myriad fish species and
critical habitat for many species of wildlife (CZMAI, 2001). This atoll provides
a rare and unique opportunity to catch bonefish, permit, and tarpon in the same
ecosystem.

Turneffe Atoll has also long been recognized as a premier destination for saltwater
fly-fishing, scuba diving, and marine ecotourism. The atoll has three tourism-based
lodges—Turneffe Flats, Blackbird Cay, and Turneffe Island Lodge—that support
tourists with diving, snorkeling, ecotours, and catch-and-release fishing. The atoll
is also home to a few private residences, a research outpost, and a number of com-
mercial fishing camps. During peak times, as many as 300 people can be on the atoll.
However, the area remains relatively pristine, thanks to its geographic isolation from
the mainland.
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THE FISHERY

Historically, the atoll was used by commercial fishermen who would set up camps
on stilts. They would spend days at a time fishing for lobster, conch, and finfish, but
they were limited to only a few days due to the difficulties of getting their product
back to the markets in Belize City. Today the fishermen are able to get back and forth
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between the mainlands much more easily, but they only travel back to the markets
after a big catch. They typically spend the entire season on the atoll, sending fish
back to the market in Belize City as needed. Most of the commercial fish camps are
on the central lagoon in deeper water.

Early recreational fishermen came to the atoll and camped in pursuit of bonefish,
permit, and tarpon. Later, several mothership operations formed out of Belize City
that allowed anglers to fish Turneffe and the surrounding cays while staying on a
larger ship. Today there are three fishing lodges that also have dive operations on
the east side of the atoll, as well as a few mothership operations from surrounding
areas.

The majority of anglers are fly fishermen who enjoy the challenge of multiple
species in one location. Turneffe is one of the few places in the world that offers the
opportunity to catch bonefish, tarpon, and permit in the same place. The eastern flats
located between the cays and the reef system provide excellent habitat for wading
for bonefish. The flats are generally composed of hard bottom coral rubble, sand, or
seagrass. Bonefish average around 1.35 kg and appear to be a resident population.
The bonefish are abundant (>3000 km?), but finicky.

The flats, channels, and deeper lagoons hold permit year-round. While little
research has been done on either bonefish or permit at Turneffe, permit are believed
to be a resident population as well. Tarpon move into the atoll in the early summer
and usually stay for around 3 months. Summers are an angler’s best chance to catch
all three species. There are a few tarpon that will stay year-round, but the majority
of fish migrate in during the summer months.

THE OPPORTUNITY

Belize is one of the world’s most biologically diverse nations with the integrity of its
natural resources still very much intact. It boasts the largest barrier coral reef and
three of the four coral atolls in the western hemisphere. Belize has been a leader in
environmental protection with nearly one-third of the country under national park
authority or some other protected status. Belize is home to 14 marine-protected areas
(MPAs), of which 8 are marine reserves, 2 are natural monuments, 1 is a national
park, and 2 are wildlife sanctuaries (CZMAI, 2001). Turneffe Atoll, the largest and
most diverse atoll, has one small reserve put in place to protect the American alliga-
tor nesting sites of Cockroach Cay.

Turneffe is one of the few remaining environments that experiences very few user
conflicts. The government of Belize has a tremendous opportunity to take advantage
of a progressive group of commercial fishermen working with recreational users
to protect this very diverse, pristine environment. Turneffe needs greater resource
protection for its endangered resident manatee population, the alligator nesting sites,
untouched mangroves and the economies this ecosystem supports, commercial, and
recreational (Jacobs, 1998). Belize depends on tourism and commercial fishing for
roughly 20% of its economy (World Tourism and Travel Council, 2005). Turneffe
Atoll supports both of these endeavors in the form of commercial fishing for conch
and lobster, as well as recreational pursuits such as fishing and diving.



102 Biology and Management of the World Tarpon and Bonefish Fisheries

The institutions in place to provide this protected status include necessary leg-
islation, active NGO and volunteer network, and committed stakeholders. Belize
already has the framework and precedent for setting up MPAs. The country has
several local case studies on the effectiveness of providing protection while still
providing access.

There are many NGOs actively working on coastal issues in Belize. They
range from world-wide organizations like World Wildlife Fund to local, grassroots
organizations. Nearly all of the activities are funneled through a committee of private
and public sector stakeholders known as the Turneffe Island Coastal Advisory
Committee.

The Turneffe Island’s Coastal Advisory Committee was formed to link the
tourism operators on Turneffe with the commercial fishing cooperatives, the
Government of Belize, and the University of Belize. The goal of the committee is to
institute a conservation plan resulting in sustainable tourism and commercial fishing
at Turneffe. The current members represent all of the stakeholder groups on the
island.

The Turneffe Atoll ecosystem and its associated fisheries appear to be stable
at the present time. However, as Belize grows alongside its burgeoning tourism
industry, access to the atoll will become easier. Plans must now be put in place to
protect this marine gem, as well as preserve the vital economies that are supported
by the natural resources of the atoll. To effectively manage this fishery, baseline
data are needed on the current bonefish, tarpon, and permit populations. In addition,
research should also be focused on assessment of the potential impacts of future
development, to establish the angler carrying capacity, to determine life history and
movement patterns, and to identify spawning grounds of these economically and
ecologically important fish populations. A plan for the future will ensure that this
unique and world-class fishery remains viable for generations to come.
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INTRODUCTION

Bonefish, Albula vulpes, is a common species in coastal marine environments along
the north coast of Venezuela (southern Caribbean Sea), particularly in Los Roques
Archipelago National Park (Cervigén, 1991), where large schools inhabit the clear
waters of this marine-protected area.

Los Roques Archipelago (LRA) is an insular reef platform located 157 km
north off the central coast of Venezuela (Figure 8.1), encompassing an area of
1250 km?, with a maximum depth of 50 m. The archipelago is composed of 42 islands
and 200 sand banks, distributed in an irregular oval shape around an inner lagoon
with an average depth of 5 m. In 1972, the LRA was declared a national park to
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protect a range of highly diverse marine habitats dominated by coral reefs, seagrass
meadows, sand beaches, salt and brackish lagoons, and mangrove forests (Schweizer
et al., 2005). Since 1991, LRA has implemented a resource management plan in
which seven management zones were outlined, including a “no-take” marine-
protected area closed to fishing and human visitation (Figure 8.1).

Los Roques has a permanent human population of more than 1200 residents,
mostly settled on Gran Roque, the archipelago’s main island. Tourism is the most
important economic activity, and more than 50,000 tourists visit LRA every year,
providing direct employment to 40% of the residents. An artisanal lobster fishery
is second most important economic activity in LRA, accounting for more than
US$300,000 annually (Méndez, 2002).

Over the past decade, LRA has become one of the most popular recreational
fishing destinations in the Caribbean for bonefish, receiving an annual average of
400 anglers. This fishery provides an important income to the local economy, and
a lucrative alternative to traditional artisanal fisheries, such as lobster and other
commercially valuable fish (Debrot and Posada, 2005). Bonefish are not valued for
their meat in LRA, and most of the fish caught by recreational anglers are released.
However, bonefish are occasionally caught with pocket nets in shallow waters by
local artisanal fishermen and used as bait to fish for commercially valuable species
(Debrot and Posada, 2005). Currently, there are no regulations that guarantee a sus-
tainable bonefish fishery in this protected ecosystem; in fact, there are no limits on
the number or minimum size of bonefish that are captured and not released.

Despite the economic importance of recreational fisheries for bonefish in the
wider Caribbean Sea, studies on its biology and population dynamics throughout
the region have been limited. South Florida, the Bahamas, and Los Roques are
the three areas that have received most of the scientific effort. Significant gaps in
knowledge on aspects such as early life history, recruitment, population, and fishery
dynamics exist. In this chapter, we attempt to summarize the information on bone-
fish reproductive biology, feeding habits, and recreational fishery, as described in our
previous studies carried out in LRA, as well as preliminary results on its longevity
and growth. The information provided in this chapter will contribute to the scientific
understanding of bonefish biology and population dynamics in the Caribbean region,
which is critical for the development of a sustainable recreational fishery for bonefish
in LRA.

REPRODUCTIVE BIOLOGY

To examine length at sexual maturity and reproductive seasonality, Debrot and Posada
(2003) collected adult bonefish from waters surrounding the island of Dos Mosquises,
in the southwestern portion of LRA (Figure 8.1). Based on macroscopic and micro-
scopic examinations of 440 gonads from adult bonefish ranging in size from 286 to
717 mm fork length (FL), they found that the smallest sexually mature female and
male in this sample were 351 and 424 mm FL, respectively. The length at 50%
sexual maturity (Ms,), estimated as the inflection point of a fitted logistic curve,
was 456 mm FL for females (95% confidence interval (CI) was 446—466 mm)
and 467 mm FL for males (95% CI was 454—-479 mm) (Figure 8.2).
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FIGURE 8.2 Length—maturity relationship for bonefish (A. vulpes) in 10-mm size classes
sampled in Los Roques Archipelago National Park. The line is the fitted logistic equation:
% mature = 100/(1 + exp(—a (FL — b)). Parameter b in the equation is the inflection point
and represents the length at which 50% of the individuals have mature gonads (Ms,). All
specimens collected in the postreproductive months (February—April) were excluded from
this analysis. (From Debrot, D. and Posada, J.M., Proc. Gulf. Carib. Fish. Inst., 54, 506-512,
2003. With permission.)

Bonefish from LRA reached sexual maturity at a larger size than reported by
Bruger (1974) for the Florida Keys. Bruger reported mature females as young as 1 year
old, ranging from 221 to 352 mm FL. His sample size was small (n = 148), and
most of his small sexually mature females were caught in deep water (9.1-12.2 m).
Previous observations (Bruger, 1974; Crabtree et al., 1996) and recent genetic
studies (Colborn et al., 2001) have suggested the possible existence of a cryptic
bonefish species that inhabits deeper waters of the western Atlantic (Florida and
Brazil) as a potential explanation for the presence of exceptionally small and sexu-
ally mature bonefish. Crabtree et al. (1997), however, reported minimum lengths
at sexual maturity for the Florida Keys similar to those found in LRA. Crabtree
et al.’s (1997) study had a relatively large sample size (n = 437) and found that the
smallest mature female was 358 mm FL and 425 mm FL for males. In contrast,
the estimates of My,in LRA differ considerably from those in south Florida. In
LRA, females reach M, at a smaller length than males (Debrot and Posada, 2003),
while the opposite was reported for the Florida Keys, where females reach My, at
488 mm FL and males at 418 mm FL (Crabtree et al., 1997). These differences could
have resulted from the apparent differences between the length distributions of adult
females and males from LR A and south Florida. In LRA length—frequency distribu-
tions of males and females were significantly different (Kolmogorov—Smirnov two-
sample test; D = 0.0410; p < 0.001), and females were significantly larger than males
(Mann Whitney U-test; p < 0.001). Females ranged in size from 286 to 717 mm FL
(mean = 492.2 mm; SD = 65.36; n = 255) and males from 334 to 600 mm FL
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FIGURE 8.3 Length—frequency distributions for bonefish (A. vulpes) from Los Roques
Archipelago National Park. Lengths are plotted in 20-mm size classes. (From Debrot, D. and
Posada, J.M., Proc. Gulf. Carib. Fish. Inst., 54, 506-512, 2003. With permission.)

(mean = 459.36; SD = 35.15; n = 185) (Debrot and Posada, 2003; Figure 8.3).
Females in south Florida ranged from 228 to 702 mm FL and males from 322 to
687 mm FL (Crabtree et al., 1997).

Gonadal activity, assessed by monthly mean gonadosamatic index (GSI) of
bonefish in LRA, showed clear seasonality, with development occurring from June
to January for females, and from May to January for males (Debrot and Posada,
2003) (Figure 8.4). The reproductive seasonality observed in Los Roques is con-
sistent with results reported for bonefish in the Bahamas by Mojica et al. (1995)
and for south Florida by Crabtree et al. (1997). Based on back-calculated ages and
spawning dates of field-collected larvae in tidal channels around Lee Stoking Island
(Bahamas), Mojica et al. (1995) suggested that bonefish in the Bahamas might spawn
continuously from mid-October through January, probably extending through May.
Crabtree et al. (1997) found that gonadal development of bonefish from south Florida
also occurs over a period of 8§ months, from November to June, and bonefish are
reproductively inactive during a few months in the summer.

The location of bonefish spawning grounds in LR A remains unknown. The absence
of females with evidence of eminent spawning, such as fully hydrated oocytes and pos-
tovulatory follicles in bonefish caught in shallow waters, suggests that bonefish may
migrate to deeper waters in the archipelago to spawn (Debrot and Posada, 2003), as
suggested by Crabtree et al. (1997) for bonefish in the Florida Keys. This behavior has
been observed in A. glossodonta in the Pacific Ocean, where large periodic spawning
migrations have been documented for this species (Johannes and Yeeting, 2001).
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FIGURE 8.4 Seasonal variation in the gonadosomatic index (GSI) for female and male
bonefish (A. vulpes) larger than Mjy,, collected from October 1999 to September 2000 in Los
Roques Archipelago National Park. Values represent mean * standard deviation.

FEEDING HABITS

Typical for many other areas of the species range, bonefish in Los Roques forage
in shallow waters over seagrass or sandy bottoms, mostly on small benthic and
epibenthic prey. Weinberger and Posada (2005) examined the stomach contents
of 187 bonefish that ranged in size from 336 to 644 mm FL from Dos Mosquises
Island in the southwestern portion of LRA (Figure 8.1). They determined that those
bonefish feed mainly on crustaceans, teleosts, bivalves, polychaetes, and gastropods,
with decapods and cupleiformes forming the most significant portion of the diet
(Table 8.1). Among decapods crabs of the subfamily Mithracinae (Majidae) were
the most important prey and among the cupleiformes (Table 8.1) Anchoa sp. and
Harengula humeralis.

Similar results were observed for south Florida bonefish (Crabtree et al., 1998),
where decapods dominated the diet (N = 42.1%, F = 88.6%, and W = 67.8%). In con-
trast to LRA, they reported a higher percentage of relative frequency of abundance for
mollusks (N = 51%) than for the teleosts (N = 45%). Also, the gulf toadfish, Opsanus
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TABLE 8.1
Prey Items Found in Stomachs of 187 Bonefish (A. vulpes)
Caught in Los Roques Archipelago National Park

Prey Items N w F
Plant material — 7.1 40.4
Unidentified plant material — 6.0 19.1
Syringodium sp. — 0.1 11.8
Halodule sp. — 0 1.5
Thalassia testudinum — 0.9 8.1
Miscellaneous material 29 9.6 17.6
Phylum Chordata
Class Osteichthyes 19.0 222 32.4
Unidentified Osteichtyes 4.6 43 6.6
Order Clupeiforme 344 31.0 90.4
Engraulidae
Anchoa sp. 9.2 10.3 15.4
Clupeidae
Harengula humeralis 44 6.9 9.6
Order Anguilliforme 0.7 0.7 0.7
Ophichthidae
Unidentified Ophichthinae 0.7 0.7 0.7
Subphylum Crustacea
Class Malacostraca 344 30.1 90.4
Order Decapoda 34.4 30.1 90.4
Unidentified Decapoda 0.9 0.3 44
Unidentified Brachyura 9.5 9.4 19.1
Xanthidae
Panopeus sp. 0.2 0.2 0.7
Eurypanopeus abbreviatus 0 0 0.7
Portunidae
Unidentified Portuninae 2.7 2.1 125
Majidae
Unidentified Mithracinae 12.7 13.7 22.1
Mithrax forceps 0.9 0.3 3.7
Unidentified Anomura 35 2.0 12.5
Galatheidae
Munida sp. 0.1 0.1 1.5
Diogenidae
Pagurites sp. 1.1 0.6 2.2
Unidentified Penalidae 0.1 0 0.7
Unidentified Penaeidae 2.8 2.2 10.3
Phylum Mollusca
Unidentified Mollusca — 0.9 74
Class Gastropoda 6.3 2.8 35.3
Unidentified Gastropoda 1.7 1.3 11.0
Order Caenogastropoda 4.3 14 22.1
Marginellidae
Persicula interruptolineata 0.6 0.1 5.9
Cerithidae
Cerithium litteratum 1.8 1.1 29

(Continued)
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TABLE 8.1 (continued)
Prey Items Found in Stomachs of 187 Bonefish (A. vulpes)
Caught in Los Roques Archipelago National Park

Prey Items N w F
Columbellidae
Unidentified Columbellidae 0.4 0.1 2.2
Cosnioconcha nitens 0.7 0.1 3.7
Columbella mercatoria 0 0 0.7
Olividae
Oliva australis 0.8 0.1 6.6
Order Vetigastropoda 0.3 0 22
Phasianellidae
Tricolia tessellata 0.1 0 1.5
Naticidae
Sigatica sp. 0.1 0 0.7
Class Bivalvia 11.3 14.7 44.1
Unidentified Bivalvia 1.6 4.7 16.2
Order Pteroida 0.1 0.1 1.5
Unidentified Pectinidae 0.1 0.1 1.5
Order Veneroida 9.0 9.6 24.3
Lucinidae
Lucina sp. 0.3 0 0.7
Codakia orbiculatus 7.8 9.0 15.4
Veneridae
Unidentified Veneridae 0.6 0.1 2.9
Chione sp. 0.2 0.4 1.5
Chione cancellata 0.2 0.1 3.7
Order Arcoida 0.5 0 1.5
Arcidae
Unidentified Arcidae 0.5 0 1.5
Order Mytiloida 0.1 0.2 0.7
Mytilidae
Brachidontes sp. 0.1 0.2 0.7
Phylum Annelida
Class Polychaeta 13.4 10.7 22.8
Unidentified Polychaeta 32 0.1 6.6
Unidentified Maldanidae 0.1 0.1 0.7
Unidentified Pectinaridae 1.6 2.2 2.9
Unidentified Oenonidae 0.6 0 2.2
Capitellidae
Notomastus sp. 7.9 8.0 10.3
Phylum Sipuncula
Class Sipunculidea 1.0 1.1 22
Order Aspidosiphoniforme 1.0 1.1 2.2
Unidentified Aspidosiphonidae 1.0 1.1 22

Note: N = percent of numerical abundance; W = percent weight; F' = percent
frequency of occurrence.
Source: From Weinberger, C. and Posada, J., Cont. Mar. Sci., 37, 30-44, 2005.
With permission.
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beta (Batrachoidiformes), was the most important teleost in the diet of south Florida
bonefish, while it was missing from the stomach contents of bonefish in LRA. How-
ever, teleosts of the order Cupleiformes were not represented as an important prey
item in south Florida bonefish.

Similarity analysis (ANOSIM), based on the percentage of relative frequency
of wet weight (W) of prey items, showed no significant differences in feeding habits
between males and females (R = 0.001; p = 0.406), or for any of the four 80 mm FL
size intervals tested (R = 0.016; p = 0.135) (Weinberger and Posada, 2005). In con-
trast, Crabtree et al. (1988) showed a positive correlation between prey size and fish
length for south Florida bonefish and noted that large individuals consumed more
decapods and teleosts than bonefish <440 mm FL.

However, differences in prey items consumption were significant on a seasonal
basis in LRA: dry season (November—February vs. rainy season (March—July)
(R = 0.029; p = 0.029). Bonefish preyed mostly on decapods and teleosts during the
dry season when the water temperatures are lower, and more on gastropods during
the rainy season when the water is warmer (Weinberger and Posada, 2005). A simi-
lar pattern of seasonality in the diet of bonefish was also observed in south Florida
by Crabtree et al. (1998). In both cases, these differences may reflect temporal avail-
ability of prey.

AGE AND GROWTH

Preliminary analysis of sectioned otoliths (sagittae) from bonefish sampled in shallow
waters of LRA showed regular distributions of presumed annuli (opaque bands
visible under dissecting microscope and reflected light), only 9% of the otoliths did
not displayed legible growth bands. For the 91 bonefish used in the analysis, lengths
ranged from 138 mm to 650 mm of FL and ages from 1 to 17 years. An average
growth curve was generated from size to age data, and lifetime growth trajecto-
ries were estimated by fitting the von Bertalanffy growth function (VBGF). In this
sample the VBGF for bonefish (both sexes combined) was

L) = 517.461(1 — ¢ 0-344+1.076))

(Debrot et al., unpublished data) (Figure 8.5). These preliminary results indicate that
LRA bonefish growth seems rapid until about 5 years, and that asymptotic length
is reached at approximately 8 years of age (Figure 8.5). Bonefish from LRA reach a
similar maximum age to that of south Florida bonefish (=20 years, Crabtree et al.,
1996). However, south Florida bonefish appear to grow faster and attain larger sizes
(Ault et al., Chapter 16, this volume) than in LRA.

THE FISHERY

PRE-HISPANIC AND ARTISANAL FISHERY

Fish remains recovered during systematic archaeological excavations in LRA sug-
gest that bonefish were exploited by Ameridians in the late pre-Hispanic times (AD
1300-1500) (Antczak, 1999). Although the queen conch (Strombus giigas) was by far
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FIGURE 8.5 Size at age plot with fitted von Bertalanffy growth function for male
and female bonefish (A. vulpes) from Los Roques Archipelago National Park (n = 91).
(From Debrot et al., unpublished data.)

the most exploited resource by the Ameridians who occupied LR A, the abundance of
fish remains found on these archeological sites, strongly suggests that bonefish were
also an important fishery resource at that time. In fact, bonefish’s otoliths were the
second most abundant fish remain found in LRA (Antczak, 1999).

By the 1950s, when artisanal fishers arrived to LRA from other regions of
Venezuela, bonefish were also caught in shallow waters with seine nets and used
as bait in longlines to fish for sharks and rays. The use of seine nets was banned in
the 1980s and since then, bonefish are only caught occasionally by artisanal fishers
using small pocket nets.

RECREATIONAL FISHERY

While recognized as a world-class destination, the LRA recreational fishery is still
in development compared to other bonefish fisheries in the Caribbean and Florida
Keys. The guided recreational fishing industry of LRA consists of only a few com-
panies that operate from Gran Roque (Debrot and Posada, 2005). By 2005, there
were 7 fishing companies and 12 local fishing guides. These companies commonly
offer guided fishing tours on 20-30 ft fiberglass boats and accommodations in small
lodges in Gran Roque.

Fishing for bonefish in LRA is predominantly catch-and-release and it is a
year-round activity; nevertheless, the number of anglers peak from January to June
(Debrot and Posada, 2005). Bonefish are frequently caught, using either the spin-
ning or fly-fishing technique, on many of the archipelago’s flats, either over sandy or
seagrass bottoms. The main flats are located at the center portion of the archipelago,
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in the Ensanada de Los Corrales, and in the islands located in the southwest. The
beaches surrounding Gran Roque also are very popular for fishing solitary bonefish
(Figure 8.1). According to the fishing guides, catch rates of 10 fish per day are not
unusual, and most of the bonefish caught by the recreational fishery weigh between
1 and 2 kg (Debrot and Posada, 2005). The recreational fishing pressure in LRA
is relatively low compared to other bonefish fisheries. However, local fishing
guides in LRA are concerned by the increasing fishing pressure, and believe that
rotating the fishing areas could prevent the schools from abandoning their usual
feeding grounds to move to more remote flats in the no-take area, where no fishing
is allowed.

CONCLUSIONS

The protected marine ecosystems of Los Roques Archipelago National Park and its
limited recreational fishery offers a unique opportunity to study the biology, ecology,
and fishery dynamics of bonefish populations in a relatively unspoiled condition.
Further scientific research in LRA should be focused on filling the gaps on critical
aspects such as recruitment, movement and spawning behavior, as well as popula-
tion size and mortality. Monitoring the catches and fishing effort of the bonefish
recreational fishery in LRA should figure as a priority for the park’s managers, who
along with fishing guides and scientists should work together in the development
of a management program that guarantees a sustainable catch-and-release bonefish
fishery in this protected environment.
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INTRODUCTION

Atlantic tarpon Megalops atlanticus in the eastern Atlantic coast of Africa
ranges from Mauritania to Angola, concentrating around the Gulf of Guinea
(Figure 9.1). In the western Atlantic, the species occurs from Nova Scotia to Brazil with
centers of high abundance in the warm coastal waters of Florida, Gulf of Mexico,
and the West Indies (Irvine, 1947; Fischer et al., 1981; Whitehead et al., 1984).
Megalops atlanticus is of great commercial importance with a special fishery in
the central and southwestern Atlantic Ocean where it is also a very important game
fish (Stamatopoulus, 1993; Crabtree et al., 1997; and Zerbi, 1999). In the eastern
Atlantic, especially in the coastal waters of western Nigeria, M. atlanticus is an
important aquatic resource and a delicacy food served on special occasions like
marriage ceremonies or festivals. Fishing villages in the coastal areas of southwest
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FIGURE 9.1 Map of Africa showing the range of tarpon.

Nigeria have been identified to be involved in a booming tarpon-fingerling trade, and
served as supply centers for tarpon juveniles to many parts of the country (Ezenwa
et al., 1985). Owing to the high demand and exploitation of tarpon fry, there appears
to be a relatively high fishing pressure on tarpon population in the coastal waters of
western Nigeria.

Unfortunately, coastal wetlands and swamps in Nigeria are frequently reclaimed
and modified for the establishment of housing estates, industries, oil pipelines, or for
other purposes. These habitat modifications, according to Zerbi (1999), affect sur-
vival and recruitment of many estuarine-dependent species, including M. atlanticus.
The destruction of these critical nursery habitats may deleteriously affect recruit-
ment into the mature phase of the population, which could lead to disappearance of
the species.

HISTORICAL BACKGROUND ON THE AFRICAN TARPON FISHERY

The “silver king” known as the tarpon M. atlanticus is called the greatest of the game
fishes (IGFA, 1987). However, there is a dearth of historical data on the tarpon fishery
in Africa. Early records, as reported by Irvine (1947), indicated that Governor Hosdon
regularly fished for tarpon during the months of June and July at Ada, the junction of
the mouth of River Volta and the sea. Some of the reported specimens landed mea-
sured as large as 188, 122, and 107 cm fork length (FL). In the estuary of Kouilou in
Ponte Noire, Irvine (1947) reported that the administrator of the port caught a tarpon
weighing 101 kg and measuring 230 cm FL using a fly on nylon 80/100 (mesh size).
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IGFA (1987) reported that a tarpon weighing 102 kg caught at Port Michel, Gabon on
December 22, 1985 took first place in the 11th Annual IGFA Fishing Contest. Other
notable tarpon caught that year at Port Michel weighed 112.4, 112.6, 102, 100.3, 99.1,
and 87.5 kg.

In Nigeria, there is also a dearth of historical data on tarpon fishery. There is a
tarpon club in the Ikoyi area of Lagos State, but it was established mainly for sail-
ing and occasionally for sportfishing. Club records indicate that a 21-kg tarpon was
caught in March 1988 along the West Mole of Lagos Harbor. In the coastal areas
of Ondo State, the “Ilaje” people, who are renowned fishermen, reported that their
grandfathers caught tarpon as far back as 1908 and that specimens measuring over
180 cm FL and weighing more than 75 kg have been reported landed. Unfortunately,
the “Ilajes” do not hold organized tarpon fishing tournaments, but rather celebrate
fishing festivals during the period of Christmas. During fishing festivals, all the fish
species caught, including tarpon, were cooked and consumed for entertainment by
the natives and visitors. The fishermen reported that large numbers of tarpon rang-
ing from 15 to 60.8 kg were caught during the festivals, which coincided with peak
abundance of adult tarpon during spawning season.

Presently, fishing festivals are not organized on a large scale and fewer tarpon
are caught. This change in fishery dynamics has been attributed to the high cost of
fishing; hence, most tarpon fishermen have switched over to crayfish (lobster) fishing
and additional means of livelihood other than fishing. Provision of subsidies for fish-
ing inputs (i.e., nets, boats, and outboard engines) will provide gainful employment
for these fishermen.

