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GLOSSARY

eutrophication Overenrichment of aquatic systems
with nutrients, often leading to harmful algal blooms
and subsurface oxygen depletion.

harmful algal blooms Development of sufficient num-
bers of cells of algal species to cause “harmful” effect
to ecosystem.

microbial response Expected responses of microscopic
algae to nutrient enrichment is excess production
beyond what can be consumed by grazers and species
shift to noxious species; this expected response is
not necessarily what happens.

nutrient enrichment Usually excess of nitrogen and
phosphorus nutrients to aquatic systems.

redfield ratio From large-area and time averaging, ratio
of carbon, nitrogen, phosphorus, and oxygen for
normal ocean plankton and deep-ocean nitrate and
phosphate pools.

subsurface oxygen depletion Due to isolation of
waters below the surface, metabolic breakdown of
organic matter from the surface waters can cause
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depletion of dissolved oxygen concentration, leading
to very low oxygen (hypoxia) or no oxygen (anoxia).

MOST LAKES, ESTUARIES, AND COASTAL OCEAN
REGIONS in the proximity of large human populations
have experienced significant nutrient enrichment when
contrasted to more “pristine” conditions. This stress of
nutrient enrichment is viewed as the cause of eutrophi-
cation, with classical symptoms of subsurface water
oxygen depletion from excess algal production and pro-
liferation of noxious algal species. The typical eutrophi-
cation phenomenon has been defined in lakes as a direct
cause-and-effect relationship to a single macronutrient,
usually phosphate. For both ecological research and
resource management, this lake concept has been ex-
tended to estuarine and coastal waters, with some incor-
rect conclusions. Estuaries and coastal waters, as well
as lakes, have complex microbial communities of phyto-
plankton algae plus heterotrophic bacteria and protozoa
that together act as the beginning of the food web. The
response of different members of these communities to
different stimuli as well as differences of grazer pressure
on different ecosystems must be taken into consider-
ation. In estuaries and coastal waters, more complex
biogeochemical reactions and tides and currents further
complicate understanding the impact of nutrients. Ra-
tios of the macronutrients nitrogen and phosphorus to
each other and to silicon vary in both time and space,
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exerting varying influences on the microbial response.
In addition, trace nutrients, which are often considered
unimportant in lakes, probably have a major influence
on estuarine and coastal primary production. Trace
metals and organic compounds also have potential con-
taminant influences on the overall microbial response.
Eutrophication as a stress in estuarine and coastal ma-
rine waters is not a simple cause-and-effect phe-
nomenon.

. INTRODUCTION

Perhaps the single anthropogenic stress on aquatic and
marine environments that is considered to be most
ubiquitous is described with the broad term eutrophica-
tion. Human activities have mobilized nitrogen and
phosphorus through agriculture, urban and suburban
sewage, and atmospheric emissions sufficiently to
greatly increase fluxes to aquatic environments, espe-
cially to lakes, estuaries, and coastal ocean waters. The
overly simplistic view of eutrophication is that loading
of nitrogen and phosphorus causes increased produc-
tion and biomass of planktonic algae, with decreased
species diversity. Thus, nutrient loading creates a stress
to the aquatic community causing adverse community
impact. Characteristic symptoms of eutrophication are
depletion of oxygen in subsurface waters from excess
algal biomass and development of blooms of noxious
algal species (Richardson, 1997). Limnological studies
of eutrophication have given concepts and observations
about the phenomenon which, when applied to estua-
rine and coastal waters, often lead to incorrect conclu-
sions. Contrary to simple models, nutrient loading in
nearshore marine waters often does not support the
level of primary production and phytoplankton biomass
that would otherwise be expected from the high nutri-
ent concentrations. Depletion of oxygen in subsurface
waters is probably more a function of the physics of the
specific aquatic system and lack of grazer consumption
than it is of nutrient-stimulated excess algal growth. A
bloom of a noxious algal species is probably more a
function of the response by the entire aquatic commu-
nity to the overall chemical milieu than it is to nutrient-
stimulated growth of the algal species.