METHODS

Field sampling trips to the coastal areas of Lagos and Ondo States were undertaken
monthly from January 1996 to December 1997. Fish landing sites, coastal fishing
villages, and shore frontiers along the Atlantic Ocean were surveyed, particularly
for the nature of the shoreline, vegetation, and estuarine systems. Water samples
were collected monthly from the sampling stations. Physicochemical parameters
including air and surface water temperatures, pH, dissolved oxygen, salinity, and
water transparency were determined by methods reported by Boyd (1979) and
Ugwumba (1984).

Information on the distribution of M. atlanticus, based on their abundance, size,
and maturity stages, was obtained from the relative occurrence of the species caught
and landed throughout the year. Fishermen specializing in the capture and culture of
M. atlanticus in the study areas were interviewed. Fishing methods for M. atlanticus
were studied and catches by fishermen were recorded. Traditional culture methods
of the species were identified. Principal morphometric measurements taken included
total length, standard length, head length, body depth, eye diameter, and head depth
(Fischer et al., 1981). Other measurements used were fork length, preorbital length,
snout-to-dorsal fin origin, and snout-to-anal fin origin. The meristic characters were
obtained by counting the number of dorsal, pelvic pectoral, and anal fin rays, as well
as scales along lateral line, transverse rows of scale, branchiostegal rays on the left
opercular bone, and gill rakers (Fischer et al., 1981).
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RESULTS
ResOURCE ECOLOGY

Study Area

The study area was located between 3°10" and 4°52" E longitude and 6°02’ and
6°28’ N latitude (Figure 9.2). This part of the Nigerian coastline in Lagos State is
characterized by erosive sandy beaches (Ibe et al., 1985; Awosika et al., 1994). The
Ondo State coastal area is characterized by low-lying muddy flat beaches with gentle
slopes and absence of sand (Figure 9.3). There was great tidal influence as the low
gradient of the intertidal zone exposed wide expanses of land of over 1 km to tidal
influence. This coastal ocean tide constituted an environmental force responsible for
the movement of various stages of M. atlanticus from the open Atlantic Ocean to the
shoreline and into tidal creeks. The presence of Avon and Mahin canyons offshore
near the muddy beaches of the Ondo State coastal area may also be responsible for
channeling sand brought into the area away from the coast into the deep waters (Ibe
et al., 1985; Awosika et al., 1994). The Lagos area, however, has sandy beaches with
steep slopes and is dominated by strong wave action (Ibe et al., 1985; Awosika et al.,
1994).

The regional climate is tropical with two main seasons: (1) a rainy season lasting
from April to October and (2) a dry season from November to March. Mean monthly
rainfall ranged from 0.0 to 599.5 mm. The heaviest monthly rainfall of 599.5 mm
was recorded in June 1996. High rainfall was coincidental with the migration pattern
of adult M. atlanticus, as well as the abundance and seasonality of juvenile tarpon.
The vegetation in this region is composed mainly of mangrove trees (Rhizopora sp.),
coconut palms (Cocos nucifera), and oil palms (Elaeis guineensis), as well as sedges,
herbaceous plants, and climbers. Mangrove trees dominated the coastal swamps in
Ondo State and coconut palms in Lagos State.

Physicochemical Parameters of Study Area

Air temperatures ranged between 26.3 and 31.6°C, while surface water tempera-
ture ranged from 26.0 to 33.5°C. Hydrogen ion concentration (pH) ranged between
6.1 and 8.9, while dissolved oxygen content ranged from 2.4 to 6.9 mg/L. Salinity
ranged from 0.2 to 32.1 ppt. Higher salinities ranging from 25.3 to 32.1 ppt were
recorded for the beaches throughout the study period. In contrast, salinity of the
creeks and lagoons fluctuated between 0.2 and 28.0 ppt, indicating a range of both
fresh and brackish water conditions. Rainfall affected salinity levels in the creeks
and lagoons with lower salinities in the rainy season. Water transparency varied
from 20.0 to 65.6 cm. Higher water turbidity (20-30 cm maximum transparency)
occurred mainly during the rainy season from July to October.

Tarpon Distribution

Megalops atlanticus were regularly encountered in the coastal waters of the study
area from Ilepete in Ondo State to Badagry in Lagos State. The different life
stages obtained were floating fertilized eggs, fry, fingerlings, subadults, and adults.
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FIGURE 9.2 Map of the study area.
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FIGURE 9.3 Flat muddy beach of Aiyetoro coast in Ondo State.

FIGURE 9.4 Mass of floating fertilized eggs of M. atlanticus.

Fertilized eggs (Figure 9.4) hatched into tarpon fry when stocked in nursery ponds.
Leptocephalus larval stages were not encountered, probably due to the selectivity of
the sampling equipment. The mesh size of the lace net may have been too wide for
capture of tarpon larvae.

Adult M. atlanticus ranging from 20 to 35 kg body weight were landed mainly
by fishermen in Ondo State coastal areas rather than fishermen in Lagos State. The
adults were found mainly at sea off the Atlantic coast at depths ranging from 5 to 39 m,
and were obtained throughout the year, although peak abundance occurred from
June to July and November to December. The species are pelagic and hence their
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absence in the catches of Nigerian fishing companies, who primarily use bottom
trawls. The fry, fingerlings, and subadults, which moved in shoals, were obtained
mainly in the brackish water environment, especially in creeks. Unlike the adults,
subadults were not obtained throughout the year. Fertilized egg masses were found
attached to floating vegetation and could be obtained at sea, as well as along the
shorelines of the study area. The seasonal abundance and habitat of the different
stages of M. atlanticus are presented in Table 9.1.

Morphology and Meristic Characters of M. atlanticus

The body of M. atlanticus is long, herringlike, compressed, and covered with thick
large cycloid scales (Figure 9.5). The flank is silvery, while the back is gray-black.
The mouth is superior and the lower jaw protrudes due to the presence of a bony gular

TABLE 9.1
Seasonal Abundance and Habitat of the Different Life Stages of Atlantic
Tarpon (M. atlanticus) in Nigeria

Life Stage Location Availability Peak Season
Eggs Open sea and shorelines October—-March December—January
Fry Tidal pools, creeks, and canals November-May February—April
Fingerlings Creeks, canals, lagoons February—August April-July
Subadults Creeks, canals, and lagoons June-September August—September
Mature adults ~ Open sea (inshore waters) January—December June—July and

November—December

FIGURE 9.5 External features of M. atlanticus.
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plate, which projects between the arms of the lower jaws. The snout is conical and
two supramaxillaries are present. There are bands of villiform teeth on the jaws.

A total of 518 tarpon specimens were used for meristic analysis. The standard
length (SL) was approximately five times the head length and three and half times the
body depth. The head increased with increase in SL. Correspondingly, the ratios of
the snout to origin of the dorsal fin were 1.86 for Lagos and 2.0 for the Ondo region.
This indicated that the dorsal fin was located about the middle of the SL. In addition,
the ratio of the snout to anal fin in the SL was approximately 1.5. Similarly, the ratio
of the head length to snout length was approximately 4.7, while that of the caudal
peduncle was 1.20. The fins of M. atlanticus were paired and lacked spines. The dor-
sal fin was located about the middle of the body, the last ray being projected into a
long filament. The pelvic fin was abdominally placed. The pectoral and pelvic fins had
accessory scales. The caudal fin was widely forked and the lateral line almost straight.
The dorsal fin rays of M. atlanticus from the Lagos and Ondo regions ranged from
11 to 14. The pelvic fin rays ranged from 8 to 12 in Lagos, and 8 to 10 in Ondo, with
a mean of 9.6 and 8.9, respectively. The anal fin ray count for the Lagos area ranged
from 18 to 25 with a mean of 20.1, while those for Ondo ranged from 18 to 22 with
a mean of 19.9. The left gill rakers from Lagos Lagoon ranged from 51 to 66, while
those of Aiyetoro Creek ranged from 50 to 62. The lateral line scales ranged from
41 to 49 while the branchiostegal rays ranged from 20 to 28.

FISHERY FOR M. ATLANTICUS IN NIGERIA
Capture Fishery

Tarpon M. atlanticus were mainly exploited by artisanal fishermen in the study areas.
In the Lagos region, there was no targeted fishery of the species, but in the Ondo State
coastal area, a special fishery of the species was observed. The most commonly used
gears by small-scale artisanal fishermen in the estuaries included traps, beach seines,
cast nets (Figure 9.6), gill nets, and hook-and-line. For the capture of the adults at sea,
wounding gear like spears (Figure 9.7) were sometimes employed in combination with
related fishing gears. An estimated catch of 80,000—150,000 tarpon juveniles (520 cm
total length (TL)) was landed annually by the local fishermen in the Ondo State coastal
area during the study period. The juveniles were targeted mainly for aquaculture, and
they are the primary species cultured traditionally in the region. High fishing pressure
on the juveniles of the species was observed. There were no conservation or regulatory
measures for the fishery. Tarpon catch rates in the study area were irregular. Only a
few fishermen actually targeted adult tarpon due to the high costs of fishing.

Total cost of investment (craft and gear) for capture of adult M. atlanticus at sea
was N640,215 (US$4750). The required break-even period as reported by fishermen
ranged from 1 to 2 years. The major problem encountered by fishermen was the high
cost of fishing, especially outboard engines and fishing nets. Major fish species associ-
ated with the tarpon fishery and caught by small-scale artisanal fishermen in the study
area included bonga (Ethmalosa fimbriata), giant African threadfin (Polydactylus
quadrifilis), barracudas (Sphyraena spp.), sharks (Sphyrna sp.), tilapia (Sarotherodon
melanotheron), mullets (Liza sp.), and crayfish (Nematopaleamon hastatus). A typical
fish-landing site in the coastal areas of Ondo State is shown in Figure 9.8.
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FIGURE 9.6 Cast net used for capture of juveniles M. atlanticus.
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FIGURE 9.7 Wounding gear (spear) used for the capture of M. atlanticus.

FIGURE 9.8 Tarpon, bonga, and crayfish fisheries at a coastal beach in Ondo State,
Nigeria.
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Culture Fishery

The traditional culture method of M. atlanticus in Nigerian coastal fishing villages
was carried out in earthen ponds and fish pens installed in the creeks. The ponds
ranged from 0.002 to 0.25 ha. Large ponds were observed only at Orioke and were
built specifically for natural spawning of M. atlanticus. Pond depths varied from
0.7 to 1.8 m. Fish pens were constructed of fine mosquito netting and installed in
creeks and lagoons. Polyculture of M. atlanticus and tilapia species was carried
out with juvenile tilapia serving as food for tarpon. Collection of M. atlanticus fry
(3—4 cm TL) commenced in March or April. Mosquito nets and lace materials were
used to collect the fry (Figure 9.9). Fry were reared in nursery ponds to fingerlings

FIGURE 9.9 Collection of M. atlanticus fry using lace net material.
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measuring 12.0-15.0 cm TL. The coastal villages of Ondo, particularly Aiyetoro,
Araromi, Ilepete, Orioke, and Okesiri, served as supply centers for fry and finger-
lings of M. atlanticus for other parts of Nigeria.

Stocking densities ranged from 1 to 7 fish m™2 in the ponds and 1-3 fish m™~
in the fish pens. In earthen ponds, M. atlanticus were stocked at a tarpon: tilapia
ratio ranging from 1:87 to 1:23, primarily as a predator to control overreproduc-
tion of tilapia. Tilapia fry served as prey for tarpon M. atlanticus were fed a vari-
ety of food items. Crayfish, miscellaneous fish (fresh or smoked), crabs, and bread
were commonly administered as fish feeds. Sometimes poultry feed was fed to
the early fry. Commercial fish pellet feeds were not used. The water in most of
the ponds was turbid with Secchi disk visibility ranging from 9.0 to 27.9 cm due
to phytoplankton blooms. Dissolved oxygen content was low, ranging from 0.8 to
2.34 mg/L. However, survival rates of tarpon in ponds were relatively high and
ranged from 73 to 86.7%. For example, out of 617 tarpon stocked in a 0.1-ha pond,
535 specimens were recovered at harvest.

Grow out periods extended from 1.5 to 3 years to enable the fish to attain a
size of over 100 cm FL and 5 kg. Most consumers preferred large specimens of
M. atlanticus for entertaining guests during marriage ceremonies and other festivals.
Large specimens were sometimes restocked in large ponds for natural spawning.
Tarpon spawned naturally in the brackish water ponds in the study region.

2

Ecotourism Attractions

Some local fishermen and fish farmers in Lagos State stocked tarpon in their ponds
purely for recreational purposes. These tarpon farms were integrated with snack bars
and served as tourist centers. Visitors to the fish farm on excursions were charged a
fee of N50-N100 per person as an entry permit into the farm. Stamatopoulus (1993)
and Zerbi (1999) pointed out that the fishery of M. atlanticus in western Atlantic was
mainly recreational and fetched millions of U.S. dollars annually.

DISCUSSION

Atlantic tarpon M. atlanticus is a single species of the family Megalopidae occurring
in the warm temperate, tropical, and subtropical Atlantic Ocean, from Mauritania
to Angola in the eastern Atlantic and Nova Scotia to Brazil in the western Atlantic.
Water temperature has been implicated in the abundance and distribution of
M. atlanticus (Twomey and Byrne, 1984; Zale and Merrifield, 1989). These authors
observed that tarpon were distinctly thermophilic; for example, annual abundance
at Port Aransas, Texas, historically correlated with water temperature. They also
observed that the lower lethal temperature for M. atlanticus was about 10°C, while
the early stage I leptocephalus larvae occurred in oceanic waters of 22.2-30.0°C.
In the Nigerian study area, water temperature ranged from 26.0 to 35°C through-
out the study. Mean monthly rainfall ranged from 4.8 to 599.5 mm in 1996, to
0.0—454.6 mm in 1997. Rainfall affected salinity levels and thus migratory patterns
of M. atlanticus. Zale and Merifield (1989) observed that throughout most of its
life stages, tarpon tolerated a wide range of salinity, although the early stage I lar-
vae were collected only at oceanic salinities of 28.5-39.0 ppt, indicating that such
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salinity may be required by eggs, yolk-sac, and stage I larva for proper development.
The species is euryhaline and salinity levels obtained in this study (0.2-32.1 ppt)
were within the tolerance limits.

Adult M. atlanticus were caught mainly at sea, while the juveniles and subadults
were found in the creeks and lagoons. Crabtree et al. (1997) reported that adult speci-
mens occurred beyond the continental shelf and have been found as far as 300 km
offshore. In Costa Rica and Nicaragua, M. atlanticus were frequently caught in
freshwater lakes and rivers, far from the coast but linked to the sea (Crabtree et al.,
1993). Floating masses of fertilized eggs of M. atlanticus were also collected off the
Atlantic shorelines of Aiyetoro and Orioke fishing villages in Ondo State between
October and March, with peak periods in December to January; however, accord-
ing to Crabtree et al. (1997), eggs of M. atlanticus have not been observed off the
American coast, whereas they were common in the Ondo State study area. Meristic
counts of M. atlanticus from Lagos and Ondo regions did not show wide variations.
Zale and Merrifield (1989) observed that the mean dorsal fin ray of M. atlanticus
from south Florida in the United States was 12 while that of the anal fin was 20. The
lateral line scales ranged from 41 to 48. These meristic counts were similar to those
obtained from the coastal areas of Lagos and Ondo States.

M. atlanticus species were exploited mainly by artisanal fishermen in the
study areas. The high cost of investment for the capture of adult M. atlanticus at
sea may be the cause of low catches of the species in the areas. The gears used
for capture of M. atlanticus were also used for catching other large fishes like giant
African threadfin (Polydactylus quadrifilis), shark (Sphyrna spp.), barracudas
(Sphyraena spp.), etc. Udolisa et al. (1994) made similar observations. The break-even
period reported by fishermen ranged from 1 to 2 years.

Annual catches for the period 1970-1990 for M. atlanticus, as reported by
Stamatopoulus (1993), decreased from 600 to 289 mt for the western central Atlantic
(Caribbean), and from 3200 to 1400 mt for the southwest Atlantic Ocean (Brazil
area). In the Ondo State coastal area, 2-3.5 mt of adult tarpon were landed annually
during the period of this study. Garcia and Solano (1995) reported that M. atlan-
ticus were fast disappearing from the Caribbean coast of Colombia, without any-
one apparently noticing it. Kusemiju (1973) in his study on the catfishes of Lekki
Lagoon with particular reference to Chrysichthys walkeri observed that there was
overfishing of the catfish and thus the need for conservation. Similarly, there is great
need for conservation measures for tarpon in Nigeria.

The culture of M. atlanticus in the study areas was not full time and hence not
commercialized. This was attributed to the extended culture period. Better pond
management and adequate feeding will enhance the aquaculture potentials of the
species. A lot of fishing pressure on tarpon juvenile population was observed. Juve-
niles were targeted mainly for aquaculture purposes. There were no conservation or
regulation measures for the fishery. This may lead to stock depletion as recruitment
into the adult population could be jeopardized. There is therefore need for regula-
tion of the fishery through adoption of some conservation methods. Spawning of
M. atlanticus and development of techniques for mass production of the fingerlings
may be the best strategy for now to relieve the exploitation pressures from capture of
wild tarpon fingerlings.
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Brazil. Peripheral populations occur in the eastern Atlantic off Africa and the Pacific
of Panama. Tolerant of wide ranges in salinity and oxygen concentrations, tarpon
distribution is limited by sensitivity to low temperature at the northern extreme of
the range (Zale and Merrifield, 1989). The reproductive cycle of tarpon is complex.
Adults spawn offshore (Crabtree et al., 1992), eggs and larvae have an extended
planktonic stage followed by recruitment into fresh and brackish water nursery
areas, and juveniles spend 4-5 years in rivers, bays, and estuaries before joining
offshore aggregations of adults (Crabtree et al., 1995). Adults in some portions of
the range are highly migratory. They move from spawning sites to forage areas on a
seasonal basis (see Luo et al., Chapter 18, this volume).

Highly migratory marine organisms such as tarpon, which are character-
ized by offshore spawning and extended planktonic residence of larvae, are not
expected to exhibit extensive population subdivision (Gyllensten, 1985), although
within-population genetic diversity may be high (DeWoody and Avise, 2000).
Numerous examples support this generalization (e.g., Graves et al., 1992; Gold
etal., 1997). However, exceptions are common (e.g., Johnson et al., 1993; Hutchinson
et al.,, 2001; Gold et al., 2002a). Genetic population structure in marine organ-
isms requires biotic or abiotic mechanisms that result in isolation among
population subdivisions. Gold et al. (1999) suggested that structuring in estuarine-
dependent sciaenids might be explained by factors such as natal bay philopatry
or limited migration between neighboring bays. Among open-water spawners, such
as tarpon, population structure could be explained by spawning site fidelity (Ward
et al., 2002) or by long-term persistence of schools of closely related individuals that
are maintained by behavioral or oceanographic factors (Taylor and Hellberg, 2003).

Examinations of genetic variation in tarpon have, in general, suggested limited
population structuring. Blandon et al. (2002) examined variation in mtDNA across
the distribution of the species. African and Pacific of Panama tarpon exhibited
reduced haplotype diversity. Genetic divergence among sites in the western Atlantic
and Caribbean was minimal. Within the Gulf of Mexico, among-population genetic
divergence was higher, though lacking consistent geographic patterns. Garcia de
Leén et al. (2002) used allozymes and restriction fragment length polymorphisms
of the 125 rRNA mtDNA gene to examine variation in the western Gulf of Mexico.
A distinct break was found in allele and haplotype frequency distributions between
the upper and lower coasts of Texas. Ward et al. (2005) used direct sequencing to
examine variation in a 12S rRNA mtDNA fragment among tarpon from the Gulf
of Mexico and Chetumal, Mexico in the western Caribbean. Samples from the
Gulf of Mexico were found to be distinct from all other samples. McMillan-Jackson
et al. (2005) examined allozymes and mitochondrial DNA (mtDNA) variation in
tarpon from the Atlantic and Caribbean. African tarpon were found to be geneti-
cally depauperate and showed little evidence of genetic exchange with other Atlantic
populations. Subtle population structuring was evident in the western Atlantic
and Caribbean, where Costa Rica and Florida tarpon showed allele frequency
differentiation.

The present study describes the genetic variation across the distribution of tar-
pon by examining a set of highly polymorphic microsatellite DNA markers (Blandon
et al., 2003). Microsatellites facilitate detection of subtle population structuring in
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marine organisms (e.g., Nielsen et al., 2003; Shaw et al., 1999a) and may help resolve
differences noted in earlier tarpon studies of population genetics.

This study is one of a series initiated in response to proposals by the Enhance-
ment Branch of Texas Parks and Wildlife Department (TPWD) to utilize artifi-
cial culturing techniques to produce juvenile tarpon for stocking in Texas’ marine
waters. Marine stockings have been controversial for ecological and genetic reasons
(Richards and Edwards, 1986; Grimes, 1998). To be justified, enhancement efforts
must be designed to protect the ecological integrity of stocked ecosystems and the
genetic integrity of enhanced populations. The data provided by this and earlier
studies are intended to provide a scientific basis for broodfish procurement, brood-
fish management, and stocking site choices.

METHODS

COLLECTIONS

All samples were obtained legally according to the laws and regulations of the vari-
ous countries. Collection localities are shown in Figure 10.1. Tarpon were sampled
during routine resource monitoring by TPWD, Puerto Rico Department of Natural
Resources, and Nigerian Institute for Oceanography and Marine Research crews.
Other samples were collected by fishermen and guides, including participants in
tournaments at Veracruz, Tecolutla, and Tampico in Mexico, in Louisiana, and on
Florida’s west coast. Tarpon were also sampled at fish markets in Mexico, Columbia,
and Brazil. Additional tarpon were collected from angler catches on the Caribbean
coast of Costa Rica and from the Pacific Ocean off Panama. A majority of samples
were from subadult and adult individuals, though some juveniles were included.
Most samples consisted of single scales, allowing release of individuals taken in
catch-and-release recreational fisheries. Scales were placed in 70% ethanol, stored
at 4°C for a minimum of 24 h, and then transported to the TPWD research station
near Palacios, Texas.

FIGURE 10.1 Collection sites for tarpon included in study of microsatellite variation. Col-
lection site labels are defined in Table 10.1.
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ISOLATION AND CHARACTERIZATION OF MICROSATELLITES

Genomic DNA was extracted using the Puregene® kit and protocols (Gentra Systems,
Minneapolis, MN). Scales of a single individual from the south coast of Texas were
used to develop a genomic DNA library prepared following methods described by
Estoup and Turgeon (1996). Construction and screening of the library is described
by Blandon et al. (2003).

Preliminary assessment of variability and reliability involved screening a mini-
mum of 25 individuals, each from Texas and North Carolina, by PCR amplification
of each microsatellite locus (primer sequences provided in Blandon et al., 2003)
using Ready-To-Go™ Beads (Amersham Pharmacia Biotech, Inc., Piscataway, NJ),
to which were added approximately 100 ng of template in a 25-pL reaction volume.
Amplification was carried out using a GeneAmp® PCR System 2400 (Applied Bio-
systems, Foster City, CA). The amplification protocol used was: 93°C (1 min), 54°C
(2 min), 71°C (2 min) repeated for 40 cycles. An extension period of 7 min at 71°C
followed the final cycle. PCR products were separated on 10% polyacrylamide gels
and visualized by ethidium bromide (0.5 pg/mL in 1X TBE buffer for 20 min).
Alleles were scored through comparisons with internal standards.

STATISTICAL ANALYSES

Summary statistics for mean number of alleles per locus, average heterozygosily, and
unbiased genetic diversity (Nei, 1987) were generated using ARLEQUIN version 2.0
software (Schneider et al., 1999). Genotypic frequencies at each locus were tested
for deviation from Hardy—Weinberg expectations using exact tests performed with
Markov-chain randomization (Guo and Thompson, 1992). Probability values (P) for
Hardy—Weinberg tests at each locus within each collection site were estimated by
permutation with 100,000 resamplings (Manly, 1991). Sequential Bonferroni correc-
tions (Rice, 1989) were used to adjust significance levels for simultaneous inferential
tests in this and other comparisons. Genotypic equilibrium between pairs of loci
was used to assess linkage. Exact tests implemented using the statistical program
GENEPOP (Raymond and Rousset, 1995) were used to determine significance of
probability values.

Homogeneity of allele distributions at each locus was examined using exact
tests performed in GENEPOP. Permutation with 1000 resamplings per individual
comparison was used to test for significance of exact tests. Levels of population
subdivision were quantified by estimation of Weir and Cockerham’s (1984) 6, com-
puted using the statistical package ARLEQUIN (Excoffier et al., 1992), with 1000
random permutations.

The Cavalli-Sforza and Edwards’ chord distance (D.; Cavalli-Sforza and
Edwards, 1967) was used to reconstruct phylogenetic relationships among sampling
sites. Estimations of D, were obtained using the statistical package GENETIX
version 4.04 (Belkhir et al., 2003). Takezaki and Nei (1996) found D. to be a
better estimate of genetic divergence than measures based on the step-wise muta-
tion model. A phenogram was generated from the chord-distance matrix with the
neighbor-joining (N-J) algorithm. The N-J phenogram, with bootstrap estimates
(as percentage of 10,000 replications) obtained by resampling loci within samples,
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was generated with the statistical program NJBPOP (Cornuet et al., 1999). Boot-
strapped confidence values of branches were generated by resampling loci within
samples and are reported as percentages of 10,000 replications. Multidimensional
scaling (MDS) was used to search for biologically meaningful patterns in the dis-
tance matrix (Pritchard et al., 2000). Analysis of the chord distance matrix was per-
formed using the PROC MDS program contained in SAS (SAS Institute Inc., 1999).
The relationship between genetic distances, as estimated by D . (Cavalli-Sforza and
Edwards, 1967), and geographic distance (measured from the approximate center
of the collection region) was explored using the Mantel test routine contained in the
program Tools for Population Genetic Analyses, version 1.3 (Miller, 1997). This
program performs 999 permutations of rows and columns to obtain an estimate of
how often the Z-score from the original data is matched or exceeded by the per-
muted matrices.

An assignment test that utilizes the likelihood-based method (see discussion in
Hansen et al., 2001) in the program GENECLASS (Cornuet et al., 1999) was used
to examine the utility of individual genotype as a predictor of population affinity
and to screen each collection locality for possible dispersers from other sample sites.
Log-likelihood estimates were obtained using ARLEQUIN version 2.0 (Schneider
et al., 1999). As a follow-up analysis, collections suggested by the MDS analysis to
be components of a central panmictic population were combined and compared with
collections interpreted as peripheral (i.e., those from the Pacific of Panama, Africa,
and Costa Rica).

RESULTS

A total of 328 tarpon from 15 sampling localities were included in the study
(Figure 10.1). Sample size ranged from N = 9 from Brazil to N = 39 on the upper
Texas coast.

Fifteen polymorphic microsatellite loci were identified following construction
and screening of the genomic library; of these, 6 were chosen for inclusion in the
current study on the basis of consistent amplification, informative allele frequencies,
and ease of interpretation. Two GT repeats (Mat04 and Mat08) and 2 CA repeats
(Mat03 and Matl6) were included in the study along with Mat22, a TCTA tetra-
nucleotide repeat, and Matl1, a compound microsatellite combining a GACA tetra-
nucleotide repeat with a dinucleotide GT repeat. Genebank accession numbers and
other details may be found in Blandon et al. (2003).