This lack of a simple cause-and-effect response to
nutrient loading is especially important to evaluate in
light of two essentially opposite resource management
actions. In nearshore waters, the traditional approach to
eutrophication is removal of nutrient inputs to prevent
algal production and growth. This approach has been
successful in some cases. However, its success may be

overestimated and probably, nutrient removal will have
little of the intended impact in many estuarine and
coastal waters. The second and opposite action with
nutrient enrichment comes from recent proposals for
large-scale engineering projects to fertilize waters of the
open ocean to increase primary production (Cullen and
Chisholm, 1999). In the one case, there is the simple
goal of decreasing algal production (which is considered
bad) by reducing nutrient inputs and in the other case a
goal of increasing algal production (which is considered
good) by adding nutrients; it’s not that simple. A princi-
pal reason that we often misinterpret marine eutrophi-
cation is that insufficient consideration is given to the
hydrodynamic and biogeochemical complexity of the
environment as well as the biodiversity of the microbial
community (Paerl, 1998).

In discussing biological diversity, Norse (1993) con-
siders hierarchical levels that range from genetic to
species to ecosystem. Stress appears to decrease com-
munity diversity, often also decreasing the number of
species within an individual function, such as primary
production. It is critical to consider that increased diver-
sity at one trophic level may decrease diversity at an-
other. An interesting example comes from a recent ex-
amination of thermal stress on a planktonic community.
Microcosms were studied with examination of several
trophic levels (Petchy et al., 1999). It was found that
environmental warming caused losses of top predators
and herbivores, with increasing dominance by auto-
trophs and bacterivores. The warming increased extinc-
tion of predators with little effect on primary producers
and bacterivores. Primary producer and bacterivore bio-
mass increased, bacterial biomass did not change, and
there were idiosyncratic impacts on total biomass.
Warming directly increased primary production
through temperature-dependent physiology and indi-
rectly through changes in trophic structure. Warming
also increased decomposition, probably both through
physiology and indirectly through food web structure.
The results of this quantitative study are consistent with
the general descriptive view of eutrophication where
primary production and bacterial decomposition appear
to increase while much of the rest of the trophic struc-
ture decreases (Vollenweider et al., 1992).

Many anthropogenic inputs to the aquatic environ-
ment that may be considered potential stressors have
a dual impact, both stimulating growth at low concen-
trations and decreasing growth at higher concentra-
tions. At a functional level, like primary producers,
it is well known that temperature has a stimulating
influence on individual species until a threshold is
reached, above which it can inhibit. There has been
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considerable interest recently about the influence of
trace metals on primary producers showing this dual
stimulating—inhibiting influence (Bruland et al., 1991).
The impact of nutrients is clearly similar if one looks at
the full ecosystem. Overcoming limiting levels increases
primary production and can increase entire ecosystem
production, but only to an extent. Then too much nutri-
ent loading may become a negative stress on the ecosys-
tem. It is necessary to discriminate whether the effect
is from nutrients or other inputs.

In the next section, the extension to the marine
environment of the limnological example of eutrophica-
tion is examined. Following that is a section examining
relatively low growth in high-nutrient environments
and a section on ecosystem stoichiometry. The last sec-
tion addresses the need for more thorough understand-
ing of multiple stressor effects on the entire community,
including grazer and trophic transfer.

II. EXTRAPOLATING FROM LAKES TO
THE SEA

A. Lake Eutrophication

The classic example of reducing input of one nutrient
to ameliorate eutrophication can be seen with the rela-
tively successful cleanup effort that has taken place with
lakes (e.g., Edmondson, 1991). Vollenweider’s models
of the 1960s have led to the single-element, phosphorus,
approach to lake eutrophication. These were success-
fully applied to the experimental lakes program, where
focus on P proved successful (Schlinder, 1981). In these
studies, if carbon or nitrogen were in shortage, it could
be brought in from atmospheric or sedimentary sources.
Schlinder also concluded that micronutrients were not
important except in rare cases. The accepted overview
for lakes is that phytoplankton production is controlled
by annual P-loading and that P-loading is directly re-
lated to P concentration and P concentration and chlo-
rophyll are well correlated. Generalizations of this na-
ture may be more valid for lakes than for marine and
estuarine waters due to more thorough experimental
information and the hierarchical approach used to study
lake eutrophication (Hecky and Kilham, 1988). In addi-
tion, physical properties in estuarine and marine waters
may make these systems more complex. Indeed,
Schlinder (1981) has stated, “The control of eutrophica-
tion in estuaries has appeared to be much more complex
that it is in lakes.”

Estuarine and coastal ocean waters have considerable
transport circulation driven by both tidal energy and

riverine discharge and this circulation is variable on
predictable and unpredictable periodicities. These envi-
ronments also have complicating factors from variations
in suspended sediments through specific input sites,
circulatory resuspension of bottom sediments, and co-
agulation along estuarine salinity gradients. Addition-
ally, the salinity gradients of estuaries cause significant
physical stress such that populations of organisms will
change and moreover the change in ionic strength will
influence chemical speciation and solute—solvent inter-
actions. The more complicated and varying physics
gives rise to less predictability of populations on a sea-
sonal basis. This pertains not only to primary producers
but also to food web structure. There is a large literature
on the subject of coastal ocean eutrophication, with
recognition of difficulties in applying eutrophication
concepts to estuarine and coastal waters, where physics
and biogeochemistry complicate the picture (Vollen-
weider et al., 1992).

B. Food Web Complexity

In addition to the complicated nature of coastal waters,
it is well recognized that food web structure can bring
significant variability to all aquatic ecosystems, lakes
as well as coastal marine waters. Schlinder et al. (1997)
demonstrated that the primary production enhance-
ment from nutrient enrichment was less in a piscivore-
dominated lake than in a planktivore-dominated lake.
The reason for this difference was the suppression of
phytoplankton by large zooplankton in the piscivore
lake. The study focus included evaluation of drawdown
of atmospheric CO, from nutrient-enhanced produc-
tion and confirmed that changes in aquatic CO, fugacity
could be successfully manipulated in lakes and open-
ocean ecosystems.

The recognition of complexity in oceanic microbial
ecosystems led to the concept of the “microbial loop,”
where organic matter from phytoplankton is rapidly
consumed by bacteria, which are in turn consumed by
protozoans that are consumed by small zooplankton
that otherwise would be herbivores exclusively (Azam
et al., 1989). This shunt from the phytoplankton—
herbivore direct trophic transfer means lower efficiency
in the path to higher metazoans and led to debates of
bacteria as “source or sink” in oceanic as well as estua-
rine environments (Sherr et al., 1987). Subsequent work
with the microbial loop has led to considering the com-
bined phytoplankton and microbial heterotrophs (bac-
teria and protozoans) as the primary producer commu-
nity supporting the metazoans (Sherr and Sherr, 1991).
With the primary producer function from a multicom-
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partment ecosystem, it is not surprising to find phyto-
plankton and heterotrophic bacteria being influenced
by different stimuli. For example, Pace (1993) showed
bacteria being controlled by phosphorus while phyto-
plankton were controlled by nitrogen and phosphorus
in lake nutrient enrichment experiments. In most cases
with any aquatic environment, nutrient addition will
bring variable influences on phytoplankton and hetero-
trophic bacteria and may also influence heterotrophic
protozoans and metazoan grazers.