WITHIN-POPULATION DIVERSITY

Measures of genetic diversity are presented in Table 10.1. The mean number of
alleles per locus ranged from 3.3 among Chetumal, Costa Rica, and Brazil tarpon
to 5.7 in tarpon from the Texas upper coast. Observed heterozygosity values ranged
from H, = 0.36 off Puerto Rico to H, = 0.56 off Brazil. Within-population
genetic diversity values ranged from H; = 0.31 for Costa Rica to H; = 0.50 for the
Pacific of Panama. Other peripheral populations from North Carolina (Hy = 0.47)
and Africa (Hy = 0.37) exhibited moderate to relatively high genetic diversity.
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TABLE 10.1
Within-Population Variation at 6 Microsatellite Loci for 15 Locations
Where Tarpon Were Collected

Location N N atets H, Hg
Veracruz, Mx (Ve) 31 4.50 0.44 (0.11) 0.45 (0.27)
Tecolutla, Mx (Te) 15 3.83 0.43 (0.09) 0.45(0.28)
Tampico, Mx (Ta) 20 4.67 0.46 (0.13) 0.37 (0.23)
Texas low (TL) 22 5.50 0.38 (0.10) 0.40 (0.25)
Texas up (TU) 39 5.67 0.48 (0.10) 0.49 (0.29)
Louisiana (LA) 24 3.67 0.41 (0.11) 0.37 (0.23)
Florida, Gulf (FL) 20 3.50 0.48 (0.11) 0.49 (0.29)
North Carolina (NC) 25 4.17 0.51 (0.10) 0.47 (0.28)
Puerto Rico (PR) 32 4.00 0.36 (0.12) 0.35(0.22)
Chetumal, Mx (Ch) 19 3.33 0.55 (0.11) 0.47 (0.28)
Costa Rica (CR) 17 3.33 0.40 (0.13) 0.31(0.21)
Columbia (Co) 16 3.50 0.40 (0.08) 0.44 (0.27)
Brazil (Br) 9 3.33 0.56 (0.13) 0.42 (0.27)
Africa (Af) 16 4.17 0.43 (0.14) 0.37 (0.23)
Panama Pacific (Pa) 23 4.17 0.49 (0.07) 0.50 (0.30)
Total 328

Note: N = the number of tarpon included per sample. N, = the mean number of alleles per
locus. H, = mean observed heterozygosity. H; = Nei’s unbiased gene diversity across all
loci. Standard errors are in parentheses. Abbreviations for sampling sites are in parentheses
under population.

Of the 96 site/locus comparisons, 2 (locus Mat04 on the Texas lower coast and locus
Mat08 off Florida) were not found to be in Hardy—Weinberg equilibrium follow-
ing Bonferroni correction. In both instances these samples exhibited heterozygote
deficiencies. In the absence of the Bonferroni correction, 17 site/locus comparisons
approached or reached significance at @ = 0.05. Of these, 16 exhibited heterozygote
deficiencies. Tests for genotypic equilibrium within collection localities were non-
significant following Bonferroni adjustment except loci Mat03 and Mat04 for the
Veracruz sample.

AMONG-POPULATION DIVERGENCE

In the exact tests of allele frequency distributions, five microsatellite loci (all except
Mat03) exhibited significant heterogeneity among sampling localities (Table 10.2).
Values of 6 ranged from 0.003 for Mat03 to 0.098 for Matl1. All loci except Mat03
had 8s significantly different from 0 when compared with adjusted levels of alpha
(@ = 0.008). Across all loci, the combined § = 0.038. The N-J tree depicting
relationships based on the Cavalli-Sforza and Edwards chord distance matrix
(Table 10.3) provided some suggestion of geographically congruous population
structure (Figure 10.2). The two southern samples (Brazil and Africa) were found
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TABLE 10.2

Results of Tests for Homogeneity in Allele Distributions and
Estimates of Population Structure among Geographic
Samples of Tarpon (Megalops atlanticus)

Locus Pocr 0 P

Mat03 0.723 0.003 0.451

Mat04 <0.0001 0.043 <0.001*
Mat08 <0.0001 0.052 <0.001*
Matl1 <0.0001 0.098 <0.001*
Matl6 <0.0001 0.037 <0.001*
Mat22 <0.0001 0.018 <0.001*

Note: P, = probability of allele frequency homogeneity across collection

localities based on exact test.
6 = estimated population subdivision (Weir and Cockerham, 1984).
P = probability 6 = 0.

4 Significant at adjusted a-level (e< = 0.009).

to be genetically divergent, as were samples from Panama, Costa Rica, and Florida.
Other samples clustered relatively tightly, especially in the Caribbean and the Gulf
of Mexico, with little indication of the east-west differentiation noted by Garcia de
Leon et al. (2002) or by Ward et al. (2005). Bootjack support was less than 50% at
all nodes.

Multidimensional scaling of the Cavalli-Sforza and Edwards chord distance
matrix (Figure 10.3) revealed a tight grouping of most localities in dimension 1. Only
Florida and Costa Rica were differentiated on this dimension. The second dimen-
sion distinguished the Pacific of Panama sample in one direction and the African
sample in the opposite. The African tarpon sample was most closely related to those
from Brazil. All other localities formed a relatively tight cluster centrally along both
dimensions.

The Mantel test estimated the correlation between the genetic distance
matrix (D) and a matrix of geographic distances to be r = 0.28. The genetic
distance matrix and the geographic distance matrix are significantly correlated
(the permutation test found a p = 0.135 of obtaining a Z-value greater than or equal
to the original data).

Correct assignment of individuals to source populations ranged from 6.5%
among Veracruz fish to 62.5% among African tarpon (Table 10.4) with an a priori
probability of correct assignment of 6.67%. In every population except Veracruz and
the lower Texas coast, the largest single group was correctly assigned to their source
population. Misassigned individuals were usually not placed with geographically
adjacent samples. Collection sites that are not believed to have substantial permanent
tarpon populations (e.g., Texas, Louisiana, and North Carolina) have relatively low
correct assignment values, supporting the hypothesis that tarpon in these samples
may be migrants from other regions.
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FIGURE 10.2 Unrooted neighbor-joining tree depicting structure found for 16 collections
of tarpon using pairwise Cavalli-Sforza and Edwards chord distance matrix for 16 collections
of tarpon. Bootstrap support for all nodes were below 50%. Collection site labels are defined
in Table 10.1. Puerto Rican samples are labeled “PW” for Puerto Rico west and “PE” for
Puerto Rico east.
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FIGURE 10.3 Plot of the first two dimensions of the multidimensional scaling analysis of
genetic affinity among 16 tarpon collecting localities.

Combining sites identified by the MDS analysis as components of a central
panmictic cluster produced markedly improved percentage correct assignment
(Table 10.5). Individuals from the central sites were correctly assigned 52.9% of the
time and correct assignment for the peripheral collection sites ranged from 75.0%
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TABLE 10.5
Assignment Test—Allele Frequencies for 12 Central
Collection Sites Are Combined

Assigned from

to Central Pa FI Af CR
Central 128 1 2 1 1
Pa 38 20 1 0 1
Fl 33 1 17 1 0
Af 22 0 0 12 0
CR 21 1 0 2 13
%C 52.9 87.0 85 75.0 86.7

Note: %C = percentage correctly assigned.

(for Africa) to 87.0% (Panama Pacific) with a 20% a priori probability of correct
assignment.

DISCUSSION

Over much of its distribution, the tarpon population is weakly subdivided. Only
on the periphery of the distribution do genetically distinguishable subpopulations
occur. The plot of the first two dimensions of the MDS analysis of the distance
(D) matrix demonstrates a clustering of most samples near the midpoints of both
dimensions. Exceptions are tarpon from the Pacific of Panama, the Gulf of Guinea
(Africa), Costa Rica, and Florida. Pacific Ocean tarpon represent a population estab-
lished since the opening of the Panama Canal in 1914. Measures of diversity for this
population are all above the median for the samples, and Hg among Pacific tarpon
is the highest observed for any collection site, suggesting that the number of tarpon
transiting the canal has been extensive. Despite the relatively high within-population
genetic diversity for Pacific tarpon, the divergence between these fish and tarpon in
the Caribbean is considerable as indicated by MDS and assignment test analyses.
Gene flow, though apparently extensive, did not prevent divergence. African tarpon
separate from all other collection sites on the MDS analysis. The nearest sample on
the MDS plot to Africa is Brazil, suggesting current or past gene flow between Afri-
can and South American populations. Transport of both larval and adult tarpon from
Brazil to the Gulf of Guinea would be facilitated by the north equatorial counter
current (The Cooperative Institute for Marine and Atmospheric Studies, University
of Miami, http://oceancurrents.rsmas.miami.edu/atlantic/north-equatorial-cc.html).
African tarpon were found to be genetically diverse, in contrast to studies utilizing
allozymes and mtDNA by McMillan-Jackson et al. (2005) and mtDNA by Blandon
et al. (2002), which found African samples to be nearly monomorphic. This may be
due to the limited sample size of the previous studies (N = 5 and N = 2, respec-
tively), or the microsatellite markers employed in the present study may resolve vari-
ability not detected by other genetic markers. The diversity value for the Costa Rican
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sample (H, = 0.31) was the lowest observed among all samples included in this study
and possibly reflects limited recruitment into the coastal habitat available at this
locale. Significant genetic divergence has been noted in similar situations (Planes
et al., 1998). The genetically distinct Florida sample is anomalous because it is
from a nonperipheral locality. This is in agreement with the findings of McMillan-
Jackson et al. (2005); however, Ward et al.’s (2005) analysis of 12S rRNA mtDNA
sequences found Florida tarpon clustered with those collected from Louisiana and
Texas, which is consistent with satellite PAT tagging data (Luo et al., Chapter 18,
this volume).

With some exceptions, tarpon occurring in the Gulf of Mexico, Caribbean Sea,
and western Atlantic Ocean are genetically similar, but some substructure is evi-
dent. Some level of population structure is necessary to explain the ability of the
assignment test to correctly classify individuals to collection localities with greater
than chance probabilities. Weak geographic differentiation based on resident sub-
adult tarpon may be explained by factors such as spawning-site fidelity or it may
simply represent ephemeral differences based on recruitment of genetically related
juveniles to nursery areas. Further studies focusing on juvenile populations sampled
among year-classes are required to make this distinction.

The current analysis failed to discern the population structure detected by pre-
vious studies in the western Gulf of Mexico (Garcia de Ledn et al., 2002; Blandon
et al., 2002; Ward et al., 2005). Different molecular markers may be more or less
efficient at detecting population structure (Neigel, 1994); however, microsatellites
have often shown superior ability to resolve population-level genetic structure (e.g.,
Shaw et al., 1999b; Gold et al., 2002b).

Several samples were not in Hardy—Weinberg equilibrium or approached non-
equilibrium. In each case but one deviation from Hardy—Weinberg expectations was
due to lower than expected levels of heterozygosity. Failure to meet Hardy—Weinberg
expectations due to reduced heterozygosity may be caused by a number of factors
including misscoring of heterozygous genotypes as homozygous, undetected null
alleles, inbreeding, negative heterosis, or samples composed of individuals drawn
from more than one population (Wahlund’s effect). The heterogeneous composition
of adult tarpon samples would explain the observed lower than expected heterozy-
gosity values.

In summary, microsatellite markers demonstrated within- and among-popula-
tion genetic variability in tarpon. Over most of its range, genetic differentiation was
subtle. Geographically isolated and peripheral populations were much more distinct.
Populations from Florida, the Pacific of Panama, the Gulf of Guinea, and Costa Rica
were genetically differentiated.

Proposals to culture and stock tarpon by various agencies must take two genetic
factors into account. First, population structure should be protected by stocking fish
that are genetically representative of local populations. Exotic alleles should not be
introduced by stocking efforts and local allele frequencies should not be disrupted.
Stocking should not be an anthropogenic source of gene flow. Second, an adequate
number of broodfish should be utilized to ensure that genetic diversity of the stock-
ing cohort approaches that of the natural population. Analysis of microsatellites, in
contrast to allozymes and mtDNA (Garcia de Le6n et al., 2002; Blandon et al., 2002),
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suggests that broodfish for enhancement programs in the Gulf of Mexico or northern
Caribbean may be safely obtained from any nonisolated tarpon population in this
region. Of greater concern are the relatively high levels of genetic diversity found in
the present study, in agreement with previous studies, suggesting that a large number
of broodfish must contribute to stocking cohorts to protect the genetic integrity of
enhanced populations.
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INTRODUCTION

In the realm of modern sportsmen, there is no animal so highly prized, yet so poorly
known, as the bonefish (Fernandez and Adams, 2004). Since the original description
by Linnaeus (1758), there have been many names applied to bonefishes by research
groups working in relative isolation in different parts of the globe. Ultimately there
were 23 named species of bonefish, but as communication improved over the last
century it became apparent that many of these names applied to the same species.
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By 1940, most bonefishes were synonymized into a single species, Albula vulpes
(Linnaeus 1758, reviewed in Whitehead, 1986). The exception, the rare and enigmatic
threadfin bonefish A. nemoptera, is quite morphologically distinct from the others
and has retained species status. This simplicity was shattered by Shaklee and Tamaru
(1981), who discovered two genetically distinct bonefishes in Hawaii, both clearly
different from the West Atlantic A. vulpes. Pfeiler (1996) subsequently demonstrated
a deep genetic partition between Caribbean and East Pacific bonefishes. The genetic
separation between the two Hawaiian forms indicates a 20 MY separation, while
the Caribbean—East Pacific divergence may be about 12 MY old. In addition,
A. nemoptera includes both West Atlantic and East Pacific populations that likely
have been separated by the Isthmus of Panama for at least 3.5 MY (Coates and
Obando, 1996).

The case of the two Hawaiian bonefishes illustrates one of the rules of taxonomic
nomenclature, wherein the earliest species name linked to a museum specimen is the
valid one. Since the discoveries of Shaklee and Tamaru (1981) and Pfeiler (1996),
taxonomists have been sorting through species names in old literature to discover the
proper nomenclature for Pacific bonefishes. One of these is A. glossodonta (Forsskal,
1775), which seems to have a stable nomenclature. The other Hawaiian form, labeled
A. neoguinaica (Valenciennes, 1847 in Cuvier and Valenciennes, 1847) for the past
25 years, was subsequently revised to A. forsteri (Bloch and Schneider, 1801) based
on the nomenclatural rule of precedence (Randall and Bauchot, 1999), and recently
revised to A. argentea (Forster in Bloch and Schneider, 1801; see Randall, 1995;
Hidaka et al., submitted).

By the dawn of the 20th century there were four recognized species of bonefish;
the widespread A. vulpes, the morphologically distinct A. nemoptera, and A. argen-
tea and A. glossodonta in Hawaii.

In the first mitochondrial DNA (mtDNA) survey of bonefishes, Colborn
et al. (2001) reported eight deep phylogenetic lineages based on cytochrome b gene
sequences. Hence, there may be as many as 10 bonefish species if the Atlantic and
Pacific A. nemoptera prove to be distinct species. The nomenclature of bonefishes
is currently in a state of revision, as some of the old names must be resurrected to
accommodate the recently confirmed species. In some cases it may prove that no
taxonomic names (and corresponding museum specimens) are available, and new
names and type specimens must be provided.

Bonefishes represent an evolutionary riddle because they are deeply divergent in
mtDNA and allozyme surveys, yet they are very similar (often indistinguishable) in
terms of morphology. Further, divergent species pairs overlap and occupy similar or
identical habitats. Evolutionary theory maintains that when similar species overlap,
either they will diverge in ecological traits, or one will out-compete the other to the
point of exclusion or even extinction. In contrast to this rule, bonefish species that are
millions of years apart can be caught in the same locations in Hawaii, Florida, Brazil,
and many other areas. It is possible that in sympatry (overlapping distributions),
these bonefish species occupy cryptic but distinct niches, as this aspect of bonefish
biology is understudied (Crabtree et al., 1998).

Linking the eight lineages, in Colborn et al. (2001), to taxonomic identities
is a work in progress. Three lineages correspond to the three recognized species



Resolving Evolutionary Lineages and Taxonomy of Bonefishes 149

(A. vulpes in the Atlantic, A. glossodonta and A. argentea in the Indo-Pacific).
Five additional lineages were provisionally labeled Albula sp. A, B, C, D, and E.
Albula sp. E was a special problem because fin clips were provided in a sample that
was predominately Albula sp. B from Brazil. Species E was highly divergent but
researchers lacked the morphological identity to address this further. Subsequent
mtDNA sequence analyses proved it to be a sister group to Pacific A. nemoptera
(Pfeiler et al., 2006; S.A.K., unpublished data).

PHYLOGENETICS

The phylogeny of Albula (Figure 11.1) is based on maximum likelihood divergence
estimates of new and previously published sequences of the mtDNA cytochrome b
gene. New samples were sequenced following Colborn et al. (2001). Haplotypes rep-
resentative of each species were obtained from GenBank. Most notably, we have

62 Albula sp. C

98 Albulasp. A

80
86 Albula vulpes
93
84 4100F Albula glossodonta
100
Albulasp.B

97 Albula argentea
100 I:{ Albula virgata?
Albula oligolepis?
(Albula sp. D)

Albula sp.E (Atlantic)

Albula nemoptera (Pacific)

98

0.05 Substitutions/site

FIGURE 11.1  Phylogenetic relationships of bonefishes based on maximum likelihood analysis
of mtDNA cytochrome b gene sequences. Numbers above nodes indicate bootstrap support.
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sequenced several individuals of A. nemoptera unavailable to Colborn et al. (2001),
including Pacific samples from El Salvador (N = 8) and Costa Rica (N = 14). For
these analyses, various models of evolution were tested using Modeltest (Posada and
Crandall, 1998), and Akaike Information Criterion (AIC; Akaike, 1974) indicated
that a TIM+G model (see Posada and Crandall, 1998) is most appropriate. A variety
of tree estimating methods (parsimony and distance), however, support the species
level relationships in Figure 11.1. The overall strong support for major nodes in the
phylogeny is indicated by consistently large bootstrap values.

Using the data from Colborn et al. (2001), and a molecular clock of about
1%/MY (based on mtDNA sequence divergence d = 0.04 between Atlantic and Pacific
A. nemoptera), divergence times among bonefish species are approximately 3-30 MY.
The deepest divergence is between the sympatric A. glossodonta and A. argentea,
with a mtDNA cytochrome b sequence divergence of d = 0.26—0.30, well above the
optimal range of resolution. This tree is in substantial agreement with Figures 1 and 2
in Pfeiler et al. (2006). All mtDNA trees for this group indicate sister relationships
between Albula sp. A and C in the eastern Pacific, Albula sp. D and A. argentea in
the Indo-Pacific, and A. vulpes and A. glossodonta in the Atlantic and Indo-Pacific,
respectively. The difficult lineage in previous analyses is Albula sp. E (now identified
as Atlantic A. nemoptera; Pfeiler et al., 2006), comprising a deep and poorly resolved
branch that has been alternately affiliated with Albula sp. B, Albula sp. D and
A. argentea, or sister to a cluster of five species (Colborn et al., 2001). The affiliation
with Albula sp. Dl/argentea is strongly supported by Pfeiler et al. (2006), but is
unresolved in the current analysis likely due to the lack of a suitable outgroup.

TAXONOMY AND DISTRIBUTION

A. ARGENTEA (FORSTER, 1801 IN BLOCH AND SCHNEIDER, 1801)

The longjaw bonefish occurs from the Indo-Malayan region to the Marquesas, with
an uncertain distribution in the Indian Ocean. Type locality is Tahiti. The Hawaiian
longjaw bonefish is recently described as a distinct species, A. virgatain an “argentea”
complex that encompasses three species (see below).

A. GLOSSODONTA (VALENCIENNES, 1847 IN CUVIER AND VALENCIENNES, 1847)

The shortjaw bonefish occurs from Hawaii and French Polynesia to the Seychelles in
the western Indian Ocean. Type locality is the Red Sea. There is shallow but signifi-
cant population structure between the Pacific and Indian Oceans (Colborn et al., 2001),
and between Hawaii and the Line Islands (Friedlander et al., Chapter 2, this volume).

A. oLIGOLEPIS (HIDAKA ET AL., SUBMITTED)

The smallscale bonefish is distributed from the Coral Sea to South Africa, with a
type locality in the latter location. As noted by Hidaka et al. (submitted), this mem-
ber of the “argentea” complex is almost certainly the undescribed Albula sp. D in
Colborn et al. (2001).
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A. NEMOPTERA (FOWLER, 1911)

The threadfin bonefish was formerly in the genus Dixonina (Fowler, 1911), subsequently
placed in synonymy with Albula by Rivas and Warlen (1967). Recent mtDNA data
support this synonymy, locating A. nemoptera within the phylogenetic tree for Albula
(Pfeiler et al., 2006). This species occurs in the tropical western Atlantic and eastern
Pacific and in deeper water than the typical habitat of Albula species (Smith and
Crabtree, 2002). Anecdotal evidence and the capture location of some museum speci-
mens indicate an association with river outflows. A. nemoptera may eventually be split
into Atlantic and Pacific species, pending the outcome of ongoing investigations. The
biogeography and genetics support this taxonomic distinction, with a minimum sepa-
ration of about 3.5 million years, and d = 0.04 sequence divergence in cytochrome b
gene sequences. Inthis case, the Atlantic form (i.e., Albula sp. E) would retain the name
A. nemoptera (type locality Dominican Republic), and the name A. pacifica (shafted
bonefish) is available for the East Pacific form (Beebe, 1942, Pfeiler et al., 2006).

A. VIRGATA (JORDAN AND JORDAN, 1922)

The endemic Hawaiian longjaw bonefish is known locally as the 'O’io.
It is morphologically distinct from A. argentea (Hidaka et al., submitted) and has dark
longitudinal lines not observed in other species (Jordan and Jordan, 1922). There is
provisional molecular support for a distinct Hawaiian clade. With the exception of a
single specimen, all Hawaiian individuals comprise a monophyletic mtDNA lineage
distinct from West Pacific specimens by d = 0.03—0.04 (Colborn et al., 2001).

A. vULPES (LINNAEUS, 1758)

The bonefish occurs in the tropical and subtropical northwest Atlantic. Genetic surveys
have detected it only in the Caribbean (Pfeiler, 1996; Colborn et al., 2001). Thus, the
species once believed to be global in scope (Briggs, 1960; Alexander, 1961), now has
one of the most restricted distributions among bonefishes. No type locality exists, but
Eschmeyer (1998) suggests that the type location may have been the Bahamas.

ALBUILA sP. A (UNDESCRIBED)

The Cortez bonefish (Nelson et al., 2004) occurs in the Gulf of California and
southern California, but the limits to this distribution are unknown. Notably, it is
sister taxon to the eastern Pacific bonefish (Albula sp. C; Figure 11.1) that occurs
to the south along the same coastline (sequence divergence d = 0.06—0.07). To our
knowledge there is no scientific name available for this species.

ALBULA SP. B (UNDESCRIBED)

The big-eye bonefish was first reported by sportsmen around the Florida peninsula.
It occurs as an adult in deeper water than the common A. vulpes, and has a
slightly larger eye and distinct dentition. Apart from these features, it is difficult
to distinguish from the sympatric A. vulpes. However, they are deeply divergent in
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mtDNA assays (d = 0.12-0.14). The species range in the western Atlantic includes
subtropical United States, the Caribbean Sea, and subtropical Brazil. It is uncertain
whether this range is continuous. A divergent population (d = 0.01-0.02) occurs in
the Gulf of Guinea, eastern tropical Atlantic. The big-eye bonefish has been dubbed
A. garcia, in honor of Jerry Garcia, the deceased guitar player for the musical group
the “Grateful Dead,” but no formal description exists. The name A. goreensis (Cuvier
and Valenciennes, 1847; type locality Senegal) may be available for this species
(J. Shaklee, personal communication in Randall, 1995).

ALBULA sP. C (UNDESCRIBED)

The eastern Pacific bonefish occurs from Pacific Panama to southern Mexico (E.P.,
unpublished), but the geographic limits of its range are unknown (Pfeiler et al.,
2002). The name A. esuncula (Garman, 1899; type locality, Acapulco) is available
for this species.

ALBULA sP. D (UNDESCRIBED)

This species is probably A. oligolepis described in Hidaka et al. (submitted). The
corresponding mtDNA lineage was detected from the Coral Sea to South Africa,
with strong population structure across this range (Colborn et al., 2001). This is a
sister lineage to A. argentea/A. virgata in the mtDNA phylogeny (d = 0.08-0.13).

ALBUILA sp. E (UNDESCRIBED)

This species likely is A. nemoptera, as noted above.

SUMMARY

While sportsmen and sportswomen may have been amused by the taxonomic circus
of the last century, we believe that the parade of nomenclatural extremes has ended.
A second round of proliferation (sundering a single species into several) is unlikely.
Likewise, synonymizing these species is unlikely given the deep mtDNA divergences
among them, indicating ancient evolutionary separations. Additional species may
await discovery in the underexplored regions of the planet, and there will be addi-
tional population-level subdivisions, especially for those species with broad geo-
graphic distributions. We feel that it is important, however, to guard against future
application of a geopolitical species concept (Karl and Bowen, 1999) made worse
by invalid or outdated nomenclature. At this junction we need formal descriptions
of each evolutionary lineage, with type localities and neotypes where necessary.
Subsequently the species identifications for bonefishes should be validated with
mtDNA cytochrome b gene sequences, in view of the many junior synonyms and
misidentifications in the scientific literature. This will prevent confusion and anchor
future efforts to a robust phylogenetic framework.
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INTRODUCTION

Despite the importance of bonefish (Albula spp.) fisheries, relatively little is known
about the biology and ecology of most bonefish species. This is particularly true of
early life history stages of bonefish, including both larval and early juvenile stages.
Early life stages are often of critical importance to fish populations. The larval
stage is when dispersal occurs over the greatest distances, connecting populations
that may otherwise be separated by barriers to juvenile or adult movements. Larval
and early juvenile stages are also the ones in which mortality rates are greatest and
can vary considerably in response to a variety of environmental, biological, and
anthropogenic influences (Chambers and Trippel, 1997). Physical transport of larvae
by ocean currents, larval behavior, varying environmental conditions that affect
larval growth, trophic interactions that affect larval survival, and both quantitative
and qualitative differences in settlement and nursery habitats can cause larval influx
to vary (reviewed by Cowen, 2002; Leis and McCormick, 2002).
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While humans may be able to influence some of these factors affecting larval
survival and the availability of high-quality settlement habitat, many of these
processes are beyond our ability to control. Nevertheless, effective management of
fish stocks must account for spatial and temporal variability in the supply of larvae
and the recruitment of individual juveniles into the population since variability
in the level of recruitment can influence fishery productivity and sustainability
in subsequent years. Variability in the number of larvae migrating onshore and
recruiting to the population can have a significant influence on the size, structure,
and distribution of fish populations. A particularly large number of recruits into an
areain a given year may result in year classes that dominate the population for several
years (e.g., Rothschild, 1986; Doherty and Fowler, 1994; Russ et al., 1996). Under
these circumstances, a single recruitment year or even a single recruitment event
may be responsible for supporting fisheries and population reproductive outputs in
subsequent years. Similarly, differences in the number of recruits between locations
may have a significant impact on catches of fish from those locations in subsequent
years (e.g., Doherty and Fowler, 1994).

Few studies exist on the early life history of bonefishes (Albula spp.). Like
eels, tarpon, and ladyfish, bonefish have a leptocephalus larval stage. The research
presented in Chapter 13 shows the progress that has been made in understanding
bonefish leptocephalus biology and physiological ecology. Nevertheless, we still have
much to learn about larval behavior in the field, the biological and environmental
factors that influence larval transport, and how these factors influence bonefish
populations. This chapter is intended to provide a brief overview of bonefish larval
ecology and population recruitment. Updated information on the physical processes
that influence the supply of larvae to nearshore nursery habitats is also presented.
The significance of this information is discussed with respect to bonefish population
dynamics and management.

THE PLANKTONIC LARVAL DURATION OF BONEFISH

At present, only three studies are known to have assessed the time that larval bonefish
spend as plankton from hatching of eggs until late-stage larvae arrive in nearshore
settlement habitats (Pfeiler et al., 1988; Mojica et al., 1995; Friedlander et al.,
Chapter 2, this volume). In these studies, ages were determined from late-stage
larvae captured prior to settlement using large neuston nets fished in channels or
other areas where nearshore settlement occurs (see Shenker et al., 1993 for descrip-
tion of an effective net design). Following capture, age of larvae was calculated by
counting daily growth rings on otoliths.

The planktonic larval duration calculated for bonefish is long compared to
many tropical marine fish species, but the estimated age at settlement appears to
vary somewhat between locations or bonefish species. Albula sp. from the Gulf of
California is believed to have a larval duration of between 6 and 7 months (Pfeiler
et al., 1988). In contrast, bonefish larvae from the Bahamas (presumed to be Albula
vulpes) had moved onshore at ages ranging from 41 to 71 days with a mean of 56 days
(Mojica et al., 1995). A recent study of A. glossodonta larvae from Palmyra Atoll
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in the Pacific have almost identical planktonic larval durations to A. vulpes in the
Bahamas, with ages of collection from nearshore areas ranging from 48 to 72 days
and a mean of 57.2 days (Friedlander et al., Chapter 2, this volume).

Despite the seemingly high similarity between the planktonic larval duration
between A. vulpes from the Bahamas and A. glossodonta from Palmyra Atoll, half
way around the world, we should not assume that other bonefish species follow this
same pattern. For example, Albula sp. collected from the Gulf of California appear
to spend more than twice as long in the plankton. Further studies of A. glossodonta
and A. vulpes from other locations and studies of other bonefish species for which
we have no information on larval durations is necessary to determine how these
patterns may vary. It is also noteworthy that the range in age of individuals varies
up to a month in each study. Such high variability in the planktonic larval duration
is significant and may indicate that bonefish are capable of delaying metamorphosis
and remaining in the plankton longer under certain conditions. Plasticity in the dura-
tion of the larval stage may provide individuals with a greater probability of reaching
favorable settlement habitats.

The duration that larvae remain in the plankton may influence the distance that
larvae are capable of being transported and how populations are connected. Fac-
tors such as currents and larval behavior may also influence connectivity; however,
reducing the actual distances that populations are effectively connected (reviewed
by Cowen, 2002). The duration of the planktonic period of marine species may also
have a significant impact on the degree to which populations fluctuate (Eckert, 2003).
Gaining a better understanding of the larval durations for all of the eight potential
bonefish species (Colborn et al., 2001), and how planktonic larval durations may
vary for these species will improve our understanding of how populations are con-
nected and determining management units for bonefish stocks.

TIMING OF ONSHORE LARVAL MIGRATIONS AND SETTLEMENT

Bonefish larvae show distinct annual, monthly, and daily patterns in the timing of
larval settlement. While only a handful of studies have addressed these issues for
just two to three species of bonefish, they provide a foundation on which to build.
These studies examine the processes that influence larval influx on several spatial
and temporal time scales.

Annual variability in the influx of late-stage bonefish larvae and their settlement
into juvenile nursery areas is based on both the planktonic larval duration (discussed
above) and the timing of spawning. Although bonefish spawning has never been doc-
umented in the scientific literature, the timing of spawning events can be inferred
from examination of bonefish gonads. Anecdotal reports from fishermen can also be
useful in estimating spawning times. In the Florida Keys, A. vulpes spawning times
estimated from gonadal development extend over a 7-month period from Novem-
ber to May (Crabtree et al., 1997). In the Gulf of California, examination of gonads
from Albula sp. suggests that spawning occurs in the late spring and early summer.
Traditional knowledge of bonefish from Kirimati Atoll in Pacific indicates that they
may spawn year-round at monthly intervals during the full moon (Friedlander et al.,
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Chapter 2, this volume). Based on these estimates of spawning times and the reported
planktonic durations of these species, we would expect to see peak annual settle-
ment or population recruitment for A. vulpes to occur from December through June
in the Florida Keys. For Albula sp. in the Gulf of California, peak settlement would
be expected to occur in the late autumn and into the winter. Kirimati Atoll bonefish
recruitment would be expected to occur throughout the year.

Studies actually measuring settlement rates throughout the year have rarely been
conducted for any fish species, but periodic sampling can provide an indication of
when peak settlement may occur. In an early study of bonefish, Alexander (1961)
found that bonefish larvae were most commonly caught from November through
April in the West Indies; however, some larvae were also caught during August.
Annual winter channel net sampling of late-stage bonefish larvae at Lee Stocking
Island, Bahamas, from the winter of 1990/91 to the winter of 2003/04 resulted in
bonefish larvae being caught throughout the December through March sampling
periods (Mojica et al., 1995; Dahlgren, unpublished data; see the section on physical
processes and bonefish larval influx for presentation of some of these data). Bonefish
larvae were also commonly caught in channel nets fished during the summer (June—
September, 1992) at the same location, with over 76% of the 1112 bonefish samples
taken during the first 12 days of the sampling period beginning in late June (Thorrold
et al., 1994; Mojica et al., 1995). All of these studies are in general agreement with
the calculated peak of larval ingress based on estimates of peak spawning times and
planktonic larval durations. The few fish captured outside the expected recruitment
window (Alexander, 1961; Thorrold et al., 1994) may result from long-distance
transport from locations where spawning occurs at different times or may reflect
variable in planktonic larval durations allowing for delayed recruitment. Since
genetic analyses were not conducted on these fish, there is the possibility that these
fish were different bonefish species that spawn at different times.

Sampling for Albula sp. leptocephali in the Florida Keys show low recruitment
compared to the Bahamas and other locations. For example, sampling by Harnden
et al. (1999) using two channel nets in Hawk Channel near Long Key in 1993 over
160 nights throughout the year yielded nearly 35,000 larval fishes, but only six Albula
sp. leptocephali were collected. All six bonefish larvae were captured during summer
months. Monthly sampling using channel nets in the Key West National Wildlife Ref-
uge from May to November 1999 yielded no bonefish larvae (Dahlgren, unpublished
data). Similarly, towed plankton net sampling at several locations in the upper Florida
Keys from July through September 2000 did not yield any bonefish larvae (Sponaugle
et al., 2003). Periodic seine netting along beaches throughout the Florida Keys from
November 2003 to August 2005, however, yielded occasional leptocephalus larvae from
November through May (although the presence of bonefish larvae in monthly samples
varied between years), but none were collected during summer months (Adams et al.,
Chapter 15, this volume). The near absence of bonefish larvae from these samples may
be indicative of low recruitment to the Florida Keys or the result of these studies not
effectively targeting peak settlement months or settlement areas.

In the Pacific, Friedlander et al. (2004) reported capturing A. glossodonta
leptocephalus larvae within channels entering Palmyra Atoll’s lagoon in March and
August, but not in November 2003. This suggests some seasonality to recruitment
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for this species, but observed patterns may also be an artifact of few sampling times
and low bonefish catch rates (e.g., maximum daily capture in channel nets was only
three individuals on Palmyra as opposed to several hundred in Bahamian channel
net samples).

During periods of larval influx, the number of bonefish larvae moving onshore
varies considerably between days and is even based on the time of day (e.g., Mojica
et al., 1995). This may be attributed to variable environmental factors and behav-
ioral responses to them. Onshore migrations present bonefish larvae with a suite of
new challenges associated with their new environment. Late-stage larvae move from
a relatively stable offshore ocean environment lacking much physical structure, to
a coastal inshore one subject to greater physical heterogeneity and environmental
variability, as well as a new suite of predators. Furthermore, bonefish larvae are
also going through morphological and physiological transformations described in
Chapter 13. Bonefish larvae have several adaptations that are expected to improve
the likelihood of survival through this critical transition.

The first challenge facing bonefish larvae is physically moving from the offshore
environment where they develop through various leptocephalus larval stages to
the nearshore habitats where they develop into juveniles and then adults. Bonefish
larvae, however, are probably not strong swimmers as evident in nearly all of the
larvae that are captured in channel nets becoming impinged on the side of the net by
the force of the water current and dying (as opposed to other species of leptocephali;
C. Dahlgren, personal observation). Thus it is likely that they rely on currents to
assist with their onshore transport.

Tidal currents in particular have been shown to influence the timing of settle-
ment (reviewed in Cowen, 2002). In the Bahamas, for example, larvae of almost all
fish taxa, including bonefish, are captured in channel nets primarily at night and dur-
ing incoming tides (Shenker et al., 1993; Thorrold et al., 1994). Similarly, flood tides
also bring Albula sp. larvae into estuaries in the Gulf of California (Pfeiler, 1984).
By timing onshore migrations with tidal cycles, bonefish may improve their chances
of reaching shallow water juvenile habitats.

As they move onshore, bonefish larvae must also avoid the gauntlet of predators
associated with coral reefs and other nearshore habitats. To facilitate survival at
this time, bonefish have adaptations to avoid detection by predators, such as hav-
ing a transparent body that is difficult for visual predators to detect. The timing of
onshore migrations may also be an adaptation to avoid predators. Many late stage
larval fish, including bonefish move onshore at night and at the surface of the water
(e.g., Shenker et al., 1993; Thorrold et al., 1994). In the Bahamas, 98% of bonefish
leptocephalus larvae collected in passes between oceanic environments and near-
shore habitats occurred at night (Shenker et al., 1993). In the Gulf of California,
nighttime influx of larvae to estuaries was also noted (Pfeiler, 1984). Moreover, 90%
of bonefish larvae in the Bahamas were collected in the upper 1 m of the water
column (Thorrold et al., 1994, Mojica et al., 1995). Nighttime onshore migrations
in surface waters may reduce the risk of detection by visual predators that are most
active during the day and live in association with benthic structure.

The timing of settlement within the monthly lunar cycle reflects a similar
predator avoidance strategy. Mojica et al. (1995) found bonefish larval influx to be



160 Biology and Management of the World Tarpon and Bonefish Fisheries

correlated with the period of flood tide under moonless conditions (i.e., the amount
of time that the tide was incoming after sunset and before the moon rose or after the
moon set and before sunrise), which varied from O to 7 h each night. The majority
of recruitment occurred on nights with more than 4 h of dark flood tide (Mojica
et al., 1995).

BEHAVIORAL ADAPTATIONS OF BONEFISH LARVAE

The discussion so far has focused on the influence that lunar periodicity, tidal
currents, and light levels have on the timing of bonefish larval transport to nearshore
systems. For these factors to produce observed patterns of bonefish larval influx,
bonefish must be capable of detecting them and responding to them in a way that
affects their onshore transport. Using an example from the previous section, Mojica
et al. (1995) found larval influx to the Exuma Cays, Bahamas, to be greatest during
nights with more than 4 h of flood tide under moonless conditions. Plankton tows
in Exuma Sound, Bahamas, concurrent with channel net sampling in January and
February 1991, however, indicate that bonefish larvae were found from the shelf
edge up to 24 km out from shore providing a pool of bonefish larvae available for
recruitment throughout the sampling period (Drass, 1992). The abundance of bone-
fish larvae in nighttime flood tides under moonless conditions and the scarcity of
bonefish larvae in daytime or moonlit flood tides, despite the availability of larvae
offshore, suggests that larvae are actively positioning themselves for onshore migra-
tions in response to light levels.

Although bonefish larvae do not appear to be capable of swimming against
currents to maintain their horizontal position, Mojica et al. (1995) propose that active
vertical migrations may provide bonefish with a mechanism for timing onshore
migrations. Several studies have shown how fish larvae and other plankton can
migrate vertically to maintain their horizontal position or take advantage of favor-
able conditions for growth, survival, and directional movement (reviewed by Leis
and McCormick, 2002). Vertical migrations have not been documented for bonefish,
but findings of bonefish larvae concentrated in the upper meter of the water during
onshore migrations despite vertical distribution of earlier stage larvae to depths of
25-50 m (Drass, 1992) suggest that they change their vertical distribution as they
move onshore, similar to other zooplankton.

Other factors may serve also as cues to influence either the timing or location
of settlement (reviewed by Kingsford et al., 2002). Chemical cues or scents from
nursery habitats or conspecifics have been shown to influence settlement of a variety
of species (Sweatman, 1988; Atema et al., 2002). Other studies have shown that larvae
are capable of detecting sound (e.g., breaking waves) from nearshore settlement
areas and respond from distances of kilometers away (e.g., Tolimieri et al., 2000).
Biological noise from reefs also attracts and induces settlement-stage fishes to settle
at specific locations (Simpson et al., 2005). Since postsettlement mortality can be
high and may vary between habitats (e.g., Dahlgren and Eggleston, 2000, 2001), the
ability of fish to select high-quality habitats may be a great advantage over random
onshore transport or sampling different habitats to determine their suitability.
Remote detection of cues from settlement habitat may be particularly advantageous



Ecology of Bonefish during the Transition 161

when settlement habitat is rare or has a patchy distribution. Whether bonefish can
detect cues from suitable settlement habitats and how bonefish behavior influences
spatial and temporal settlement patterns are topics for further research.

PHYSICAL TRANSPORT PROCESSES AND BONEFISH
LARVAL INFLUX

Based on available evidence, the timing of the average peak in bonefish larval influx
is highly influenced by behavioral adaptations that allow bonefish to time their
onshore migration based on lunar periodicity. Nevertheless, much variability in the
number of bonefish larvae moving onshore on any given night cannot be accounted
for by these factors alone. Other environmental variability may play an important
role in determining bonefish larval influx.

Analysis of 4 years of wintertime channel net data from the Bahamas did not
reveal consistent effects of other potentially important environmental variables and
larval influx (Mojica et al., 1995). When significant correlations were occasionally
detected, they varied from year to year and were overshadowed by lunar periodic-
ity (Mojica et al., 1995). For example, cross-shelf winds were never correlated with
larval influx for bonefish and alongshore winds were significantly correlated with the
number of bonefish caught in channel nets nightly in only half of the years sampled,
and their affect was inconsistent. Northwest winds were correlated with peaks in
larval influx during 1991/92, and peaks in larval influx lagged 3 days behind winds
to the southeast the following year (Mojica et al., 1995).

Although Mojica et al. (1995) found no compelling evidence of the importance
of wind-driven transport, wind forcing has a significant influence on surface currents
in this system (Smith, 2004) and onshore wind events have been shown to impact
recruitment of Nassau grouper, Epinephelus striatus, which co-occur with bonefish
larvae in channel net samples in this system (e.g., Shenker et al., 1993). The apparently
conflicting or inconclusive results related to the importance of wind-driven transport
for bonefish may be the result of the strength of the lunar/tidal influence overpower-
ing the influence of wind-driven transport over short periods of time (<3 months
each year).

To gain a better understanding of how these processes affect bonefish transport
and how they vary over time, additional years of sampling are necessary. In this
section, we present new data from continued winter channel net sampling of bone-
fish leptocephalus larvae extending the 4-year period sampled by Mojica et al. (1995)
to encompass a period that spans 12 years from 1990/91 to 2001/02, with sampling
collected during 9 of those years (no sampling was conducted in the winter of
1998/1999, 1999/2000, and 2000/2001).

The methodology used to sample bonefish larvae is described by Shenker et al.
(1993) and Mojica et al. (1995). Briefly, channel nets measuring 2 m across by 1 m
deep with a mesh size of 2 mm were fished at the surface nightly from shortly before
sunset until shortly after sunrise during all years. Sampling dates varied somewhat
annually, but included at least two new moon periods each winter (Table 12.1). While
nets were fished at several stations, only those from two stations fished consistently
throughout the sampling period were included in analyses.
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TABLE 12.1
Channel Net Sampling Dates in the Lee Stocking Island, Bahamas Area
during the 1990/91-2001/02 Winter Sampling Seasons

Sampling Season Date Start Date End Days of Sampling
1990/91 December 19 February 21 64
1991/92 December 22 February 22 62
1992/93 December 13 February 24 73
1993/94 December 17 February 23 68
1994/95 December 19 April 2 104
1995/96 January 5 March 20 75
1996/97 December 29 March 11 72
1997/98 January 5 March 6 60
1998/99 No sampling

1999/2000

2000/1

2001/2 January 30 March 18 47

Each morning larval fish samples were collected from nets and all bonefish
leptocephalus larvae were identified and counted. All bonefish larvae included in
analyses were late stage larvae (late stage Phase 1 or early stage Phase 2; see Chapter
13 for details). For samples collected in the winter of 1994/95 through 2001/2, a
subsample of bonefish of different sizes were used in genetic analyses to positively
verify their identification as A. vulpes (C. Dahlgren, unpublished data). Since no
other species of bonefish were detected in subsamples, it is assumed that all bonefish
collected were A. vulpes and that observed differences in larval size were likely to be
due to the capture of fish at different stages of larval development (Chapter 13).

Correlations between the number of bonefish larvae recruiting nightly and
various environmental variables were analyzed throughout the sampling period
following the approach used by Mojica et al. (1995), which uses cross-correlations
between channel net time series and environmental variable time series. To remove
the effects of autocorrelations in time series datasets, auto regressive integrated
moving average (ARIMA) models were fit to the data and residuals from these
models were used in cross-correlation analyses between bonefish larval ingress
and environmental variables. Specific variables examined included lunar phase,
hours of flood tide under dark conditions, and the speed of both the cross-shelf
and alongshore component average nightly winds to account for the effects of any
wind-driven surface currents. Cross-shelf and alongshore component of wind was
calculated from nightly wind averages (speed and direction) at the weather station
on Lee Stocking Island, Bahamas.

Results of these analyses corroborate previous findings that the influx of bonefish
larvae is correlated with both lunar phase and the hours of flood tide under moonless
conditions each night (Figures 12.1 and 12.2; Table 12.2). Cross-correlation plots of
the relationship between the total numbers of bonefish larvae captured each night
and percentage of illumination of the moon (Figure 12.1B) and number of hours of



Ecology of Bonefish during the Transition 163

dark flood tide (Figure 12.2B) show the periodic nature of bonefish recruitment. For
example, there was a negative correlation between bonefish recruitment and lunar
phase (percent illumination) at a lag of =3 days (i.e., low recruitment during full
moon) and a positive correlation between recruitment and lunar phase with a lag
of 13—15 days (i.e., high recruitment during new moon; Figure 12.1B). Of the 9328
bonefish larvae captured during all sampling periods, 71.5% were caught on nights
in which the hours of flood tide under moonless conditions was greater than average
(2.83 h), and nearly half of bonefish caught (47.3%) were captured on nights in which
there were more than 4 h of flood tide under moonless conditions.

However, some results from this extended dataset differed from the previous analy-
sis of Mojica et al. (1995). When additional years were included in the analyses, there
was a change in the total contribution of wind-driven transport to the magnitude of
bonefish larval ingress (Table 12.2). The number of larvae collected was correlated with
the cross-shelf component of winds only during the night of sampling (Figure 12.3A)
when all years were included in the analysis, but no significant correlations were detected
between bonefish recruitment and the alongshore component of winds (Figure 12.3B).
For nights in which wind data were collected, more than 77% of bonefish captured in
nets were on nights in which there was an onshore component of winds and 65% of
bonefish sampled were collected on nights in which the onshore component of winds
was greater than the average onshore component of 1.65 km/h.

These findings suggest that, although the timing of larval influx may be
predominantly based on lunar and tidal periodicity, the magnitude of larval influx
is also influenced by wind-driven transport mechanisms. Although statistically
significant, the strength of correlations between larval influx and individual
environmental parameters are relatively low. The combination of favorable wind and
lunar period, however, can account for the majority of bonefish larval influx, despite
being only a small fraction of the whole sampling period. Of the 667 nights for
which we have data on larval bonefish catches, hours of dark flood tide, and winds,
there were only 174 (26%) in which greater-than-average hours of dark flood tide
occurred simultaneously with onshore winds, yet these nights accounted for 53% of
all bonefish caught during this period.

The importance of the combined affects of onshore winds and hours of dark flood
tide can be illustrated graphically using data from 1993/94 in Figure 12.4 showing
the number of larvae caught in channel nets as a function of the hours of dark flood
tide, cross-shelf winds, and a combination of the two. Every peak in larval influx
(e.g., nightly catches of more than 20 bonefish) during this sampling period occurred
during nights in which there were greater than average hours of dark flood tide. Five
of seven peaks in larval influx, including those of the greatest magnitude for both
January and February, occurred during nights of more than 4 h of dark flood tide.
Nevertheless, there were also nights of average or below average settlement during
nights with more than 2.5 or 4 h of dark flood tide. This suggests that other factors
must contribute to above average larval influx. When the influx of larvae is plotted
with the cross-shelf component of wind (Figure 12.4B), all but one peak in larval
influx occurred during nights in which winds were onshore. Nevertheless, there were
also several nights in which wind direction was onshore and recruitment was average
or below average.
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TABLE 12.2
Correlations between the Total Number of Bonefish Larvae Sampled Nightly
and Nightly Tidal and Wind Conditions

Factor Correlation Coefficient Chi-Square P Value
Lunar phase —-0.107 7.583 0.006
Hours of dark flood tide 0.105 7.44 0.006
Cross-shelf winds —-0.098 6.458 0.011
Alongshore winds —-0.062 2.542 0.111

Note: Statistics reported here are for direct correlations each night with no lag time (see cross-correlation
plots, Figures 12.1A and 12.2B for cases in which there were significant correlations involving
time lags) for data on time lags in correlations.

When both onshore winds and hours of dark flood tides are combined, however,
we see a much tighter relationship between environmental conditions and larval
influx. Six of the seven peaks in larval influx occurred when onshore winds coincided
with nights with more than 2.5 h of dark flood tide, and the highest monthly peaks
occurred when onshore winds exceeded 4 km/h and there were more than 4 h of dark
flood tide. In addition, there were few periods of below average larval influx when
favorable lunar periods co-occurred with onshore winds. Thus, it appears that larval
supply is temporally patchy—when patches co-occur with good conditions, larval
influx is high; but if good conditions occur without many larvae nearby or if larvae
are available, but conditions are poor, influx is low.

INTERANNUAL VARIABILITY IN LARVAL INFLUX

Another interesting temporal pattern that is evident in the expanded sampling from
of bonefish larvae using channel nets in the Bahamas is the variability between
years. While each year of sampling shows a pattern of peaks in larval ingress under
favorable lunar periods and onshore winds, as discussed above, the total catch across
years is not constant. While some variability may be due to the number of nights
sampled each year, and the timing of sampling with respect to the months sampled,
and the number of new moon cycles included in sampling, these factors alone do
not account for interannual variability. When the total catch per lunar month (full
moon to full moon) for January and February (the 2 months for which the most data
is available) is compared across all years, there is a distinct increase in larval influx
over time, with the average of total monthly catches during the winter of 1998 being
more than twice that of the first two sampling periods 1991 and 1992 (Figure 12.5).
This trend continued throughout the sampling period with monthly catches in 2002
(January only) being double the average monthly catch of 1998.
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While the cause of this increase may be driven by a natural fluctuation in
bonefish populations, it may also result from a decrease in consumptive fishing
for bonefish. The decrease in consumptive fishing for bonefish began with a ban
on netting for bonefish in the Bahamas. While this ban was initially implemented
prior to the start of larval sampling, lack of enforcement made it ineffective until
the 1990s. In addition, the 1990s saw a rise in the importance of bonefish as a
resource for catch and release recreational angling in the Bahamas. The combina-
tion of the netting ban and the increase in the importance of bonefish as a catch-
and-release fishery has reduced the importance of bonefish as a baitfish (primarily
for billfish) and the traditional fishery for local consumption. It is possible that
such changes in the fishery may be allowing bonefish stocks to increase in the
Bahamas, causing greater reproductive output and subsequent larval ingress to
nearshore nurseries.

SPATIAL VARIABILITY IN RECRUITMENT

Much less data has been collected to describe spatial variability in larval supply
and recruitment to juvenile populations. Channel net sampling by Shenker et al.
(1993) at four stations in cuts between islands near Lee Stocking Island, Bahamas,
found the total number of larval fish collected between sites to vary nearly fourfold
between sites spread less than 5 km apart during a 75-day sampling period. Tempo-
ral patterns in larval supply (e.g., data from 1994/95-2001/02, Figures 12.1-12.4) were
consistent among sites, however, differing only in the magnitude of larval influx. This
can be explained by bonefish larvae being influenced by the same environmental
variables across this spatial scale of 5 km or more, but the strength of these variables
(e.g., tidal currents, wind exposure) varied somewhat between sites. Consistency in
patterns across this spatial scale also suggests that larval bonefish fish patch size is
greater than 5 km.

Studies of bonefish larval supply to nearshore settlement habitats have not
been effectively conducted on larger spatial scales. Adams et al. (Chapter 15, this
volume) and others have collected bonefish larvae as part of large-scale sampling
efforts; however, the abundance of larvae collected has been too low for effective
comparisons among sites. Comparing results of different studies from differ-
ent systems is difficult due to differing sampling designs and other confound-
ing factors, such as the use of different gear, sampling protocols, and sampling
frequency and timing in different studies. Nevertheless, we can learn something
from these comparisons. For example, bonefish larvae are a major component
of larval fish moving onshore in the Bahamas (e.g., Shenker et al., 1993), with
individual channel nets catching up to several hundred bonefish larvae in a single
night, but bonefish larvae are only occasionally captured from other locations (e.g.,
Friedlander et al., 2004; Adams et al., Chapter 15, this volume). Understanding
how bonefish larval recruitment varies from location to location; what causes this
spatial variability; and how spatial variability impacts bonefish populations are
areas of research that will contribute greatly to our understanding of bonefish
populations and our ability to manage bonefish stocks.
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FIGURE 12.4 Abundance of bonefish larvae captured in channel nets during the winter of
1993/94. The top graph shows the number of hours of dark flood tide (dashed line) each night
during this sampling period with nights in which there was more than 2.5 h of dark flood tide
shaded. The middle graph shows the cross-shelf component of winds each night (dashed line)
with all nights averaging onshore winds shaded. The bottom graph shows nights in which
there were more than 2.5 h of dark flood tide and onshore winds shaded.
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FIGURE 12.5 Average monthly catches of bonefish during winter channel net sampling at
Lee Stocking Island, Bahamas for the period of 1990/91 through 2001/2. Monthly catches
represent lunar months (full moon to full moon) in channel nets, centered on the January and
February new moon periods.

SETTLEMENT AND JUVENILE HABITATS

Habitats used by juvenile bonefish may be quite patchily distributed. Few studies
have examined the settlement and metamorphosis of bonefish from leptocephalus
larvae to juvenile, and identified the habitats in which this transition occurs (but see
Chapter 13 for physiological factors of metamorphosis). Although several studies
have reported the habitat in which early juvenile bonefish occur, fish sampled in
this study may be at different stages or ages that influence habitat use, or may even
be different species. For example, extensive sampling of various windward and lee-
ward shore habitats in the Florida Keys resulted in the capture of nearly 700 juvenile
bonefish, with 94% of those identified being Albula sp. B (as identified by Colborn
et al., 2001) and only 6% were A. vulpes (Adams et al., Chapter 15, this volume).
This finding is particularly interesting as A. vulpes comprise the primary species
in the Florida Keys bonefish fishery, yet its juvenile habitats there remain unidenti-
fied. It also highlights the facts that the importance of different habitats may vary
for juveniles of different bonefish species. In the Florida Keys study, Albula sp. B
juveniles were found in sand or sand-sparse seagrass mix adjacent to sandy beaches
or beachrock shoreline. In contrast, juvenile bonefish were not collected in similar
habitats of the Virgin Islands (Mateo and Tobias, 2004), but were found to use man-
grove-lined lagoons in St. Croix (Tobias, 1999). Clearly, much research still needs
to be done to identify which habitats various species of juvenile bonefish use and
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which of these habitats are essential for contributing enough juveniles to sustain
adult bonefish populations.

RESEARCH PRIORITIES AND APPLICATION FOR MANAGEMENT

As evident in this chapter’s review of the factors that influence the early life stages
of bonefish, we are only beginning to understand how patterns in distribution and
abundance at this stage affect populations as a whole and the bonefish fishery. Based
on what is known of the population dynamics of bonefish during their early life
history stages, many gaps in our knowledge exist and are opportunities to improve
our understanding of bonefish population and our ability to manage human activities
that may affect bonefish populations. Based on the fact that nearly all of what we
know about the larval and juvenile populations of bonefish come from a few studies
in the Bahamas, Gulf of California, and one or two studies from other locations, the
most obvious research recommendation would be to conduct more studies on early
life stages of bonefish from more locations and for more bonefish species. Studies
must also focus on issues that will improve our management of bonefish habitat and
fisheries. Specific research priorities are discussed below.

While we have a fundamental understanding of the biophysical factors that affect
the timing bonefish larval influx to nearshore areas and temporal variability in abun-
dance, information on spatial variability in these patterns or how spatiotemporal
variability in recruitment affects bonefish populations will greatly improve our under-
standing of bonefish populations. Is temporal variability in recruitment reflected in
the age structure of bonefish populations? Are differences in bonefish abundances
between sites due to differences in recruitment to those areas, or are recruitment
patterns modified by postrecruitment processes? Studies that address these questions
will help us understand the structure of bonefish stocks and will help with the design
of effective management strategies for bonefish stocks.

Another priority research area involves identifying key characteristics of the
habitats that bonefish use from the time of settlement through their early juve-
nile stages. Which habitats are the most important for settlement and subsequent
juvenile development? What characteristics contribute to their relative quality?
How do human impacts such as coastal development, dredging, mangrove
destruction, or pollution affect these habitats and bonefish use of them? Improving
our understanding of juvenile habitat use will greatly improve our ability to identify
and protect essential habitats for these species. Adopting a research strategy, such
as that outlined by Adams et al. (2006), may greatly improve our understanding
of the nursery function of various habitats for bonefish, and address some of these
critical questions. This will allow managers to prioritize habitats for protection (e.g.,
identifying essential habitat) or adopt an ecosystem-based approach for managing
bonefish, which includes spatial protection (e.g., marine-protected areas) for critical
habitats or specific areas.

Another potentially useful tool for the management of bonefish stocks may be
the development of recruitment indices based on the influx of larvae during peak
recruitment periods. Such an index may be able to facilitate the detection upward or
downward trends in bonefish populations before these trends are otherwise noticeable
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in the fishery. Such an index would allow marine resource managers to adapt manage-
ment rapidly to prevent populations from dipping below sustainable levels and evalu-
ate the efficacy of management by examining changes in larval influx in response to
adaptive management. In the Bahamas, where we have the greatest amount of larval
recruitment data, the increase in total monthly larval influx over an 11-year period
(Figure 12.5) may indicate that larval influx may vary in response to increasing
spawning population biomass resulting from improved management of the bonefish
fishery. This sort of analysis appears to be promising, but more research must be
done to determine if the number of larvae recruiting to a system is a reflection on
reproductive output of the population or if the number of larvae recruiting to an area
influence the number of fish in the fishery in subsequent years before such an index
can be implemented.

More questions than answers exist when it comes to understanding the early life
stages of bonefish and many management tools are in their early stages of develop-
ment and have rarely been applied to bonefish. Our current knowledge of the early
life history stages of bonefish, however, provides a foundation for future studies and
the development of management strategies to effectively ensure the health of bone-
fish stocks. New research tools and technology have advanced our understanding of
bonefish further in the last 5 years than the previous 50 years. The current increased
interest in bonefish research by scientists and fishermen alike, is encouraging and
should serve as a catalyst for directed research that will improve management of this
important species.
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INTRODUCTION

The early life history stages of bonefishes (Albuliformes: Albulidae: Albula spp.)
inhabit both pelagic and coastal marine environments and thus are subjected
to a range of physicochemical conditions that can affect survival, development,
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and recruitment. In general, pelagic larvae (leptocephali) will not experience the
large fluctuations in temperature, salinity, and oxygen levels often seen in coastal
environments inhabited by metamorphic leptocephali and juveniles. Metamorphic
larvae, for example, have been reported from both hyposaline and hypersaline
estuaries,"? as well as from sandy beach habitats (unpublished observations of
C.H. Gilbert, cited in Gill;* D. Snodgrass and R.E. Crabtree*). Gilbert also observed
that in the Gulf of California the young fish are very abundant and are “often
thrown by the waves on the beach in great masses... .” Metamorphosing bonefish
leptocephali, as well as adults, are still very abundant in coastal regions in the Gulf
of California, probably owing to fact that in this region the species is not the object
of either sport or commercial fishing interests.>

Bonefish leptocephali inhabiting the relatively stable pelagic environment
would be predicted to show narrower survival limits to a variety of environmental
parameters than metamorphic larvae. Testing this hypothesis, however, has proven
difficult because bonefish larvae, as with other leptocephali, are often damaged
during collecting and handling,® and therefore, scant physiological data are available.
The information we have has been collected primarily on metamorphic larvae from
the Gulf of California (Albula sp. A), which, because of their relatively consistent
seasonal abundance in the hypersaline mangrove lagoons (esteros) during winter
and spring,’ can be easily collected with hand nets resulting in minimum damage
and high larval survival. However, much of the physiological ecology of developing
bonefishes, especially during the pelagic phase, still must be inferred from
oceanographic observations taken at the time of collection and on results obtained
on other species with leptocephalous larvae, principally eels.

Another potential problem in understanding adaptations of bonefish leptocephali
to the marine environment is the recent discovery from molecular analyses that at least
eight valid species of bonefishes, most of which are unnamed, are found worldwide.?
(See also Bowen et al., Chapter 11, this volume.) Conclusions based on studies of a par-
ticular bonefish species inhabiting one geographic area, therefore, may not necessarily
apply to all species. For example, the estimated duration of the pelagic larval phase
differs between Albula vulpes from the Bahamas (~2 months)® and Albula sp. A from
the Gulf of California (~6—7 months).!® It is probable, however, that most details on
the biochemical and physiological adaptations of Albula leptocephali described herein
will apply to the genus as a whole. In the present chapter, therefore, I have attempted
to provide a conceptual framework for understanding the ecology of bonefish larvae
and how different environmental parameters might affect the physiology and develop-
ment of the leptocephalus. A comprehensive review of the developmental physiology
of elopomorph leptocephali can be found in Pfeiler."!

REVIEW OF THE EARLY LIFE HISTORY OF BONEFISHES

CHARACTERISTICS OF THE LEPTOCEPHALOUS LARVA

The leptocephalus is a specialized larva shared with more than 800 species of
fishes grouped into the superorder (or subdivision) Elopomorpha, which includes
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the bonefishes, spiny eels, and halosaurs (Albuliformes), tarpons and ladyfishes
(Elopiformes), true eels (Anguilliformes), and gulpers and bobtail snipe eels (Sac-
copharyngiformes).!>!3 Although morphology can vary greatly in the different
groups of elopomorph fishes, all leptocephali are characterized by having a laterally
compressed body resulting in a high surface-to-volume ratio.!! Most of the thin body
is composed of a highly hydrated and transparent extracellular gelatinous matrix
containing a variety of acidic glycosaminoglycans (GAGs) linked to protein termed
proteoglycans.'* The leptocephalus lacks a vertebral column, and most other ossified
skeletal elements,®!> and therefore, the gel matrix provides structural support for
the body. The GAG component of the principal proteoglycan in both A. vulpes and
Albula sp. A is a form of keratan sulfate (KS) that possesses a unique sulfation
pattern compared to mammalian KS.!®-® Minor GAGs in bonefish leptocephali
include chondroitin sulfate (CS) and hyaluronan,'® which was previously identified
as an undersulfated form of CS.'420

PHASES OF LARVAL DEVELOPMENT

Spawning of adult bonefishes occurs either offshore or in areas where currents
carry the fertilized eggs offshore,??? thus the earliest larval stages, termed Phase 1
leptocephali,?? are pelagic. The duration of Phase I, although differing in A. vulpes
and Albula sp. A as mentioned before, is relatively long. During Phase I, the lepto-
cephalus increases in size (Figure 13.1), reaching a maximum standard length (SL)
of ~70 mm.” Most of the increase in larval mass during Phase I is due to synthesis,
and the resulting hydration, of the gelatinous matrix.?

The metamorphic period (Phase II), during which the larva transforms into
a juvenile, is relatively short compared with Phase I, lasting about 10 days at a
water temperature of ~22°C.2° Developing bonefish larvae show major changes
in morphology and chemical composition during Phase IL!"!> Phase II larvae lose
>60% of their body length (Figure 13.1) and about half of their dry mass as the
gelatinous matrix is degraded.? The principal organic components that are broken
down are lipid (~50% loss) and carbohydrate (~80% loss). Other major changes
during Phase II include about an 80% loss of water and an 80-90% loss in NaCl.
Some chemical components, however, are conserved during Phase II. These include
potassium, phosphorus, calcium, magnesium, and total soluble protein. A complete
summary of the changes in organic and inorganic components during Phase II is
given in Pfeiler."

Phase 1I has been further subdivided into Phases Ila and 1Ib (Figure 13.1).2*
During the initial phase of metamorphosis (Phase Ila), shrinkage rate and loss of
wet mass (WM) are relatively rapid as larvae decrease from an average of ~63 to
35-40 mm SL, and from ~0.53 to ~0.25 g WM, in about 3—4 days. During the
following 67 days (Phase IIb), rates of shrinkage and wet mass loss decrease as larvae
reach a size of 20-25 mm SL and ~0.15 g WM.>%2425 Phases Ila and IIb larvae also
differ in their oxygen requirements, hypoxic survival time, and tissue development,
as described later.
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FIGURE 13.1 Drawings of bonefish (Albula sp. A) leptocephali from the Gulf of California,
Mexico, showing the external morphological changes that take place during the pelagic
premetamorphic (Phase I) growth interval and during metamorphosis to a juvenile (Phases
I1a and IIb). Drawings of Phase I larvae were adapted from Pfeiler et al.;'° drawings of Phase
II larvae were taken from Pfeiler.?* All individuals are drawn to scale, with the largest larva
(63 mm SL) used as a reference.

ENVIRONMENTAL FACTORS IN THE MARINE ENVIRONMENT
AND LARVAL PHYSIOLOGY

HYDROSTATIC PRESSURE AND TEMPERATURE

Depth Distribution of Phase I Leptocephali

Although pressure and temperature tolerances in pelagic Phase I bonefish
leptocephali and the effects on these environmental variables on larval physiology
are unknown, some tentative conclusions can be drawn from collection data.
Plankton tows conducted at night have shown that Phase I bonefish leptocephali are
found almost exclusively in the upper 100 m of the water column, with most larvae
occurring at depths of <50 m.!%2!26 These observations suggest that, at least at
night, Phase I larvae are not subjected to substantial changes in hydrostatic pressure
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and temperature. It is not known, however, whether bonefish larvae undergo diurnal
vertical migrations. Alexander?' stated that the few plankton tows made during
the day were insufficient to arrive at any conclusions on daily vertical movements.
Diurnal vertical migrations, however, have been observed in eel leptocephali, with
captures reported at depths of 100—600 m during the daytime,?’° and thus the
possibility that pelagic bonefish leptocephali undergo vertical migrations cannot
be ruled out. The swimbladder is not yet developed in Phase I and early Phase II
leptocephali,' and therefore it is unlikely that pelagic leptocephali are capable of
adjusting their buoyancy during vertical migrations. Although it is apparent that
eel leptocephali can withstand moderate hydrostatic pressures, as well as daily
fluctuations in pressure, empirical data on pressure effects on the biochemistry and
physiology of leptocephali are lacking.

Effects of Water Temperature on Larval Physiology and Ecology

If bonefish leptocephali undergo diurnal vertical migrations, they would also be
subjected to substantial fluctuations in water temperature. Although thermal tolerances
of Phases I and IT leptocephali have not been studied, Alexander?! suggested that both
the horizontal and vertical distribution of bonefish larvae are generally limited by the
20°C isotherm, although a few larvae, referred to as “anomalies,” were collected at
slightly cooler temperatures. If larvae cannot survive temperatures much below 20°C
for short periods, it would obviously restrict them from migrating to deeper waters.
But field observations indicate that bonefish leptocephali can withstand temperatures
substantially colder than 20°C. Early Phase II bonefish larvae have been collected at
a water temperature of 16°C in the Gulf of California'® and the Florida Keys,* and
on one occasion were found at a temperature of 12°C in Estero del Soldado in the
Gulf of California near Guaymas, Sonora, Mexico.?! The ability of Phase IT bonefish
leptocephali to withstand relatively cool temperatures is consistent with findings on
Phase I leptocephali of the albuliform Pterothrissus gissu, which have been collected
at temperatures of 10.2-16.7°C.* At the other extreme, Phases I and II bonefish
leptocephali have been collected at temperatures approaching 30°C. 41021

An increase in temperature within the physiological range (15-30°C) increases
metabolic rate, as determined by the respiratory electron transport system (ETS)
assay, in Phase II leptocephali of Albula sp. A* and, in addition, increases the activ-
ity of two enzymes ([B-N-acetylglucosaminidase and sulfatase) probably involved
in KS degradation during metamorphosis (a third enzyme found in larvae capable
of degrading KS, B-galactosidase, shows little temperature sensitivity).>* With the
exception of B-galactosidase, the Q,, values for enzyme and ETS activities range
from 1.5 to 2.0 (Table 13.1). These results suggest that increased water tempera-
ture should increase the rate of metamorphosis, as concluded by Rasquin® for
A. vulpes. Rasquin’s conclusion, however, was based on different stages of develop-
ment reached in two small groups of early larvae (N = 3 and 5) that were held at about
the same temperature (21-24°C). The second group had been subjected to a higher
temperature (27°C) 2 days prior to capture, which was assumed to cause the observed
developmental differences between groups. Because rates of metamorphosis can vary
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TABLE 13.1

Q,, Values for Glycosaminoglycan-Degrading Enzymes
(B-N-Acetylglucosaminidase, B-Galactosidase, and Sulfatase), Respiratory
Electron Transport System (ETS) Activity, and Metamorphic Rate in Phase Il
Bonefish Leptocephali (Albula sp. A) from the Gulf of California, Mexico

Q, Temperature Range (°C) Reference
-N-acetylglucosaminidase® 1.5 20-30 34
B-Galactosidase® 1.1 20-30 34
Sulfatase® 2.0 15-24 34
ETS® 1.7 17-30 33
Metamorphic rate 2.1 19.7-26.4 This study

4 Enzyme and ETS activities were determined on early metamorphic larvae (Phase Ila).

between individual larvae held at the same temperature, especially during Phase I1a,?
the effect of temperature on rates of metamorphosis in two large groups of early
Phase II larvae of Albula sp. A was investigated. The experimental details are given
in Figure 13.2. The results show that leptocephali held at 26.4°C throughout Phase
IT had a significantly faster rate of metamorphosis, as measured by rate of loss of SL
and wet mass, than larvae held at 19.7°C. The high temperature group had essentially
completed metamorphosis in about 6 days whereas the control group required about
10 days, which is the expected duration at a temperature of ~20°C.? The increased
rate of metamorphosis over this temperature range yielded a Q,, of 2.1, which was
generally concordant with Q,, values for enzyme and ETS activities in metamorphic
larvae (Table 13.1).

Inaddition to accelerating the rate of metamorphosis, increased water temperature
may alter the normal pattern of inshore migration of leptocephali of Albula sp. A in
the Gulf of California. Extensive field observations from 1978 to 1987, in addition
to systematic sampling conducted during 1981,” showed that large numbers of
leptocephali of Albula sp. A migrated to the esteros near Guaymas during the winter
and spring of 1978-1982. During the 1982-1983 El Nifio—Southern Oscillation
(ENSO) event, surface water temperatures were 2-3°C higher than normal in
the esteros and a notable decrease in larval abundance occurred. Although not
investigated systematically, larval abundance increased in subsequent years, and by
early 1989, large numbers of leptocephali were present in the esteros along the coast
of Sonora again. However, no leptocephali were observed in repeated visits to a key
collecting site at Estero del Soldado during a very strong ENSO event in January and
February 1998, but a few were present at the unusually late date of May 20, 1998.%
The warm surface waters and nutrient anomalies associated with ENSO events are
known to affect fish distributions,*® but more data will be required to determine if
they significantly alter Phase I development and larval migration in bonefishes.
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SALINITY TOLERANCE AND OSMOREGULATION
Osmotic Considerations in Leptocephali

It has been suggested that the elopomorph leptocephalus represents a developmental
strategy that allows the larva to remain in osmotic equilibrium with seawater and
thereby delay the development of energy-requiring osmoregulatory mechanisms.?’
The hypothesis is based on the observation that Phase I leptocephali of several
different species of eels have serum osmolalities equivalent to ~80-100% seawater.
There is also evidence that serum osmolalities decrease in more advanced Phase
I larvae of some species, suggesting increased development of osmoregulatory
mechanisms during larval growth.’” Phase 1I leptocephali of Albula sp. A, as well as
those of eels, have lower and less variable osmolalities of body fluids,*”*® supporting
the hypothesis, but serum osmolalities have not yet been determined for Phase I
bonefish leptocephali.

No data are available on salinity tolerance of Phase I bonefish leptocephali, but
because these larvae are pelagic they will not normally be subjected to major salinity
fluctuations, with the possible exception of an occasional encounter with a freshwater
lens. Reported salinities at collection sites range from ~35 to 37%0.'%2! During Phase
I growth, elopomorph leptocephali take up water and NaCl from the environment.??
The uptake appears to be directly related to the ion and water-binding properties
of GAGs that are synthesized and deposited in the extracellular gelatinous matrix
at this time. As described earlier, during Phase II, bonefish leptocephali lose most
(~80-90%) of the whole-body water and NaCl that has accumulated as the gelatinous
matrix is degraded. A similar percentage decrease in KS occurs,'® supporting the
hypothesis that the developmental cycle of salt and water loading and then unloading
during Phases I and II, respectively, is directly related to the corresponding synthesis
and breakdown of KS.? NaCl efflux in Phase II larvae of Albula sp. A may be
mediated by chloride-type cells found in the skin.®

Salinity Tolerance of Phase Il Larvae

In contrast to Phase I larvae, Phase II bonefish leptocephali are found inshore where
they may be subjected to a range of salinities depending on locality. For example,
salinities can approach 40%o in the esteros in the Gulf of California.? In other areas,
larvae may encounter dilute conditions from freshwater input when they enter
positive estuaries.!#%*! Phase II leptocephali of A. vulpes have been reported from
salinities of 8.8! and 10.4%o.* Laboratory experiments conducted with Albula sp. A
have shown that Phase II larvae and early juveniles are euryhaline. The lower and
upper incipient lethal salinities of larvae adapted to a salinity of 35%¢ and 19°C are
4.2 and 52%o, with corresponding values of 3.3 and 59%o found for juveniles,** sug-
gesting that both larvae and juveniles would be restricted from strictly freshwater
habitats. The reported salinities from which leptocephali have been collected fall
within the upper and lower lethal salinities determined experimentally.

Not only can Phase II bonefish larvae tolerate a wide range of salinities, but
metamorphosis, including the unloading of water and NaCl, appears to be unaffected
by salinity extremes.’® The ability to maintain net efflux rates of NaCl under
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hypersaline (48%o) conditions, as well as to maintain high rates of water excretion
under dilute hyposaline (8%0) conditions, is impressive and is probably related, at
least in part, to the breakdown of KS described above.?

OXYGEN AVAILABILITY AND RESPIRATION
Metabolic Rates in Phase I Leptocephali

Alexander?!' found that variations in oxygen levels in the epipelagic zone had no
effect on the distribution of Phase I bonefish leptocephali. Even though oxygen
levels vary, it is unlikely that epipelagic organisms would be exposed to periods of
substantial hypoxia or anoxia. Phase Ileptocephalilack functional gills, erythrocytes,
and hemoglobin, and therefore most gas exchange probably occurs across the thin
epithelial layer of the skin.! Two characteristics of leptocephali that could
compensate for the lack of functional gills are (1) a high surface-to-volume ratio of
the larval body, which provides a large respiratory exchange surface and (2) a rela-
tively low wet mass-specific metabolic rate compared with other teleost larvae.*
Also, eel leptocephali need <50% of the energy required by nonelopomorph larvae
of equal dry mass.** The relatively low metabolic rates seen in eel leptocephali
are a result of the large amount of acellular and nonrespiring gelatinous material
that makes up the bulk of the body.** Although respiratory rates have not been
determined specifically on Phase I bonefish leptocephali, the low values observed
in early Phase II bonefish leptocephali,® taken together with results from Phase 1
eel larvae, suggest that they should be low. The low oxygen demand found in Phase
I larvae can be considered a survival advantage because energy expenditure also
would be relatively low during the extended period that larvae remain in the epi-
pelagic zone.!' As found for pelagic eel leptocephali,** it is probable that Phase 1
bonefish larvae also devote most of their energy expenditure to metabolism rather
than to growth.

Oxygen Requirements and Survival under Hypoxia in Phase Il Larvae

Unlike Phase I leptocephali, Phase II bonefish larvae are more likely to encounter hyp-
oxic conditions often found in coastal marine environments.* Oxygen requirements,
as determined by routine oxygen consumption rates per larva and whole-body ETS
activities, approximately double during metamorphosis of Albula sp. A.>* Cor-
responding to the increase in oxygen demand, survival time in hypoxic seawater
decreases about 70% in Albula sp. A during Phase I1.>* However, there is an abrupt
increase in oxygen consumption, and a corresponding abrupt decrease in hypoxic
survival time, when shrinking Phase II larvae reach a size of ~35-40 mm
SL (Figure 13.3), which, together with differences in rates of shrinkage described
earlier, led to the subdivision of the metamorphic period into early (Phase Ila) and
late (Phase 1Ib) stages.?* It is during Phase IIb that the developing bonefish larva
develops mature erythrocytes and hemoglobin,® and changes from mainly cutane-
ous to branchial respiration.!! By Phase IIb, the swimbladder also has developed
and has become functional.®?>3 The effect of hypoxia on ability to successfully
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FIGURE 13.3 Changes in hypoxic survival time determined at 21-22°C, routine oxygen
consumption rate (20—25°C), and whole-body calcium content during metamorphosis (Phase 1)
of Albula sp. A. The figure was redrawn from published data.'>?*3* Metamorphosis proceeds
from right to left along the x-axis. The hatched column represents the transition from Phases
IIa to IIb. Initial and final values for each parameter are shown (the mean size of earliest
Phase Ila larvae used in the oxygen consumption study® was ~50 mm SL).

complete metamorphosis has not been examined, but it is apparent that recently
metamorphosed juveniles would be more sensitive to hypoxia than early Phase II
leptocephali.

FEEDING ECOLOGY AND NUTRITION
Postulated Nutritional Sources of Phase | Larvae

Although the feeding habits of adult bonefishes have been well documented,***” much
less is known of the feeding ecology and nutrition of the pelagic larval stages and
early juveniles. After yolk reserves are exhausted about 1-2 weeks after hatching,'!
Phase I leptocephali must rely on exogenous sources of nutrition. The type of food
utilized by Phase I larvae is still not completely understood, but the lack of identifi-
able phytoplankton or zooplankton in the digestive tracts of Phase I bonefish?' and
eel*®* leptocephali suggests that they feed primarily at a trophic level below that
of most other larval fishes and thereby occupy a specialized niche in the marine
ecosystem in which they avoid direct competition with nonelopomorph fish larvae for
food resources. Various lines of evidence suggest that the diet of Phase I leptocephali is
most likely composed of dissolved (DOM) or particulate (POM) organic matter.'!2344.50
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The stable isotope ratio for nitrogen (8'°N) in early Phase II leptocephali of Albula sp.
A is below that of POM in seawater from the Guaymas area, suggesting that DOM is
the more important nutritional source in this species.” Analysis of larval energetics
and energy content of DOM and POM also suggests that DOM is the primary nutrient
source in Phase I eels,** but more work is needed to assess the relative roles of DOM
and POM in larval nutrition. Uptake of DOM in Phase I leptocephali has been sug-
gested to occur by intestinal absorption®** and by absorption across the thin epithelial
layer of the skin.!12348

Endogenous Nutrients of Nonfeeding Phase Il Larvae

In contrast to the requirements for exogenous nutrients during Phase I, Phase 11
bonefish larvae do not feed throughout most of the metamorphic period.®!'> Energy
requirements during most of Phase II, therefore, derive from catabolism of stored
reserves. Energy budget calculations confirm that the energy requirements of
metamorphosing larvae can be met by endogenous lipid and carbohydrate (KS) that
is broken down, with most (~80%) of the energy obtained from lipid stores.>

Calcium and Phosphorus Balance in Phase Il Larvae

The loss of the gelatinous body support matrix during metamorphosis is associated
with an increase in ossification, especially of the vertebral column and head
bones, which is most pronounced during Phase IIb.">>* Throughout Phase Ila
the leptocephalus of Albula sp. A conserves calcium, and then during Phase IIb
calcium is taken up from seawater resulting in about a twofold increase in whole-
body calcium levels (Figure 13.3)." Calcium uptake also occurs at an external
calcium concentration of 2.0 mM, or about five times lower than normal seawater,
suggesting that calcium uptake is driven by a high-affinity pumping mechanism."
Thus, Phase II leptocephali entering hyposaline estuaries with low and fluctuating
calcium levels should be able to take up calcium from the environment and undergo
normal ossification. High larval mortality, however, was noted at external calcium
concentrations of 0.0-1.0 mM, and body deformities and erratic swimming behavior
were noted even at 2.0 mM calcium,' suggesting a minimum requirement of >2.0
mM calcium for normal development and survival.

Although early Phase II leptocephali of Albula sp. A appear to undergo normal
metamorphosis in nutrient-free (and phosphate-free) artificial seawater at a normal
calcium concentration of 10.1 mM, ossification of the vertebral column and head
bones is dramatically reduced.”” Whole-body phosphorus, required for bone forma-
tion along with calcium, is conserved during metamorphosis but, unlike calcium,
does not increase during Phase I1b.%! These results, together with estimates of total
larval phosphorus requirements during this period, suggest that larvae are phosphorus
limited near the end of Phase IIb and therefore depend on phosphorus in their diet
when they resume exogenous feeding in coastal nursery areas. The diet of advanced
Phase IIb larvae and early juveniles probably includes small benthic and epibenthic
prey such as mollusks, crustaceans, and annelids.
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PHYSIOLOGICAL ECOLOGY OF LARVAL MIGRATION
AND ONSET OF METAMORPHOSIS

TIMING OF INSHORE MIGRATION

A critical part of the life history of bonefishes is the migration of pelagic Phase
I larvae to inshore habitats where they undergo metamorphosis. In the Gulf of
California, migration of Phase II larvae of Albula sp. A into the esteros has been
shown to occur at night during the initial phases of flood tide when tidal current
velocity is relatively weak.” Mojica et al.” also found that in the Bahamas leptocephali
of A. vulpes recruited to inshore habitats mainly at night. In A. vulpes, there was also
a strong association with lunar cycle, especially with the number of hours of flood
tide during the dark cycles, but no correlation was found with other environmental
variables such as wind and current patterns. It has been suggested that nighttime
onshore movements of leptocephali limits their vulnerability to visual predators.’
Early Phase II leptocephali of Albula sp. A are routinely found <1 m from shore
within the esteros in the Gulf of California, and although mostly transparent, they
are often heavily preyed upon during the daytime by shorebirds.>*

SENSORY RECEPTION, ENVIRONMENTAL CUES AND HORMONES

At present, there is insufficient information to determine how environmental
factors and physiological mechanisms might interact to control the onset of inshore
migration and the initiation of metamorphosis in bonefish leptocephali. The eyes,
olfactory organs, lateral-line system, and pineal gland are well developed in Phase
I and early Phase II leptocephali®!-?4 and most probably play important roles
during larval migration. There is also evidence that the endocrine system is impor-
tant in determining the duration of Phase I and in initiating metamorphosis. Studies
on Phase I eel (Conger myriaster) leptocephali have shown that cortisol levels are
high during Phase I, but then decrease at the time of metamorphosis.® Levels of
thyroxine (T,) and triiodothyronine (T,), on the other hand, are low during Phase
I, but thyroid gland development increases during metamorphosis in both eels%
and in A. vulpes.® The pituitary gland is well developed in metamorphic leptocephali
of A. vulpes,® which also suggests that the hypothalamic—hypophyseal axis plays an
important role in the control of metamorphosis.

CONCLUSIONS

Given the relative abundance of bonefishes in tropical and semitropical coastal
areas worldwide, it is apparent that leptocephali are successful and well-adapted
to the variety of physicochemical and ecological conditions they encounter during
development. The relatively low metabolic rate of Phase I leptocephali, together with
the abundance of postulated nutritional sources (DOM and POM), are adaptations
favorable to a protracted larval phase in the open ocean. Water temperature anomalies
associated with ENSO events, however, may play an important role in determining
temporal stability and age structure of adult bonefish populations,’ a possibility that
warrants further study. The ability to successfully complete metamorphosis in inshore
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environments is also a critical factor influencing adult bonefish populations, but
with the exception of metamorphic differences in hypoxic survival times described
earlier,* we know virtually nothing of how environmental contaminants and
physical disturbances in coastal marine ecosystems affect survival and development
of larval bonefish. Determining the effects of these factors on larval development
will be especially important for managing the bonefish fishery, as coastal ecosys-
tems are increasingly being modified by human activities. Other important areas for
future research include identification of the environmental and physiological factors
involved in triggering inshore migration of Phase I leptocephali and in initiating
metamorphosis.
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INTRODUCTION

There is very little known about the reproductive habits of tarpon in the western north
Atlantic. Early studies of tarpon reproduction were typically based on the collection of
tarpon larvae from nontargeted sampling (Gehringer, 1959; Wade, 1962; Eldred, 1967,
1968, 1972; Smith, 1980, 1989). In one such study, Smith (1980) collected a series of
tarpon larvae in the Gulf of Mexico and the Yucatan Channel. Smith speculated that
spawning areas were located off Cozumel Mexico, off the west coast of Florida, and
in the southwestern Gulf of Mexico. The most current knowledge has been gained by
projects completed and published by Crabtree et al. (1992, 1995, 1997) and Crabtree
(1995). These studies ranged in coverage from Florida waters (both Atlantic Ocean
and (Florida Straits [FS]), Gulf of Mexico (GOM), to Costa Rica (Caribbean) and
involved both larval and adult aspects of life history. The origin of this series of
research projects was derived from larval sampling being conducted as a possible tool
for monitoring numerous species indices of abundance in the coastal waters of Florida
in the GOM. Sampling was conducted between June 1981 and July 1989. Through a
keen interest in tarpon biology gained from working as a fishing guide in the Florida
Keys, Crabtree delved into the archived collections of the fish biology program at the
Florida Fish and Wildlife Research Institute in St. Petersburg, Florida, after taking
a research position there in 1990. Crabtree found relatively young (2-25 days old)
larvae that had been collected offshore of Florida in the Gulf of Mexico in depths
ranging from 90 to 1400 m. The temperatures ranged from 27 to 30°C and 35-36 ppt
salinity at the collection sites. The primary focus of the Crabtree et al. (1992) publica-
tion was age and growth of these larvae. An aside of this, by taking the youngest of
these larvae (3—6 days old) they were able to estimate probable spawning location for
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these individuals. This was perfect evidence of spawning taking place in the GOM
offshore of Florida at distances as far as 250 km. Now, we definitely know that spawn-
ing takes place in, at least, June and July in the GOM. Earlier evidence (Smith, 1980)
noted larvae and spawning taking place in the western GOM as well.

The next aspect addressed was the relationship of lunar phase with spawning activ-
ity in and adjacent to Florida waters. Crabtree (1995) reported on additional larval
sampling along with the 1981-1989 samples used previously (Crabtree et al., 1992).
The additional sampling was again conducted in mid-July 1990 and again from April
through October 1991. Sampling again occurred in the GOM while additional collec-
tions were conducted in the FS (Bimini, Bahamas Islands, Palm Beach, Florida, and
the Florida Keys). All of the sampling occurred at night in the top 20 m of the water col-
umn. No specimens were ever collected off Bimini. Only three larvae were collected
off of Palm Beach (bottom depth range of 156—749 m), while 105 were collected off
the Florida Keys (Big Pine Key to Long Key) (bottom depth range of 59-230 m). All
of these samples had hatching dates between 10 May and 18 July, but additional ancil-
lary samples collected by other projects reported hatching dates as late as 14 August.
The hatching dates had distinct peaks coinciding with new and full moon phases. Peak
hatching occurred 6.3-7.4 days after the full moon and 3.4-8.7 days after the new
moon. Crabtree demonstrated a strong association of spawning with lunar phase. Gen-
erally, a peak spawning period in the summer months (late spring to late summer)
occurs a week after each major moon phase. This was also supported by tarpon larvae
collected by Southeast Florida and Caribbean Recruitment (SEFCAR) sampling con-
ducted offshore Long Key, Florida by Rosenstiel School of Marine and Atmospheric
Science (RSMAS) scientists between 1989 and 1993 (Limouzy-Paris et al., 1994).

Based on roughly 1500 specimens, it was estimated that females reach reproduc-
tive maturity as small as 1285 mm FL, while males were reproductively active as
small as 901 mm FL. All Florida tarpon were mature by 10 years of age although
one female was mature by 7 years of age. Of 217 tarpon specimens from Costa Rican
waters, the females reach reproductive maturity between 880 and 1126 mm FL while
males reach it by 880 mm FL. Florida tarpon spawned between April and July with
just remnants occurring as late as mid-August. In Costa Rican waters there was no
seasonality observed. Tarpon appeared to spawn year-round in Costa Rican waters
on the Caribbean side. Possibly due to this inordinate seasonality, the otoliths of
Costa Rican tarpon were difficult to attain accurate estimates of age. Roughly 45%
(87) of the total sample size from Costa Rica was readable and a maximum age was
estimated at 48 years old. We know that male tarpon live at least 30 years whereas
females live at least 50 years in the wild (Andrews et al., 2001). The majority (74%)
of Crabtree’s fish were estimated between 15 and 30 years of age. Tarpon are broad-
cast spawners similar to many tropical marine fishes (Peters et al., 1998; Graham
and Castellanos, 2005). From oocyte staging in preserved ovaries, it appears that
they spawn at least four to five times in a given season (Crabtree et al., 1997).

LARVAL HISTORY

Different from the larvae of most marine teleosts, the leptocephali larvae of
eels, bonefish, ladyfish, and tarpon represent a unique developmental strategy.
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Leptocephali have a small thin head, for which they are named, and a decidedly
laterally compressed, transparent body, which has a leaflike appearance with a high
surface to volume ratio. The leptocephali larvae are found in the marine environ-
ment and may remain in the plankton for as little as 25 days to several months
before moving into estuarine nursery habitats (Tzeng et al., 1998; Zerbi et al., 2001).
To sustain this long larval growth period, leptocephali deposit energy reserves in
the form of glycosaminoglycans, which also aides in locomotion by forming a firm
gelatinous-supporting skeleton for the musculature to work against since the lepto-
cephalus larvae have an unossified bony skeleton (Bishop and Torres, 1999). The lep-
tocephalus was first described from specimens collected in the Mediterranean Sea
in 1763 (Smith, 1989). All leptocephali were initially classified as separate species
altogether. It was not until 1861 that it was described as a larval form of something
else altogether. The larvae of elopiformes (tarpon and ladyfish) were not described
until the late 1950s (Gehringer, 1959). These were specimens collected in Florida
waters. The leptocephalid larval stage for tarpon lasts for 25-40 days. In the posi-
tive growth phase of the larval form, they grow to 20-30 mm SL. At this point, they
enter the negative growth phase when they coalesce down to their metamorphic size
(~5.5-6.1 mm notochord length). The tarpon leptocephali has a large forked caudal
fin, short dorsal and anal fins that are not connected with the caudal fin, pectoral
fins that are well developed, and developed but small pelvic fins (Wade, 1962). The
gut is a simple straight tube. The shape of the head, vertical position of the fins, and
number of myomeres (body sections) are the distinguishing characteristics among
elopimorphs. In tarpon, the origin of the anal fin is under the middle of the dorsal
fin, the head is not depressed and there are fewer dorsal rays (9—16) than anal rays
(16-25). The leptocephali larvae are true oceanic larvae and require high steady
salinities for healthy osmoregulation (see Pfeiler, Chapter 13, this volume).

OBSERVATIONS OF TARPON REPRODUCTION

While actual spawning, release of gametes by both sexes during courtship has yet
to be documented in the wild; there have been numerous observations and docu-
mentations of courtship/prespawning behavior. One such observation occurred
2 days before the new moon of June 2002. Baldwin and Snodgrass conducted
surface and underwater observations. Video documentation was made of tarpon,
Megalops atlanticus, exhibiting courtship—spawning behavior (Figure 14.1). The school
of 1216 tarpon was observed in 1-2.5 m of water, just off the edge of the flat on the
oceanside of Tavernier Key, FL. The incident occurred at the start of the incoming
tide under cloudy skies with light precipitation. The tightly packed school consisted
of a single large (~70 kg) female (presumably) fish that was repeatedly and persis-
tently accosted by 8—10 smaller (10-20 kg) male (presumably) fish. In addition, two
to four larger (25-40 kg) fish were following in the school, but were not as attentive
to the large female as the smaller males. The small males would consistently bump
and rub the female’s ventral region (Figure 14.11-P), at times even pushing her above
the surface of the water (Figure 14.1B—D). The males maintained this close contact
despite numerous directional changes by the female. If a fish got out of the ideal
position of being directly under the female, it would circle back around the female
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FIGURE 14.1 Still frame captures from video taken on June 8, 2002, 2 days prior to the
new moon, highlighting courtship/prespawning behavior of tarpon. These behaviors were
observed for over 50 min. A—D shows surface activity of a large female slowly cruising at the
surface off the oceanside shoreline of Tavernier Key, FL, with upper portion of her caudal fin
exposed. At times she would explode away for a short distance (A and B), be pushed out of
the water from beneath exposing her back (C), and be closely followed by other tarpon at the
surface, which also exposed upper portion of their caudal fins (D). The tightly packed school
of 12-16 tarpon was observed in 1-2.5 m of water (E-H, over a period of 5 s) and consisted
of a single large (~70 kg) female (presumably) fish that was repeatedly and persistently
accosted by 8-10 smaller (10-20 kg) male (presumably) fish. In addition, two to four larger
(25-40 kg) fish were following in the school, but were not as attentive to the large female as the
smaller males. The small males would consistently bump and rub the female’s ventral region
(I-P, over a period of 3 s) and attempt to maintain their position beneath her. If a fish got
out of position, it would circle back around the female to reposition itself (I-K). The males
maintained this close contact despite numerous directional changes by the female (Q-T, over
a period of 3 s).

in order to reposition itself (Figure 14.11-K). At times the female would be resting/
basking at the surface, seemingly motionless with the whole dorsal side of her body
and tail out of the water. This typically ended when she would erupt with a short
burst of speed and throw a huge boil of water and spray (Figure 14.1A). During the
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50 min, which we were able to stay with the school as it paralleled shore, no milt
or eggs were observed being released, but certainly could have been. Subsequent
to this documented case, the authors have observed this behavior on several other
occasions.

From conversations with several guides and anglers, this type of behavior is
observed on a relatively common basis. It has been reported from the Loggerhead
Keys, Content Keys, Duck Key, Fat Deer Key, Rodriguez Keys, El Radabob Keys,
and several areas along Key Largo. It has also been observed just offshore a few loca-
tions in Broward County, Florida, such as the observation given by Matt Gardner,
a Florida Atlantic University graduate student. “On 29 May 2004 (four days before
full moon) we observed a school of 8 tarpon at the Aerojacks beach dive located at
John Lloyd State Park, Dania, FL. The habitat consisted of an artificial reef,
running perpendicular to shore, made from concrete ‘jacks’ surrounded by a
sandy bottom. The time of the sighting was between 11:45 am and 12:00 pm. We
were approximately 200 yards from shore at the time of the sighting. The water
temperature recorded on an Oceanic Veo 200 dive computer was 78°F. We were on
the bottom at approximately 19 to 15 feet in depth; the fish were about 5 feet above
us. The behavior the tarpon exhibited was consistent with that proposed for breed-
ing tarpon. Fish swam in a tight group with the largest individual in the middle
of the group. Smaller fish surrounded and nudged the central individual with their
heads. Nudges were made to the region just posterior to the opercle on the sides and
bottom of the large, central individual. Two of the eight tarpon swam closely
behind the group, but did not attempt to nudge the large, central individual during
our observations. The group was seen three times on the dive and appeared to be
following the reef-line. The behavior described above was consistent among all
observations.”

From a more historical perspective, we interviewed legendary tarpon fisherman
Stu Apte (see Chapter 21, this volume). In the late 1950s and early 1960s, in the
Lower Keys, Stu Apte made a living as a backcountry fishing guide in the Florida
Keys and kept a daily log of his time on the water.

Stu Apte recalled that as early as mid-April on the moon tide, he would encoun-
ter huge schools of tarpon in the Lower, Middle, and Upper Keys in 5 ft of water
daisy-chaining. During these years, on numerous occasions he would witness what
he assumed to be males, smaller fish “busting” a big female. He would pole into the
area (after his client at the time would cast and not get hooked up with a fish) and
would find milt in the water. The white milt would stay plainly visible and would be
all over the area. He firmly believes that the tarpon were actively spawning during
these periods in shallow water. He has also observed hundreds of daisy-chaining
tarpon over the years that were punctuated by surface explosions, which is how he
would often find schools of fish. These explosions are very similar to those observed
by the authors. Daisy-chaining fish are often difficult to catch as they do not appear
to actively feed during such times.

Stu Apte has only seen milt in the water in the Florida Keys while he has caught
fish that were ripe in other areas of Florida such as Homosassa and Boca Grand.
During the spawning season, he frequently encounters ripe males, which release
milt upon handling at boatside throughout the state. He has never observed females
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releasing eggs, however, even with handling. He believes that spawning occurs in
shallow nearshore waters on the moon tides, at the top of the tide or the beginning of
the outgoing tide, and the spawn gets carried out to deeper offshore waters. One of
the reasons why he believes spawning activity is not observed in recent times in shal-
low nearshore waters is due to the tremendous increase in boat traffic on the water,
which disrupts the spawning schools and the fish head for deeper water.

In addition to these sorts of observations, several offshore captains have reported
huge schools of tarpon that remain relatively stationary as far as 25-40 km south—
southeast of the Keys for several days.

SYNTHESIS

Direct spawning activity of tarpon has never been documented, but is thought to
occur offshore in deep water after schools migrate from shallow nearshore staging
areas. The above-mentioned behavioral observations and documentation may be of
the prelude to or directly after the actual spawning activity. This type of prespawn-
ing behavior is not unique to tarpon, but is in fact quite common among broadcast
spawning marine fishes (Peters et al., 1998; Graham and Castellanos, 2005). Based
on the published information to date, it seems somewhat improbable for spawning
to occur at such close proximity to shore, given that the only documented spawning
area for Florida tarpon was 250 km offshore in the GOM. However, in contrast to the
distant reported spawning areas of Florida, the tarpon spawning grounds in Puerto
Rico are estimated to be relatively close to the coast at only 2 km (Zerbi et al., 2001).
The shorter distance between putative spawning areas and estuarine nursery areas
is also reflected in the young age of tarpon leptocephali (34 days) upon entering the
estuarine arrival. Similar deepwater/pelagic environmental conditions are found on
the edge of the continental shelf, which in the GOM is located very far from shore,
but are found much closer to shore in areas such as Florida’s Atlantic coast, the
Caribbean coast of Mexico, and the coast of Puerto Rico, such that the environmen-
tal conditions probably are a greater factor in determining optimum spawning areas
than distance from the coast. As such, although, similar oceanographic conditions
(salinity and temperature) to what was documented at the larval capture location
occur much closer to shore along the Atlantic side of the Keys than off the GOM
coast of Florida. It is quite possible that other oceanographic and physicochemical
conditions that draw the GOM fish to that spawning area may occur along a much
broader area along the Atlantic coast and closer to the coast. This may lead to a much
less centralized spawning location and permit spawning at almost any site of interac-
tion when both genders are in a state of peak reproductive activity. The broad range
of locations where such behavior has been observed supports this hypothesis.

There still remain significant gaps in our knowledge about the reproductive
biology of tarpon, and more detailed information on all aspects of life history is
needed. In particular, further verification of spawning locations throughout the
range of Atlantic tarpon are needed for proper management of the species. Research
emphasis should be placed on characterizing spawning areas and documenting the
environmental conditions under which spawning occurs. The timing and duration
of spawning activity also needs further examination, as well as the persistence of
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spawning locations across years. Embryo and larval ecology and physiology are also
areas of critically needed research. By characterizing these sensitive life history
stages, our understanding of tarpon biology will be greatly increased and will thus
lead to enhanced management practices for the fishery.
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INTRODUCTION

Worldwide, bonefishes (Albula spp.) are ecologically and economically important
constituents of tropical, shallow-water systems. Bonefishes support economically
important recreational fisheries in numerous locations in the Caribbean (e.g.,
Bahamas, Belize, Mexico, and Venezuela among the most notable). In southern
Florida and the Florida Keys, often credited as the birth place of “flats fishing,”
bonefishes are an important component of the recreational fishery (Crabtree et al.,
1996). Because of their ecological and economic importance, sustainable bonefish
fisheries are of particular importance and knowledge of their ecological requirements
is essential to successful management.

Unfortunately for managers, the taxonomy of bonefishes is still being unraveled.
Bonefish were once classified as a single circumtropical species (Albula vulpes
Linnaeus). Robins et al. (1986) noted that two species of bonefish occur on the
continental shelf and upper slope of the Atlantic Ocean. Recent genetic research,
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however, has suggested that at least eight species in the Albula genus exist worldwide
(Colborn et al., 2001; Bowen et al., Chapter 11, this volume), and revisions of the
genus continue. Until recently (Colborn et al., 2001), the western Atlantic bonefish
pursued by recreational anglers were assumed to be a single species A. vulpes. An
ecologically distinct second species (A. nemoptera) that reaches about half the maxi-
mum size of A. vulpes occurs in a limited geographic range and in depths too great
for recreational angler interest (Robins et al., 1986). Colborn et al. (2001) identified a
third genetically distinct lineage of Albula in the Caribbean: a currently undescribed
species referred to as Albula species B (popularly known as A. garcia). Hereafter,
Albula spp. refers to A. vulpes and A. sp. B, as addressed in this study.

Little is known about the biology and ecology of these species (but see Ault
et al., Chapter 16, this volume), or their relative contributions to recreational fisheries.
Published information is on A. vulpes from the Florida Keys and Bahamas and mostly
limited to the adultlife stage: age, growth, and mortality (Crabtreeetal., 1996); matura-
tion and reproduction (Crabtree et al., 1997); diet (Colton and Alevizon, 1983; Crabtree
etal., 1998); movement (Colton, 1983; Humston et al., 2005); or a combination of these
topics (Bruger, 1974; also see Mojica et al., 1995 for larval duration and temporal
abundance patterns). However, since these studies were conducted prior to Colborn
et al’s (2001) identification of Albula sp. B, verification of these findings may be
required. Additionally, timing and location of spawning are not well described for
Albula spp., and species composition of the fishery has not been quantified. Given
the dearth of data on Albula spp. in the Caribbean and western Atlantic, studies that
contribute additional information on these species are needed.

This chapter presents results of sampling to examine three aspects of Albula
spp. biology and ecology: (1) postlarval and juvenile spatial and temporal habitat
use; (2) species composition of mature Albula spp. captured in regional recreational
fisheries; and (3) a comparison of age and growth estimates of A. vulpes from several
Caribbean locations to published results from the Florida Keys. These findings will
contribute to better understanding of Albula spp. in the Caribbean and western
Atlantic and provide direction for future research.

MATERIALS AND METHODS

LARVAL (LEPTOCEPHALUS) AND JUVENILE SAMPLING

Sampling was conducted in the Florida Keys, United States (Figure 15.1), during
2003-2005. Sampling in the Florida Keys occurred every other month from
October/November 2003 through January 2005 from Key West to Elliot Key
by seine, 23 m X 1.2 m, 3.1-mm mesh center bag seine (for small juveniles) and
45.5 m X 1.8 m, 9.5-mm mesh center bag seine (for larger juveniles). In October/
November 2003 and January 2004, six habitat types (i.e., windward and leeward
sandy beach; windward and leeward beachrock shorelines; windward and leeward
mangroves) were sampled for small juveniles with the 23-m seine. Sampling
effort was reduced to only sandy beach and beachrock shoreline for March, May,
July, and November 2004, and January 2005 because of zero catches in all habi-
tats except sandy beach and beachrock shoreline in previous samples, and results
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FIGURE 15.1 Map showing locations of sampling for larval and juvenile (Turneffe Atoll,
Belize, and Florida Keys, Florida, United States) and adult collections (Turneffe Atoll,
Belize; Eleuthera, Exuma, Berry Islands, and Mayaguana, Bahamas; St. Croix, U.S. Virgin
Islands; Little Cayman, British West Indies; Anegada, British Virgin Islands; and Chetumal
and Punta Allen, Mexico). For Florida Keys locations (Key West = Higgs Beach, Airport
Beach; BNP = Biscayne National Park; BH = Bahia Honda State Park). The results of juve-
nile sampling are listed in Table 15.1. All values reference sampling of adults, all identified
as Albula vulpes: the first value is the number of adults providing tissue samples; the second
value is the number of adults providing otoliths.

of similar sampling conducted in the 1990s (Crabtree et al., 2003). Exploratory sam-
pling was also conducted in shallow (<3 m), sandy-bottom open bays on the Florida
Bay side of the Florida Keys. The 23-m (Florida Keys) seine was set perpendicular to
shore with one end at or on shore, pulled parallel to shore for 15 m, and either hauled
onto shore (sandy beaches — average sample area = 575 m?) or pursed offshore (all
other habitat types — average sample area 166 m?). For shore sets using the 45.5-m
seine, the net was set perpendicular to shore, as above, the outer end pulled in an
arc to shore, and the bag end hauled to shore (average sample area = 875 m?). For
offshore sets where the net could not be pulled against shore, the net was pulled for
15 m and pursed (sample area = 166 m?). All bonefishes were measured (standard
length), and tissue samples taken for genetic analysis.

In April 2006, a center bag seine (15 m X 1.2 m, 3.1-mm mesh) was used to
sample six sandy beaches at Turneffe Atoll, Belize. Sampling was conducted as for
the 23-m seine in Florida (average sample area = 225 m?).
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TisSUE SAMPLES AND GENETIC ANALYSES

To determine species composition of juvenile Albula spp., tissue samples were taken
from a subsample of larval and juvenile bonefishes captured in seines. Larval and juve-
nile bonefishes <80 mm SL were retained whole. For juveniles =80 mm SL, a triangle
(I2mm X 12 mm X 12 mm) was cut from the soft ray tissue at the rear of the dorsal
fin. Whole fish were placed in plastic bags on ice, and then transferred into individual
vials containing 95% ethanol. Tissue samples were either placed in individual plastic
bags on ice and then transferred to ethanol vials, or placed in ethanol vials on site.
Sample location and date were recorded for each collection. Tissue samples from 299
(of 662 total) leptocephalus and juvenile bonefishes captured in the Florida Keys were
retained for genetic analysis to identify species. Tissue samples were taken from all
months and locations in which leptocephali and juveniles were captured (Table 15.1).

Similarly, to examine species composition of the recreational fishery in the
Florida Keys and Caribbean through genetic analysis, tissue samples were obtained
from bonefish captured by recreational anglers in 10 locations in the Caribbean and
in the Florida Keys. Fin clips were treated as described above. For samples from
Puerto Rico (obtained from C. Caldow, NOAA/NOS), otoliths were ground and
DNA was isolated from the ground material as described below. DNA was obtained
from 17 otoliths, resulting in genetic identification for 48 adult bonefishes.

TABLE 15.1A

Results of Seine Sampling for Juvenile Albula spp. in the Florida Keys—
Temporal Patterns of Juvenile and Leptocephalus Albula Captured in Seine
Samples in the Florida Keys

Month
Year January  March May July August November
No. of samples - - - - - 73
2003 No. of juveniles - - - - - 1
No. of leptocephali - - - - - 2
No. of samples 87 128 123 155 - 72
2004 No. of juveniles 0 149 144 100 - 0
No. of leptocephali 0 9 12 0 - 0
No. of samples 9 23 53 - 27 -
2005 No. of juveniles 54 17 161 - 2 -
No. of leptocephali 5 6 0 - 0 -
Total samples 96 151 176 155 27 145
Total bonefish 59 181 317 100 2 3

No. of bonefish/sample 0.6146 1.1987 1.8011 0.6452 0.0741 0.0207

Note: July 2004 and January and May 2005 are the only months in which A. vulpes individuals were
captured.
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TABLE 15.1B

Results of Seine Sampling for Juvenile Albula spp. in the Florida Keys—
Genetic Analysis of Juvenile and Leptocephalus Albula spp. Captured in
Seine Sampling in the Florida Keys in 2003 and 2004

Number Identified

Year/Month Sample Location Number Analyzed A. vulpes A.sp. B

2003

November Elliott Key 3 0 3

2004

March Key West 55 0 55
Bahia Honda 2 0 2

May Key West 50 0 50
Bahia Honda 23 0 23

July Key West 33 0 33
Bahia Honda 15 4 11
Elliott Key 11 11 0

October Bahia Honda 1 0 1

2005

January Key West 10 0 10
Elliott Key* 1

March Key West 0 3
Elliott Key 10 0 10

May Key West 2 0 2
Bahia Honda 71 2 69

August Key West 1 0 1
Bahia Honda 1 0 1
Totals 299 18 281

Note: See Figure 15.1 for sample locations. Only months in which Albula were captured and tested are
shown.
2 Elliott Key samples were collected in early February 2005.

Total genomic DNA was isolated from all specimens using the Puregene®
DNA Isolation Kit (Gentra Systems, Inc., Minneapolis, Minnesota). Genetic-
species-identification (GSI) assays were based on diagnostic nucleotide differences
occurring in the mitochondrial DNA (mtDNA) cytochrome-b gene (Colborn et al.,
2001). Initially, a subsample of bonefishes (N = 60) that included both A. vulpes and
A. sp. B specimens was sequenced for the cytochrome-b region (with no a priori
knowledge of individual species identification). Representative voucher specimens
are catalogued at the Florida Fish and Wildlife Research Institute. Polymerase chain
reaction (PCR) assays were conducted on Hybaid® thermocyclers using ALBA-1,
ALBA-2, and ALBA-3 primers (Colborn et al., 2001), Applied Biosystems (ABI)
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BigDye® Terminator v1.1, and Taq polymerase (Promega Corp., Madison, Wisconsin).
PCRs were run under the following profile: an initial cycle of 94° denaturation for
1 min, 50° annealing for 30 s, 72° extension for 1 min followed by 36 cycles of 94°
for 30 s, 55° for 30 s, 72° for 1 min 30 s, and a final 72° extension of 8 min. The PCR
products were purified using the Quickstep2 kit (Edge Biosystems, Gaithersburg,
Maryland), and the purified products prepared for forward and reverse sequencing
with the following thermal profile: 35 cycles of 30 s 95° denaturation, 15 s 55° anneal-
ing, and 4 min 60° extension. Cytochrome sequences were aligned in ClustalX
(Thompson et al., 1997), and analyzed in MEGA version 2.1 (Kumar et al., 2001) to
determine sequence divergence between A. vulpes and A. sp. B. Example sequences
of A. vulpes and A. sp. B were also compared to the cytochrome sequences submitted
by Colborn et al. (2001) in Genbank (http://www.ncbi.nlm.nih.gov/). After confir-
mation of diagnostic nucleotide sites, new species-specific primers were developed:
Avu-CytB F, Avu-CytB R, Aga-CytB F, and Aga-CytB R (Table 15.2). The two for-
ward primers were labeled with dissimilar fluorescent dyes to allow rapid GSI assay
of all specimens. Species-specific fragments were amplified under the following
conditions: an initial cycle of 94° denaturation for 1 min, 50° annealing for 30 s, and
72° extension for 1 min, followed by 30 cycles of 94° for 30 s, 61° for 30 s, 72° for
1 min 30 s, and a final 72° extension for 8 min. All sequencing and GSI assays were
conducted on automated genetic analyzers (ABI models 310 and 3100). The limited
amount of DNA obtained from otoliths (17 specimens from Puerto Rico) required
that these specimens be fully sequenced in lieu of the diagnostic marker assay.

OTOLITH SAMPLES

Otoliths were extracted from a subsample of adult fish captured in the recreational
fishery in the Caribbean for age and growth comparisons with published data from
the Florida Keys (Crabtree et al., 1996). Sex was determined during field dissection.
Two to four 1-2 mm thick transverse sections containing the otolith core were cut
with a Buehler Isomet low speed saw with a diamond blade. The sections were
mounted on a microscope slide with thermaplastic glue. Annuli were counted three
times by each of the three independent readers with reflected light at magnifications

TABLE 15.2
Summary Data for Cytochrome-b mtDNA Markers Developed for Species
Identification of Bonefish (Albula vulpes and A. sp. B)

Marker Primer Sequence (5'— 3’) Species Fragment Size (bp)
Avu-CytB F CCACTGTACCAATGCATCG A. vulpes 169
Aga-CytB F ATCCACTGTACTAACGCATCC A.sp.B 171
Avu-CytB R GTATCTTTACATGGAGACATG A. vulpes

Aga-CytB R TTATCTTTACATGGAGACGTG A.sp.B
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of 8-25X. After readers completed reading all otoliths, otoliths with different counts
were re-examined. In all cases, differences were reconciled and an age assigned to
the otolith.

RESULTS

A total of 750 seine samples were completed at 30 locations in the Florida Keys.
A total of 628 juvenile bonefishes were captured along windward sandy beaches
(Higgs Beach [NV = 307] and Airport Beach [N = 126], Key West; Bahia Honda State
Park [N = 173]; Elliot Key [N = 15], Biscayne National Park) and along leeward
beachrock shorelines (Elliot Key [N = 7]). Thirty-four leptocephalus larvae were
captured (Table 15.1a), all along windward sandy beaches. Windward sandy beaches
are intertidal sand shorelines with subtidal sand bottom immediately adjacent, and
seagrass beginning approximately 4-9 m offshore of the beach. Beachrock shore-
lines are consolidated limestone at the intertidal zone with sand or mixed sand—
seagrass bottom immediately adjacent. Juvenile or leptocephalus bonefishes were
captured in all months except January and November 2004, and were in greatest
abundance in March through July (Table 15.1A). Lengths ranged from 19 to 360 mm
SL. No juvenile bonefishes were captured in shallow, sandy-bottom open bays on the
Florida Bay side of the Florida Keys.

A total of 35 seine samples were also conducted along six sandy beaches at
Turneffe Atoll, and 35 juvenile and three lepteocephalus bonefish ranging from 24
to 56 mm SL were captured at two beaches on the central eastern side of Turneffe
(Calabash and Rope Walk).

To identify species, tissue were taken from subsample of the juvenile and
leptocephalus captured in the Florida Keys (299 of 662) and Turneffe Atoll (35 of 38).
Tissue samples were taken from all months and locations in which leptocephali and/
or juveniles were captured (Table 15.1B). During the initial cytochrome sequencing
of Florida bonefishes, we found an approximate 9% sequence difference between
the two species. This is slightly lower than the 12-15% difference reported in
Colborn et al. (2001) and may be attributable to our larger sample sizes. The majority
(93.97%) of Florida juveniles and leptocephali assayed with the cytochrome-b
diagnostic marker were identified as A. sp. B. Only 18 A. vulpes were collected from
two sites: 14 from Elliot Key (EK) Biscayne National Park (BNP) and 4 from Bahia
Honda. The majority of A. vulpes juveniles occurred in July 2004 (from 2 seine
hauls at EK and 1 seine haul at Bahia Honda). The EK July collection contained only
A. vulpes, while the Bahia Honda collection was mixed A. vulpes and A. sp. B. All
juveniles and leptochalus larvae captured at Turneffe Atoll were identified as A. sp.
B. Thus, the findings reported here for juveniles are most applicable to A. sp. B.

Fin clips were obtained from 138 adult bonefishes captured at six locations:
Turneffe Atoll, Belize (N = 54); Eleuthera (7); Exuma (9), Berry Islands (5), and May-
aguana (3), Bahamas; St. Croix, U.S. Virgin Islands (1); Little Cayman, British West
Indies (3); Anegada, British Virgin Islands (2); and Chetumal (7), and Punta Allen
4), Mexico (Figure 15.1). Fish ranging from 205 to 711 mm FL were either captured
by anglers or by seine nets on flats frequented by guides and anglers. Based upon age
estimates from otoliths of a subsample of 31 A. vulpes from the 138 above, ages at
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given lengths differed among locations (Table 15.3; Figure 15.2). Bonefish from Puerto
Rico (n = 17) were similar in lengths at a given age to those reported for bonefish from
the Florida Keys (Crabtree et al., 1996). All A. vulpes from all other Caribbean locations
(n = 14) appeared to exhibit slower growth rates than those from the Florida Keys.

TABLE 15.3

Summary of Otolith-Based Age Estimations for Caribbean Bonefish Albula
vulpes, Captured in Recreational Fisheries as with Expected Values from the
Florida Keys for Comparison

Fork Length

Location (mm) Age (year) Sex? Expected Age®
Puerto Rico 289 1 M 1
Puerto Rico 292 1 - 1
Puerto Rico 308 1 - 1
Puerto Rico 312 1 M 1
Puerto Rico 316 1 - 1
Puerto Rico 335 1 F 1
Puerto Rico 340 1 M 1
Puerto Rico 341 1 M 1
Puerto Rico 345 1 M 1
Puerto Rico 385 1 M 2
Little Cayman, BWI 279 2 M 1
Puerto Rico 330 2 M 1
Puerto Rico 372 2 M 2
Puerto Rico 397 2 F 2
Puerto Rico 411 2 M 2
Puerto Rico 417 2 M 2
Puerto Rico 352 3 M 2
Puerto Rico 357 3 M 2
Eleuthera, Bahamas 300 4 F 1
Eleuthera, Bahamas 320 5 M 1
Eleuthera, Bahamas 355 5 M 2
Little Cayman, BWI 342 6 F 2
Turneffe Atoll, Belize 410 8 - 2
Turneffe Atoll, Belize 411 8 - 2
Turneffe Atoll, Belize 420 8 - 3
Turneffe Atoll, Belize 426 8 - 3
Exuma, Bahamas 461 8 M 4
Exuma, Bahamas 472 8 F 4
Turneffe Atoll, Belize 423 9 - 3
Turneffe Atoll, Belize 411 10 - 2
Anegada, BVI 560 16 F 6

Note: See Figure 15.1 for sample locations.
2 M, male; F, female; —, not determined.
b Expected ages from Crabtree et al. (1996).
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FIGURE 15.2 Observed lengths from Caribbean bonefishes identified as Albula vulpes
(open symbols: [] = Puerto Rico; O = all other Caribbean locations) and predicted lengths of
A. vulpes from the Florida Keys, Florida, United States (closed symbols: Ml = female;
@ = male). Florida Keys values are calculated from Crabtree et al. (1996).

DISCUSSION

Our results revealed that (1) most juveniles along sandy beaches appear to be A. sp.
B; (2) juvenile habitats for A. vulpes remain largely unknown; (3) fish captured in the
recreational fishery appear to be A. vulpes; and (4) A. vulpes growth rates appear to
differ among locations.

Combined, these findings indicate that additional information is needed to ensure
a successful conservation and management strategy for Albula spp. in the Caribbean
and western Atlantic. The findings reported here raise questions about many aspects
of the conventional wisdom of Albula in the Caribbean.

That very few juveniles of A. vulpes, the species that appears to support the
recreational fishery, were captured is disconcerting. Although the declines, or lack
of recovery, of adult stocks of many species have been blamed on overfishing, it
is becoming increasingly apparent that loss or degradation of habitats may also
limit species abundances (e.g., Turner et al., 1999). This generally occurs because
essential juvenile habitats or connections between juvenile and adult habitats are lost
or severely degraded. Since the extent to which different juvenile habitats contribute
fishes to the adult population is essential information for successful conservation
of fish populations (Beck et al., 2001), it is imperative that juvenile habitats of
A. vulpes are determined. Only then can we determine whether juvenile habitat
loss has impacted A. vulpes populations, and design effective conservation (or even
restoration) strategies.
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Nonetheless, this research has contributed to knowledge of A. sp. B. The
temporal occurrence of juveniles suggests that A. sp. B spawning occurs primarily
in winter. In this study, small A. sp. B was in greatest abundance in March and May,
and in lesser and roughly equal abundance in late January and July. If it is assumed
that larval duration of A. sp B is not notably longer than the maximum 72 days for
A. vulpes, then spawning occurred during fall through early spring, similar to that
reported for A. vulpes by Crabtree et al. (1997). Concurrent spawning by A. sp. B and
A. vulpes is also supported by the occurrence of juvenile A. sp. B in the Florida Keys
in this study coinciding with the occurrence of Albula leptocephali in the Bahamas
in 2004 (C. Dahlgren, personal communication). The Bahamas leptocephali were
subsampled, and all were genetically identified as A. vulpes.

The occurrence of juvenile A. sp. B along sandy beaches suggests a distinct
ontogenetic habitat shift. Information from professional fishing captains indicates that
adult A. sp. B reside in deeper water, whereas this study documents the occurrence
of juveniles in shallow shoreline habitats. In contrast, adult A. vulpes use a variety
of mostly shallow coastal habitats. While it appears that juveniles only rarely used
shallow shoreline habitats, the bulk of the resource may be outside the current sampling
domain. Sampling in this study and other research suggests that A. vulpes juveniles
use deeper habitats than were sampled during this study. For example, juvenile
bonefishes were not captured in shoreline samples in St. Croix, U.S. Virgin Islands
(Adams, unpublished data; Mateo and Tobias, 2004), nor in extensive sampling with
multiple gears in the Florida Keys and Florida Bay (D. Snodgrass, NOAA, personal
communication). These findings indicate that additional research elucidating species-
specific spatial and temporal patterns of juvenile habitat use is necessary to provide
sound ecological information that will enable sound bonefish fishery management.

The findings on regional variation in growth rates of adult A. vulpes should be
treated with great caution because of the low sample size, but do suggest that significant
research is needed to specifically address the issue. For example, minimum size at
maturity appears to be smaller in the Caribbean than in the Florida Keys: a 342-mm
FL female at Little Cayman was sexually mature, whereas 50% sexual maturity is
488 mm FL (95% confidence interval (CI) 472-504 mm) for females in the Florida
Keys (Crabtree et al., 1997). Although preliminary, ongoing research in Los Roques,
Venezuela, suggests differences in growth rate between Venezuela and the Florida
Keys (Posada et al., Chapter 8, this volume). In addition, A. glossodonta shows dif-
ferences in growth and maximum size among locations in the Pacific (Friedlander
et al., Chapter 2, this volume).

These findings show a need to reassess conventional wisdom on bonefish biology
in the Caribbean, and suggest directions for additional research. The potential for
considerable differences in growth rates requires research to verify these findings
and to understand the underlying mechanisms. For example, Florida Keys and
Puerto Rico coastal habitats receive terrestrial nutrient inputs from rivers that might
increase productivity relative to other insular oceanic islands where most other A.
vulpes were collected in this study. Alternatively, similar latitudinal differences in
growth rate have been observed in other species (e.g., Murphy and Taylor, 1990), and
may indicate counter-gradient variation (Edwards, 1984; Conover, 1990).
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Additionally, the formation of annuli on Caribbean bonefishes otoliths needs to
be verified. There was a possibility that bonefish ages in this study were misclassi-
fied because otolith increments for young fish tend to be obscured in lower latitudes
due to reduced seasonality, making clear interpretation of annuli difficult (Victor,
1982; Caldow and Wellington, 2003). However, annuli were readily apparent for
most individuals in this study, and since otoliths in this study were collected in lower
latitudes (Belize, British Virgin Islands, Puerto Rico, Cayman Islands) or locations
with less temperature variation than the Florida Keys (i.e., the Bahamas), we would
expect that the bias would have been to underestimate age.

Within A. vulpes, research should also be conducted to verify the apparent
regional differences in growth and size at maturity. Higher sample sizes of a wider
range of sizes are needed from all locations to test the preliminary conclusions of
this study. Data should include length, weight, gonadal stage, meristic information,
and genetic identification.

Although so far A. sp. B has not been documented in the recreational fishery,
considerably higher sample sizes are greatly needed to verify a single-species
fishery. Genetic analysis will continue to be a powerful tool in future research of
Albula, as underscored in this study. This is especially true for differentiation of
A. vulpes and A. sp. B, since A. sp. B morphometric information is lacking for all
life stages, and limited information indicates significant overlap of morphological
characteristics (Crabtree et al., 2003) drawing into question some of the conclusions
based on genetic data alone. Genetic analysis may prove useful in examining species
geographic ranges and population connectivity, and whether these two sympatric
species might hybridize.

Finally, although the documentation of a new Albula species in the Caribbean has
introduced a new aspect into research and conservation of bonefish in the region, this
research also raises questions that are specific to A. vulpes. These questions include
aspects of both habitat use and regional variations within the species. To the extent that
additional research contributes to knowledge on these issues, the research, conserva-
tion, and management frameworks for Caribbean bonefish may require modification.
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If he would fish only for sport and the excitement of battle, the mighty tarpon, “Silver
King” of finny tribes, often tipping the beam at two hundred pounds, and the agile
bonefish, weighing less than ten, but darting with the swiftness of a hawk, and fighting
with a hawk’s persistent energy, will give him every opportunity for testing his skill
and power of endurance against theirs.

—Kirk Munroe (1909), Florida: a winter playground,
in Oppel, F. and T. Meisel (1987)

INTRODUCTION

The tremendous popularity and economic importance of Atlantic tarpon (Megalops
atlanticus Valenciennes) and bonefish (Albula vulpes Linneaus) as gamefishes belies
the apparent lack of management-relevant information on population dynamics and
resource ecology for the species. Tarpon and bonefish offer a challenge to biologists
and fishermen alike. Their complex life history makes their study difficult (Robins,
1977). Tarpon (Elopiformes) and bonefish (Albuliformes) are two of the most primi-
tive assemblages of living bony fishes, an ancient lineage they share with three other
orders: Anguilliformes (catadromous and marine eels); Notacanthiformes (spiny
eels); and Saccopharyngiformes (gulper eels). The most distinctive commonality
of this assemblage (Elopomorpha) is the leptocephalus larval stage, which lives in
clear, warm, oceanic waters before metamorphosis to the juvenile stage (Greenwood
et al., 1966; Robins, 1977; Smith, 1980; Hulet and Robins, 1989; Shiao and Hwang,
2006; Nelson, 20006).

Rising exploitation pressures, rapid human development, and environmental
changes in coastal waters suggest that new information on population dynamics and
resource ecology is critically needed to support fishery management strategies to
conserve these precious resources. Unfortunately, the body of available scientific
information lacks substantive data that are essential to predicting the future course
of the fisheries and to making decisions concerning habitat preservation, stock man-
agement, and conservation. Also lacking are coherent summaries of knowledge gaps
for critical aspects of life history, population dynamics, and fishery impacts. In this
paper, we synthesize existing information on tarpon and bonefish population ecol-
ogy from primary literature and, where appropriate, gray literature sources, and then
integrate this information with new data. We concentrate on the data derived prin-
cipally from the western Atlantic Ocean, particularly studies in Caribbean Sea and
Gulf of Mexico waters (Florida, Bahamas, and West Indies).
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ATLANTIC TARPON (Megalops atlanticus)
Lire CYCLE AND RESOURCE ECOLOGY

Species Distribution and Unit Stock

Atlantic tarpon are relatively large, highly migratory fish that frequent coastal and
inshore waters of the tropical and subtropical central Atlantic Ocean (Robins and
Ray, 1986; Crabtree et al., 1995; Ault et al., 2005a; McMillen-Jackson et al., 2005;
Luo et al., Chapter 18, this volume). In the western Atlantic, tarpon range from
Virginia, Bermuda, Gulf of Mexico, Caribbean Sea to Brazil (Wade, 1962), and
infrequently from Nova Scotia to Argentina and the eastern Pacific near the termi-
nus of the Panama Canal (Robins and Ray, 1986). In the eastern Atlantic, they occur
primarily along the west coast of Africa from Angola to Senegal (Roux, 1960), and
rarely from Portugal, the Azores, southern France to northern Spain (Arronte et al.,
2004). Extant distributions of tarpon correspond to those of the tropical and subtrop-
ical mangroves (Mendoza-Franco et al., 2004). Genetic studies have shown differ-
entiation between tarpon from Africa and tarpon from the western Atlantic Ocean,
suggesting that levels of gene flow between tarpon from these two regions may
be low (McMillen-Jackson et al., 2005). Although Blandon et al. (2003) analyzed
two African tarpon that possessed the most common western Atlantic mtDNA hap-
lotype, discrepancies may be due to the genetic markers used (McMillen-Jackson
etal.,2005). Among the western Atlantic groups, McMillen-Jackson et al. (2005) found
similar genetic diversity values suggesting connectivity between these resources,
although Costa Rica tarpon could be partially isolated from other populations.

Life Cycle

Tarpon spawning patterns have been inferred from larval distribution patterns and
gonadosomatic indices (GSI) of mature adults. Observed larval distribution patterns
suggest that spawning of mature tarpon off Florida occurs in offshore waters from
April through August (Smith, 1980; Cyr, 1991; Crabtree et al., 1992; Crabtree, 1995);
however, Harrington (1966) found tarpon larvae present in the Gulf Stream through
November. GSIs peaked for both male and female Florida tarpon in May, with
spent females making up less than 25% of the catch in May—July, and more than
90% of the catch in August (Cyr, 1991). Crabtree et al. (1997a) concurred as they
found that Florida tarpon spawned during April-July, and by August most fish were
either spent or recovering. Smith (1980) back-calculated hatching dates for tarpon
in South Florida to coincide with the June—August period. Little is known about the
early life history of tarpon, partially because fertilized tarpon eggs have never been
observed in situ and the specific locations of tarpon spawning sites have never been
identified. Indirect evidence of spawning comes from Crabtree et al. (1997a) who
observed partially spent female tarpon with ovaries containing postovarian follicles
and advanced vitellogenic oocytes in both Florida and Costa Rican waters. Tarpon
may be batch spawners, and in Costa Rica they may spawn year-round (Chacon-
Chaverri, 1993; Crabtree et al., 1997a) as reproductively active females have been
observed in all months. de Menezes and Paiva (1966) examined gonads of tarpon
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caught off the northeast coast of Brazil and concluded that reproduction probably
occurs in October—January (Table 16.1). Tarpon spawning season in Puerto Rico
may be year-round but with peaks in March—May and July—September (Zerbi
et al., 2001). Schools of gravid tarpon migrate from nearshore and inshore habitats
to form large prespawning aggregations approximately 2-5 km offshore (Crabtree
et al., 1992), presumably before moving up to 200-250 km offshore for spawning.
Crabtree et al. (1992) suggested that mature tarpon enter Florida inshore waters dur-
ing April-June to feed before moving offshore for spawning. Prespawning aggre-
gations have been referred to as “daisy chains” by anglers, consisting of milling
tarpon oriented in a similar direction and swimming in circles. In southern Florida,
tarpon have been observed prior to the new moon in groups of several males sur-
rounding one larger female, with the males bumping the female’s vents in attempts
to stimulate egg release. This may represent premating behavior (see Baldwin and
Snodgrass, Chapter 14, this volume). The exact timing, cues, and zones of tarpon
spawning have not been described, although Crabtree (1995) suggested that it may
be triggered by lunar tidal cycles.

Planktonic leptocephalus larvae of tarpon are widely distributed (Zale and
Merrifield, 1989; Crabtree et al., 1992) and common in major western Atlantic
Ocean currents (Gehringer, 1959; Eldred, 1967). The 2-3 month phase of larval
development occurs up to 250 km offshore in warm, clear, high-salinity waters
(Crabtree, 1995). The geographical extent of larval dispersal is unknown, and local
eddies and gyres may entrain pelagic larvae and contribute to partial isolation of
populations (McMillen-Jackson et al., 2005; Cowen et al., 2006; Steneck, 2006).
Tarpon leptocephalus larvae were captured by Crabtree et al. (1992) over depths of
90-1400 m, with sea surface temperatures of 27-30°C and salinities of about 36 ppt.
Larval collections suggest that tarpon in Florida waters spawn offshore from May
through August, perhaps to October (Smith, 1980; Crabtree et al., 1992; Crabtree,
1995; Crabtree et al., 1995) (Table 16.1). Berrien et al. (1978) collected larval tarpon

TABLE 16.1
Spawning Periodicity of Atlantic Tarpon (Megalops atlanticus) in the
Western Central Atlantic Ocean

Month
Location Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Source
Brazil X X X X deMenezes and
Paiva, 1966
Columbia X X Garcia and

Solano, 1995
CostaRica X X X X X X X X X X X X Crabtreeetal., 1997a

Florida X X X X X Smith, 1980; Cyr, 1991;
Crabtree et al., 1997a

Mexico X X X X X Perusquia, personal
communication

Puerto X X X X X X Zerbi et al., 2001

Rico
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off North Carolina, an indication that tarpon spawning may occur along the U.S.
south Atlantic coast from Florida to Cape Hatteras (Smith, 1980). Alternatively, this
may reflect northward advection from Florida spawning grounds via Gulf Stream
currents during the relatively long larval duration (e.g., Cowen et al., 2006). Meta-
morphic tarpon are found inshore in bay and coastal waters. Recruitment of meta-
morphic larvae in Costa Rica was highest from December to February and July
to October, corresponding with winter storms and the summer hurricane season,
respectively (Chacon-Chaverri, 1993). Summer storms, hurricanes, and associated
flooding may push metamorphic tarpon into interior streams and pools where the
growth into the juvenile stage may be triggered by contact with a freshwater environ-
ment (Babcock, 1951; Harrington, 1966; Chacon-Chaverri, 1993). The biophysical
processes that interact to transport and ultimately deliver pelagic leptocephalus lar-
vae inshore to juvenile habitats are complex, including significant advection by wind-
induced currents associated with hurricanes (Gehringer, 1959; Eldred, 1967, 1968,
1972; Smith, 1980; Cyr, 1991; Crabtree et al., 1992, 1995; Shenker et al., 1995).

Juvenile tarpon occur widely but prefer a warm estuarine or mangrove environ-
ment (Robins, 1977). They feed at or near the surface and readily capture insects
that fall into the water (Babcock, 1951; Robins, 1977). Small juveniles are restricted
to the salt marshes and shallow mangrove-lined estuaries and stagnant pools of
varying salinity where predator pressure is low and food supply high (Harrington,
1958, 1966; Erdman, 1960b; Wade, 1962; Mercado and Ciardelli, 1972; Tucker and
Hodson, 1976; Chacon-Chaverri and McLarney, 1992; Crabtree et al., 1995; Shenker,
personal communication), such as the Everglades and the Big Cypress Swamp in
south Florida (Kushlan and Lodge, 1974). Young-of-year (YOY) tarpon have been
reported from North Carolina (Hildebrand, 1934), Georgia (Rickards, 1968), Florida
(Wade, 1962, 1969), Texas (Simpson, 1954; Marwitz, 1986), including inland reser-
voirs (via introductions; Howells and Garrett, 1992), the Caribbean islands (Breder,
1933), Mexico, and Central America (Chacon-Chaverri, 1993). As facultative air-
breathers, tarpon can tolerate harsh habitats characterized by anoxia, periods of
extremely shallow water, and high hydrogen sulfide concentrations (Robins, 1977).
Water temperatures below 10°C are lethal to tarpon (Zale and Merrifield, 1989),
which helps to explain their constrained northward distribution. Episodic kills of
tarpon in cold winters are common in southern Florida, Texas, and northern Mexico
where young fish lack access to deeper, warmer water. Interestingly, while adults are
common in Costa Rica, Nicaragua, and Panam4, juvenile tarpon are considered rare
to absent in these areas (Chacon-Chaverri, 1993).

Late juvenile tarpon are dependent upon deep-water habitats such as canals
and sloughs for emigration to coastal bays (Hunt in a personal communication to
Kushlan and Lodge, 1974). Juveniles have been found to inhabit mud flats in Puerto
Rico during times when connections exist among mud flats and adjacent lagoons
(June—February; Zerbi et al., 1999); storms may flush the juveniles into new habitats,
providing them with additional food resources (Rickards, 1966). Emigration from
juvenile habitats may be mediated by increasing food requirements (Cyr, 1991).

Adult tarpon (>120 cm FL) are primarily coastal fishes that inhabit inshore
waters and bays over a wide range of salinities (fresh to hypersaline) and temperatures
(17-36°C) (Zale and Merrifield, 1989; Crabtree et al., 1995). Large fish appear tens to
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hundreds of kilometers offshore and are capable of migrating thousands of kilometers
(Ault et al., 2005a; National Marine Fisheries Service tagging database 1960—-1999;
Luo et al., Chapter 18, this volume). During these offshore migrations they appear
to prefer the 26°C isotherm. Reports from temperate waters indicate that migrations
of incoming tarpon are generally associated with high seasonal temperatures (Costa
Pereira and Saldanha, 1977; Twomey and Byrne, 1985). Recent data from pop-up
archival transmitting (PAT) tags deployed in southeastern U.S. coastal waters sug-
gest that tarpon activity may be related to water turbidity (Luo et al., Chapter 18,
this volume). The authors illustrate that activity of this particular tarpon (inferred
from rapid depth changes) was lowest during periods of high winds associated with
passage of frontal systems. Tarpon likely rely on visual perception as predators;
increased wind speeds lead to greater wave action and higher turbidity in the water
column, decreasing visual acuity.

Diet

Like most large marine fishes, the diet of the tarpon changes according to life stage.
There is disagreement over leptocephalus larvae food habits and requirements;
some reports conclude that they do not feed (Hollister, 1939), while others suggest
that first feeding larvae consume protozoans, rotifers, larvacean houses, and fecal
pellets (Dahl, 1971; Mochioka and Iwamizu, 1996). Juvenile tarpon are crepuscular,
normally feeding first at sunset and then into the night if sufficient light is present
(Robins, 1977). The tarpon’s superior mouth and large proportioned jaw allows
them to capture food (normally whole prey items) from below via suction (Catafio
and Garzén-Ferriera, 1994; Grubich, 2001), particularly with a well-lighted back-
ground. Harrington and Harrington (1960), Hildebrand (1963), and Rickards (1968)
generally characterized the diet of juvenile tarpon as “carnivorous, but predomi-
nantly piscivorous.” Harrington and Harrington (1960) reported strong preference of
small (1.6-7.5 cm) juvenile tarpon for cyclopoid copepods and fishes (73 and 22%,
respectively). The remaining 5% of the diet consisted of mosquito larvae, ostracods,
and small shrimps, which fluctuate seasonally with bursts in production (Catafio
and Garzoén-Ferreira, 1994; Robins, 1977). The size of the prey items consumed by
tarpon increases proportional to size (e.g., Rickards, 1968), and as the tarpon grows
fishes such as mullets (Mugil spp.) and mollies (Poecilia spp. and Gambusia affinis)
become primary prey items. Adult tarpon feed on mullet, silversides, marine catfish,
shrimps (pink, brown, and white), blue crabs, ribbonfish, and menhaden, among
other fishes.

Regional Movements and Migrations

Tarpon may have resident, migratory, or mixed populations (Robins, 1977). New
evidence from PAT tagging suggests that mature tarpon will undertake substan-
tial alongshore and offshore spawning migrations (Ault et al., 2005a; Luo et al.,
Chapter 18, this volume). Some of these data show that tarpon will travel hundreds to
thousands of kilometers in relatively short time periods (<2 mo). In addition, conven-
tional tagging data collected by the National Marine Fisheries Service’s Gamefish
Tagging Program (Eric Prince, NMFS, personal communication) provide a wealth
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of information on the long-distance movements of tarpon tagged by anglers. These
studies document tarpon transiting vast distances, often in relatively short time peri-
ods. These movements can carry tarpon across international borders: tarpon tagged
off North Carolina waters have been recaptured off the southern coast of Cuba, while
others tagged off Mexico have later appeared in the waters of Texas, Louisiana, and
other Gulf states.

There is now little question that tarpon are capable of—and often undertake—
long-distance movements. These movements may represent repeated migratory
patterns, or there may be significant annual variation in the movement patterns of
individuals. The evidence is presently not yet sufficient to address the population
significance of long-distance movements in tarpon. Two possibilities are spawning
and feeding, and these are not mutually exclusive functions. The Caribbean and Gulf
of Mexico has been suggested to be an important spawning zone for tarpon (Smith,
1980). Spawning occurs in the spring and summer in the Yucatan Channel and the
Gulf of Mexico, with spawning areas off Cozumel, the west coast of Florida, and in
the southwestern Gulf of Mexico (Smith, 1980) (Figure 16.1). Tarpon along the U.S.
Atlantic coast and the western Gulf of Mexico appear to undertake seasonal migra-
tions, moving north in the spring—early summer months, then returning south in the

Latitude
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~ spring???
3L, .

T S,

Longitude

FIGURE 16.1 Map showing spawning and feeding areas for tarpon, Megalops atlanti-
cus, and observed migration routes around Florida, the Gulf of Mexico, and the northern
Caribbean Sea. Solid lines indicate observed migration pathways from PAT satellite tagging;
dotted lines indicate observed routes from NMFS conventional tag study; and dashed lines
indicate hypothesized migration routes.
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fall and winter. Fishes that comprise the U.S. Atlantic coast run are assumed to origi-
nate in Florida; the extent to which these stocks may interact (i.e., mix) is not well
understood. On the southward return migrations, it is unknown how many tarpon
continue past the Florida Keys and into the Caribbean Sea; however, recreational
catches indicate that many tarpon overwinter in south Florida’s coastal waters. There
are records of fish that originated in Louisiana moving south to Mexico with others
moving east to Key West. Tarpon that seasonally move into Texas, Louisiana, and
elsewhere in the northern Gulf of Mexico may depend on spawning grounds between
Tamaulipas and Veracruz, Mexico (Robins, 1977).

There are no data to assess the potential for trans-Atlantic migrations of tar-
pon (McMillen-Jackson et al., 2005). Tarpon have occasionally been reported
from European waters, presumably after following the warm Gulf Stream across
the Atlantic Ocean (Costa Pereira and Saldanha, 1977; Twomey and Byrne, 1985).
The European region does not constitute a suitable long-term habitat for tarpon, and the
cool, high-salinity waters off North Africa are probably a barrier to north-to-south
dispersal (Costa Pereira and Saldanha, 1977; McMillen-Jackson et al., 2005). In
tropical waters of the equatorial Atlantic, strong east-to-west currents and advec-
tive outflows from the Congo River could assist the dispersal of tarpon larvae and
the migratory patterns of adults. This region is a well-known feeding area for tunas
and billfish and contains sufficient forage fish to sustain such a migration. These
strong currents likely inhibit larval transport in the opposite direction, resulting in
asymmetrical exchange. Such a pattern of larval dispersal would essentially iso-
late African tarpon from an influx of western Atlantic fish, unless there is directed
migration by adults between the two continents. Genetic studies in the western
Atlantic (McMillen-Jackson et al., 2005) have suggested that tarpon populations are
genetically similar, but some regional isolation may occur. However, the western
Atlantic Ocean has few absolute barriers for the dispersal of a species such as tarpon
with actively migrating adults and a relatively long pelagic larval period.

POPULATION DYNAMICS

In this section we review the population dynamics of Atlantic tarpon. Management-
relevant population parameters considered are age and growth, maximum age
and survivorship, and reproductive maturity. Parameter definitions are provided in
Table 16.2, and specific parameter values are listed in Table 16.3. In this chapter,
we have augmented and updated Crabtree et al’s (1995) database with additional
aged samples from follow-on studies conducted at the Florida Fish and Wildlife
Research Institute (R. Crabtree and Luiz Barbieri, personal communication), along
with new allometric weight-fork length data collected from tarpon tournaments in
Coatzacoalcos and Veracruz, Mexico, from 2000 to 2005.

Age and Growth

Age and growth of Atlantic tarpon have been insufficiently documented (Crabtree
et al., 1995), and the majority of life history and population dynamics research
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TABLE 16.2

Parameters, Definitions, and Units for Population Dynamics Variables Used
in This Review of Atlantic Tarpon (Megalops atlanticus) and Bonefish
(Albula vulpes)

Parameter Definition Units

t Age Years

t, Age of recruitment Years

L, Length at recruitment Centimeters (tarpon) or millimeters (bonefish)
t, Age at 50% maturity Year

L, Length at 50% maturity Centimeters or millimeters FL
t Oldest age Years

Wy Weight at oldest age Kilograms

L, Length at oldest age Centimeters or millimeters FL
W, Ultimate weight Kilograms

L, Ultimate length Centimeters or millimeters FL
K Body growth coefficient Per year

ty Age at which length equals 0 Years

G Dorsal girth Centimeters

a Scalar coefficient of weight—length function Dimensionless

B Power coefficient of weight-length function Dimensionless

W(z) Weight at age a at time ¢ Kilograms

L(z) Length at age a at time ¢ Centimeters or millimeters FL
N(t) Numbers at age a at time ¢ Numbers of fish

M Instantaneous natural mortality rate Per year

F Instantaneous fishing mortality rate Per year

S() Survivorship to age ¢ Dimensionless

V4 Instantaneous total mortality rate Per year

o(r) Sex ratio at age ¢ Dimensionless

T'(w) Fecundity as a function of weight Ooyctes per female

Note: See Table 16.3 for parameter values.

comes from Florida and the Gulf of Mexico. Size (length) at hatching is 0.2 cm FL;
Smith (1980) collected a 0.057 cm FL larva that retained a portion of the yolk sac.
Leptocephalus larvae have extremely high growth rates, yet may remain in the
plankton for several months before undergoing metamorphosis into their juvenile
form (McCleave, 1993). Crabtree et al. (1992) conducted directed sampling of tarpon
larvae to obtain a realistic estimate of distribution and abundance. They examined
otoliths (sagittae) of tarpon leptocephali from south Florida and found their ages
ranged from 2 to 25 days for sizes ranging from 0.55 to 2.44 cm, respectively. The
relationship between fish length and age was estimated for 117 larvae by

SL=2.78+0.92¢, (16.1)
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where SL is standard length in mm and ¢ is age in days. Approximate hatching dates
for these larvae ranged from 12 May to 10 July.

Tarpon larvae do not move inshore until they undergo metamorphosis to the
juvenile stage: a critical period that influences whether the pelagic larvae can suc-
cessfully transit to demersal habitats (Shiao and Hwang, 2006). During this period
of metamorphosis, the transparent leptocephali shrink from approximately 2.8 to
1.3 cm SL, perhaps in response to signals associated with inshore waters such as
reduced salinity or turbidity (Cyr, 1991). Once metamorphosis is complete, positive
growth begins again (Wade, 1962). Thus, size at recruitment L, to the population is
2.3-3.0 cm, which corresponds to age of recruitment ¢, of 30-34 days, respectively.
Rickards (1966) found recruited juvenile specimens in Georgia as small as 1.96 cm,
and provided the following weight—length equation for tarpon ranging from 19.6 to
273.5 mm SL:

logio W = — 5.21753 + 3.18689[log,o SL], (16.2)

where W is weight (g) and SL is the standard length (mm). Harrington (1958)
described the weight-length relationship for juvenile tarpon 16—45 mm SL as

W =—150+55.14(1.069%"). (16.3)

Crabtree et al. (1995) studied age and growth of juvenile to adult tarpon from Florida.
Their specimens were taken from the Florida Keys, Boca Grande Pass, and Indian
River Lagoon. The smallest fish in their length samples (sex undetermined) was
6.6 cm FL, while the largest male was 171 cm and the largest female was 204.5
cm FL. The range of lengths in Crabtree et al.’s (1995) samples followed a bimodal
distribution, containing many small and some large fish. Generally, the samples
lacked fish in the 90—120 cm range with few fish larger than 175 cm. Many of these
historical data have been reported in various terms of total length 7L, standard
length SL, and fork length FL. In this chapter, FL is used as the standard reporting
size; using all available Florida data the relationship between FL dependent on TL
is estimated as

FL =—1.062607+0.896584TL, (16.4)

where n = 1074 and r? = 0.9994 (Figure 16.2A). The statistical relationship between
FL dependent on standard length SL is

FL =1.08005833+1.04236437SL, (16.5)

with n = 1356 and r> = 0.9994 (Figure 16.2B).
Another growth function is the allometric relationship

W(r)=oaL(r)", (16.6)
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FIGURE 16.2 Regressions for fork length dependent on (A) total length and (B) standard
length, for tarpon, Megalops atlanticus, from south Florida waters.

where W(f) is the weight at age #; L(f), the length at age #; a, a scalar coefficient of the
weight-length function; and f3, the power coefficient of the weight—length function.
We fit the allometric function to data for 1488 fish from Florida (n = 1279), Interna-
tional Game Fish Association (IGFA) world records (n = 73), and Mexico (n = 136)
(Figure 16.3B). Figure 16.3A shows that the function fits the Florida data well.
Crabtree et al. (1997a) described sexually dimorphic growth with females sig-
nificantly larger than males for tarpon from Florida (confirmed by Andrews et al.,
2001) and Costa Rica (cf. Cyr, 1991). Costa Rican tarpon were also examined by
Chacon-Chaverri (1993) and it was observed that female tarpon were significantly
heavier than males at a given age (i.e., average sizes W= 3590 kg; W 3= 21.36 kg;
and, weights ranged from 7.0 to 74.0 kg, W = 29.68 kg). Using nonlinear regression
methods to analyze FL dependent on age data combined from Crabtree et al. (1995)
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FIGURE 16.3 Plots of observed (symbols) allometric weight dependent on fork length
plots and predicted nonlinear regression (solid line) for tarpon, Megalops atlanticus, from
(A) south Florida and (B) Florida, Mexico, and IGFA world records.

and Ault et al. (2005a), we fit lifetime growth functions to the von Bertalanffy
equation,

L(t)=L_(1—¢ X070 (16.7)

for females and males. The sample of 316 females had a mean length of 145.6 cm FL,
while 164 male tarpon had a mean FL of 112.6 cm (Figures 16.4A, 16.4C). Weight-
at-age was determined by evaluating Equation 16.6 with the results of Equation 16.7
(Figure 16.4B, 16.4D).

Because catch-and-release is rapidly becoming a dominant component of
tarpon fishing tournaments, we developed an empirical function to efficiently
estimate tarpon weight given readily obtainable measurements of length and girth.
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Precise measurements of tarpon weight, fork length, and dorsal girth were obtained
from several sources: (1) Crabtree et al.’s (1995) study; (2) the IGFA world record
database; and (3) regional tarpon kill tournaments (e.g., Veracruz Yacht Club,
Coatzacoalcos) held during 2000-2005. These data were used to parameterize a log-
linear version of a generalized multivariate linear statistical model,

In(W;) = by + b, In(L;) + b, In(G;) + In(§;), (16.8)

where In(W,) is the natural logarithm of weight (kg) of the ith observation; L, is fork
length (cm); G, is dorsal girth (cm); and ; is the error term. Higher-order terms were
ignored because partial F-tests revealed that their inclusion into the model did not
significantly reduce mean squared error. We took advantage of the high correlation
between FL and girth (Figure 16.5A) to produce the fitted model,

In(W,) = —10.6027 +1.8105 In(L;)+1.1708 In(G,), (16.9)
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FIGURE 16.5 Plots of south Florida (small black dots), IGFA (open circles), and Mexico
(squares) data sources showing: (A) dorsal girth dependent on observed fork length for tar-
pon, Megalops atlanticus, and (B) distribution of relative error of predicted weight dependent
on fork length from Equation 16.9.
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where n = 612 and r?> = 0.9954. The model produces accurate weight estimates
shown by the distribution of relative error of predicted weights (i.e., W, — W/W[) given
FL and girth, such that more than 92% of all predicted weights are within £10% of
the true weight over the tarpon size range of 25-235 cm FL (Figure 16.5B).
Mortality and growth estimation in tropical fishery populations are normally
approached from a size-based perspective because of difficulties in ageing fish.
Average size can be converted to mean age by assuming that age  maps directly into,
or is a function of, size L(f) and that mean length-at-age from the von Bertalanffy

equation can be inverted as
_m[LM —L(t)}
L.

tf=—————1. 16.10
X 0 ( )

Additionally, numbers-at-length can be converted to numbers-at-weight by means of
simple allometric relationships.

Maximum Age, Maximum Size, and Lifetime Survivorship

The expected lifetime survivorship of tarpon is a function of all sources of natural
mortality, including predation and disease. Beebe (1927) stated that shore birds,
ospreys, and eagles were the principal predators of juvenile tarpon, and Harrington
(1966) suggested that the rolling habits of the tarpon make them excellent targets
for fish-eating birds. As tarpon grow and age, the predator field changes. Sharks,
particularly great hammerhead (Sphyrna mokarran) and bull (Carcharhinus leucas),
are known predators of adult tarpon, especially those that have been injured through
hooking or catch-and-release by fishermen.

The instantaneous rate of natural mortality rate M for tarpon can be estimated
from maximum age. Results from previous analyses of maximum age have not
been particularly conclusive. In a detailed age and growth study of south Florida
tarpon using otoliths, Crabtree et al. (1995) estimated ages for 164 males and 316
females using otoliths. The oldest two females aged were 55 years old, at lengths
of 180 and a 204.5 cm FL, and the oldest male was estimated at 44 years old at
171.0 cm FL (Figure 16.4). In a related study, Crabtree et al. (1997a) found maxi-
mum age for 120 sampled Costa Rican tarpon to be at least 48 years, with the
majority of ages ranging between 15 and 30 years. However, radiometric analysis
by Burton et al. (1999) suggested that female tarpon longevity may exceed 82 years.
Similar analyses by Andrews et al. (2001) found that Crabtree et al.’s (1995) 55 years
could have exceeded 78 years, and a male estimated at 36 years could have been up to
or exceeding 41 years. Andrews et al. (2001) concluded that longevity of female
tarpon was at least 50.6 years, but it may exceed 78 years. They noted that a captive
tarpon was held alive at the John G. Shedd Aquarium in Chicago for 63 years until
it died after jumping out of the tank in 1998. This fish was likely at least 10 years
old when first placed in the aquarium (based on its size), supporting the suggestion
that maximum age exceeds 70 years.
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South Florida samples available for the Crabtree et al. (1995) study were selec-
tive toward tarpon smaller than 150 cm (Figure 16.3A). Seasonally, very large tarpon
are captured in the tarpon tournaments held at Veracruz and Coatzacoalcos, Mexico.
More than 50% of the Mexico tournament-caught fish for the period 2000-2005
were larger than 175 cm FL, whereas only 24% of the Florida recreational catch
exceeded this length (Figure 16.3B).

The Florida Fish and Wildlife Conservation Commission (FWC) Saltwater
Record Program shows that the state record tarpon of 110.2 kg was landed on con-
ventional gear at Key West, Florida, on February 17, 1975 (FWC Saltwater Record
Program, International Game Fish Association, 2006). This catch record suggests
that Florida may not be home to the biggest tarpon in recent times, even within the
regional ecosystem. The world record Atlantic tarpon of 130 kg was captured off
Rubane, Guinea-Bissau, Africa, on March 20, 2003. At least three fish within 2 kg
of this size can be found in the IGFA record database, two from Africa and one from
Venezuela (International Game Fish Association, 2006; Figure 16.3). Interestingly,
McClane (1974) reported an individual over 243 cm FL and 158.8 kg taken from the
Hillsborough River Inlet, Florida.

The reported maximum age of fish in the stock (¢)) allows application of a
convenient and consistent method to normalize the annual instantaneous natural
mortality rate M to life span following Alagaraga (1984) and Ault et al. (1998). First,
we assumed that S(¢)), the fraction of the initial cohort numbers surviving from
recruitment ¢, to ¢,, can be expressed as

N() _ o\ M) 16.11
N S(t;)=e . (16.11)

Then, assuming an unexploited equilibrium, setting the probability of survivorship of
recruits to the maximum age to be 5% (i.e., S(t,) = 0.05), and letting ¢, be equal to 0,
rearrangement of Equation 16.11 provides an estimate (Table 16.3) of the natural mor-
tality rate,

—In[S(@,)]
1t '

M= (16.12)

Maturity and Fecundity

In Florida, male tarpon reached sexual maturity at approximately 117.5 cm FL, and
females were found to be sexually mature by 128.5 cm FL (Table 16.4). Male and female
tarpon reach sexual maturity at approximately 10 years of age, but females attain a larger
size at maturity due to their more rapid growth. Chacon-Chaverri (1993) and Crabtree
et al. (1997a) state that tarpon in Costa Rica reach sexual maturity at smaller sizes
than those in Florida. In Costa Rica, males reached sexual maturity at approximately
88 cm FL, and females were found to be sexually mature by 112.6 cm FL. Although
Crabtree et al. (1997a) noted that Florida fish were significantly larger than Costa Rican
fish of similar age, their sampling in Florida was biased because fish were obtained



234 Biology and Management of the World Tarpon and Bonefish Fisheries

TABLE 16.4
Length (cm FL) at Sexual Maturity for Atlantic Tarpon (Megalops
atlanticus) in the Central Atlantic Ocean

Location Females Fecundity Males Source

Brazil 125.0 Not available 95.0  de Menezes and Paiva, 1966

Florida 128.5 4.5-20.7 million 117.5  Crabtree et al., 1997a
oocytes per fish

Costa Rica 112.6 Not available 88.0  Chacon-Chaverri, 1993;

Crabtree et al., 1997a

primarily from tournaments and taxidermists and thus selectively harvested for their
larger size. Finally, de Menezes and Paiva (1966) found that Brazilian tarpon attained
sexual maturity at 95 and 125 cm FL for males and females, respectively.

Total fecundity (amount of yolked oocytes) of 32 Florida female tarpon was
estimated gravimetrically by Crabtree et al. (1997a) and was positively correlated
with body weight. They estimated mean fecundity to range between 4.5 and 20.7
million oocytes per fish, a range that encompassed Babcock’s (1951, p. 43) estimate
of 12,201,984 eggs for a 64.55 kg—203.2 cm TL female tarpon. Cyr (1991) reported
minimum fecundity at 1,081,330 oocytes per female, but his maximum of 19,519,400
oocytes per fish fell within Crabtree et al.’s (1997a) reported range.

FISHERIES EXPLOITATION AND HUMAN IMPACTS

Atlantic tarpon are highly valued throughout their range. A big game fish in every
sense, Atlantic tarpon are the subject of a host of tournaments, especially in Florida
and Mexico (Robins, 1977). As a highly prized sportfish, their large adult body size,
strenuous fighting characteristics, and striking silver flash contribute to their appeal
(Grey, 1919; Oppel and Meisel, 1987). Tarpon typically attack baits or lures with
ferocious intensity and make strong runs, and may make spectacular leaps as high as
10 ft out of the water (McClane, 1974).

Tarpon are fished across the eastern seaboard from Virginia to Florida, across
the Gulf of Mexico, and south into Brazilian waters, but the most developed fisheries
are found in Florida and Costa Rica (Chacon-Chaverri, 1993). Tarpon are among the
most sought-after gamefish off the Caribbean coast of Costa Rica (Chacon-Chaverri,
1993), and Florida anglers spend hundreds of millions of dollars each year sportfish-
ing for tarpon. In Florida, tarpon are targeted by recreational anglers as juveniles
and adults (Robins, 1977). The Florida tarpon fishery is seasonal; most tarpon are
caught during May to July, although some fish are caught in all months (Crabtree
etal., 1995). The fishery is predominately catch-and-release, although large kill tour-
naments still persist. Tarpon are generally not eaten in the United States (McClane,
1974). Anglers in Florida who wish to harvest a tarpon must first purchase an annual
permit. The cost of this permit has remained US$50 per fish since it was introduced
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in 1989, and there is an annual two-fish limit per person. Since this regulation was
established, fewer than 100 tarpon have been harvested per year in Florida (Barbieri
et al., Chapter 27, this volume).

Edwards (1998) noted that postrelease mortality is lower for captured tarpon not
removed from the water, and that aggressive angling techniques intended to shorten
capture (e.g., use of heavy tackle) may reduce release mortality. Recent studies by the
FWC (K. Guindon, personal communication) estimated catch-and-release mortality
at about 4.1%, with three principal phases of stress to the fish: (1) capture (hooking,
angling duration, water temperature, shark attack); (2) handling (hook removal, air
exposure, length of retention); and (3) release (revival, shark attack, recovery time).

As tarpon fisheries are predominantly catch-and-release, there is currently a
shortage of data necessary for quantitative analysis of the stocks. Fishery catches
and efforts are not well documented throughout its range. Unlike the United States,
tarpon are highly esteemed for their food value by subsistence fisheries in many
Latin America countries such as Mexico, Belize, Cuba, Puerto Rico, Nicaragua,
Costa Rica, Colombia, and Trinidad (Hildebrand, 1934; Catafio and Garzoén-
Ferreira, 1994; Mol et al., 2000; Ramsundar, 2005; Montano et al., 2005). The roe of
large females is highly prized in Mexico. Tarpon or “sdbalo” soup remains a popu-
lar traditional dish along the Caribbean coast of Columbia, which has contributed
to localized stock declines (Garcia and Solano, 1995). These declines may also be
attributable to habitat destruction, as Restrepo (1968) and Dahl (1971) report that
tarpon were dynamited in Columbia for harvesting. Three metric tons of tarpon
were produced by aquaculture in Columbia between 1985 and 1987, but this practice
appears to have ceased.

ATLANTIC BONEFISH (Albula vulpes)

Despite a relatively large and growing body of research investigating the biology of
bonefishes (Albula spp.), essential data on the life history and population dynamics
of A. vulpes in the Atlantic Ocean and Caribbean Sea are in short supply. In this
section, we review the existing information on bonefish and identify gaps for fishery
management.

Lire CYCLE AND RESOURCE ECOLOGY
Species Distribution and Unit Stock

The Atlantic bonefish, A. vulpes, was originally described by Linnaeus in 1758. The
bonefish is considered one of the few examples of a cosmopolitan circumtropical distri-
bution in shorefishes. Twenty-three nominal species have been described, all of which
were synonymized under A. vulpes in 1940 (Colborn et al., 2001). Only two Atlantic
species, A. vulpes and A. nemoptera, have been recognized (Rivas and Warlen, 1967
Robins and Ray, 1986). In this review, we focus on A. vulpes. In general, there appears
to be little difference between bonefish species in terms of morphology or resource
ecology (Colborn et al., 2001). The larvae, juveniles, and adults of all bonefish appear
to be similar and are difficult to distinguish morphologically between species. Colborn
et al. (2001), from genetic analyses, suggested there may be a deeper water species in
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the Florida Keys, but recent acoustic telemetry work (Larkin et al., Chapter 19, this
volume) shows that supposedly shallow water A. vulpes travel to deeper waters, presum-
ably to move offshore to spawn or avoid wintertime weather patterns (i.e., cold fronts)
and associated water temperature fluctuations. Bonefish were not previously believed
to be ocean migrants as juveniles or adults, but recent results of conventional anchor
tagging studies in Florida have documented movement of mature bonefish between
the Florida Keys and the Bahamas (Larkin et al., Chapter 19, this volume).

Life Cycle

Studies by Bruger (1974), Mojica et al. (1995), and Crabtree et al. (1997b) provided
information on reproductive seasonality of bonefish spawning in south Florida.
Bruger (1974) suggested that spawning occurred year-round off the Florida Keys
based on finding ripe females in all months. A more extensive study by Crabtree
et al. (1997b) concluded that gonadal activity of mature bonefish showed seasonal
periodicity. They found vitellogenic oocytes most prevalent during November—May.
The seasonal spawning pattern of bonefish in the Bahamas appears similar to the
Florida Keys. Mojica et al. (1995) observed ripe adult bonefish from October to May,
while Colton and Alevizon (1983b) anecdotally suggested that spawning occurred in
October and November. Erdman (1960a) found ripe females only during the period
November through January in Puerto Rico. Collectively these data indicate seasonal
reproductive activity of A. vulpes throughout its Caribbean range, with most activity
occurring in fall-winter and early-spring months.

Exceptionally large schools (densely formed and covering an acre or more) are
sometimes seen in the Bahamas and Florida from mid-January to April, “milling” in
protected shallow bays behind reefs (McClane, 1974; J. Kalman, personal communica-
tion). These concentrations of mature-sized animals may be prespawning or spawn-
ing bonefish. However, it is widely believed that bonefish do not spawn in the shallow
nearshore areas where the fishery exists (Crabtree et al., 1997b). Instead, spawning is
presumed to occur in deep water off the coral reef shelf edge, away from these prin-
cipal foraging grounds (Colton and Alevizon, 1983b; Mojica et al., 1995; Crabtree et
al., 1997b). Alexander (1961) suggested that bonefish either spawn offshore or in areas
where currents are likely to carry the eggs offshore. First development phase leptoceph-
ali are nearly isotonic with sea water, and therefore may require the relatively stable
salinity of offshore waters to reduce complications from osmotic variation (Hulet and
Robins, 1989).

Mojica et al. (1995) collected metamorphic leptocephali using nets placed 1 m
deep in tidal channels near Exuma Sound, Bahamas, in spring and early summer.
They reported ages ranging from 41 to 71 days (mean = 56 days) in their sample
based on counts of daily increments in otoliths. They concluded that these larvae
had been spawned the previous October through January, and also noted one recruit-
ment pulse during June, which prompted them to add that “significant spawning
activity” may continue through May. Greatest catch rates coincided with evening
hours and flood tides during the new moon. Drass (1992) found bonefish leptocephali
to 50 m in Exuma Sound, suggesting that vertical migration likely influences tim-
ing of onshore migrations. Erdman (1960a) in Puerto Rico collected metamorphic
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leptocephali in beach seines during all months except July; abundance peaked dur-
ing March to May, and suggested a larval duration of 5-6 months. Pfeiler (1984a)
suggested that duration of the premetamorphic larval stage of Albula sp. in the Gulf
of California may be as great as 6—7 months, based on presumed timing of spawning
and appearance of metamorphic larvae. However, Mojica et al. (1995) discussed the
possibility that bonefish could delay metamorphosis until environmental conditions
favored onshore settlement, and Schmidt (1922) stated that leptocephali are capable
of living in the oceanic plankton for months. Pfeiler (1984b; see also Chapter 13,
this volume) and Bishop and Torres (1999) have discussed the ecological and evo-
lutionary implications of the potentially long larval duration within the subdivision
Elopomorpha. Bonefish leptocephali appear infrequently in northern Gulf of Mexico
estuaries (Thompson and Deegan, 1982) and Atlantic coast embayments off the cen-
tral and northeastern United States (Alperin and Schaefer, 1964). These occurrences
have been attributed to transport by entrainment in eddies shearing off the Straits of
Florida, Gulf Stream, and Loop Current near spawning areas. Transport times from
spawning locations in the northern Caribbean Sea, Florida, and the Bahamas, even
for a passively drifting larva, could be relatively short, that is, weeks versus months
(Cowen et al., 2006; Luckhurst et al., in review).

The location of juvenile bonefish habitats remains an enigma. Erdman (1960a)
reported that young postmetamorphic juveniles were found along sandy shorelines
with moderate surf off Puerto Rico, and juvenile bonefish (0.11-0.34 kg) inhabited
mud bottom, mangrove habitats near shore. Crabtree et al. (1996) conducted lim-
ited seine collections in sand and seagrass benthic habitats on the Atlantic coast
of Florida between Key West and the Indian River Lagoon that produced 56 YOY
bonefish that ranged from 21 to 116 mm FL. They did not comment on the spatial
distribution of abundance. A comprehensive rollerframe trawl survey to assess fishes
and macroinvertebrates of Biscayne Bay revealed that a large number of fish species
utilize various benthic habitats as YOY nursery grounds (Ault et al., 1999). However,
despite exhaustive sampling over four seasons and 2 years that included areas that
adult bonefish frequent, no YOY bonefish were ever observed.

Over the past several years, seining efforts in the Florida Keys have captured
some YOY bonefish. Mote Marine (A. Adams, personal communication) sampled
along the same beaches where Crabtree et al. (1996) located YOY bonefish. Ault
et al. (2005a) reported discovery of YOY bonefish recruiting to the shorelines of
Key Biscayne, Florida, from January to June. Some bonefish leptocephalus-stage
larvae were collected in January through late April. Despite over 300 YOY bonefish
collected by 