It has been well recognized that phytoplankton pro-
duction, or the entire primary producer community, is
influenced by removal (top-down control) as well as
by resource limitation (bottom-up control). In a recent
review of eutrophication in planktonic ecosystems,
Glibert (1998) pointed out that grazing and nitrogen
recycling are intricately connected in controlling plank-
tonic nitrogen availability. Another important recogni-
tion is that top-down control has a major impact on
export from the pelagic system (Wassman, 1998).
Wassman warned that to view only bottom-up controls
(nutrient influence) will not successfully guide biogeo-
chemical studies of marine systems. Thus, it seems obvi-
ous that a nutrient influence on phytoplankton should
not be considered in the absence of the rest of the
beginnings of the ecosystem.

C. Response of Nearshore Waters to
Nutrient Enrichment

The idea that a single nutrient controls primary produc-
tion comes from classical ecological theory. With a sin-
gle nutrient, a single phytoplankton species should have
an advantage over others and dominate by outcompet-
ing. The fact that multiple species can coexist within an
apparent niche was considered a paradox (Hutchinson,
1961) and was the subject of a massive amount of
excellent aquatic research. Recognizing the necessity
to consider guilds rather than a single species makes
understanding of primary production more compli-
cated. Add to this the more recent recognition that
multiple compartments of phytoplankton plus bacterial
and protozoan heterotrophs may be considered as a
primary producer community, and the need for whole-
ecosystem experiments is obvious.

There is an oversimplified view that nutrient concen-
trations (or loading) above those of some “pristine”
condition directly cause phytoplankton response, with
negative impact in estuarine and coastal waters. The
overall impression is that increased nutrients cause in-
creased algal growth with the consequence of excess
algal production causing oxygen depletion or the conse-

quence of a bloom of noxious algae. Oxygen depletion
from nutrient-enriched phytoplankton growth occurs
in environments where summer stratification isolates
bottom waters, for example, Chesapeake Bay and mid-
Atlantic coastal waters. Oxygen depletion is often quite
variable on an innerannual basis and moderated by
meteorological forcing. Thus, the occurrence and extent
of oxygen depletion are complicated and not simply
predictable as a function of nutrient loading.

There is concern that unusual and noxious algal
blooms are increasing globally in both geographic ex-
tent and intensity, although there is debate on the quan-
titative significance of such claims (Anderson, 1997).
It is important to be careful in defining harmful algal
blooms (HABs) as Smayda (1997) has indicated. In
most cases, the sign of the “bloom” is the appearance
of numbers of cells of a species of a harmful alga suffi-
cient to have a negative environmental impact. Analysis
of individual HABs shows that generally the HAB taxa
have no unique ecophysiology, including higher affinity
for nutrients, and often that the HAB taxa have growth
rates lower than those of phytoplankton in general
(Smayda, 1997). Many HAB taxa have allelochemically
enhanced competition with other algal species and have
allelopathic defense against predators as well as against
a broad group of other microbial taxa. It appears that
noxious algae bloom from their ability to dominate
rather than their ability to outcompete other species
for nutrients or to grow fast. What actually stimulates
these taxa to express their domination is an area in need
of more research. Full-ecosystem studies are needed to
better understand noxious algal proliferations.

The experimental lakes program mentioned above
has provided great empirical evidence to combine with
theory in limnology. It is more difficult to manipulate
whole parts of estuaries and coastal oceans than it is
to do so with small lakes. Controlled mesocosms are a
good compromise. The Marine Ecosystems Research
Laboratory (MERL) at the University of Rhode Island
has been one of the largest and most successful versions
of realistic estuarine ecosystems (Oviatt et al., 1986).
In these, sufficient volumes of water have been used to
overcome many problems of confinement and attempts
have been made to simulate estuarine physical and bio-
geochemical influences. Some excellent research has
been done and much learned about the complexity of
estuarine responses to nutrients and other stressors.

A much used picture that was developed with infor-
mation from the MERL experiments and from compari-
son of phytoplankton biomass and production in vari-
ous estuaries and coastal waters has been shown by
Nixon. The picture indicates phytoplankton increasing
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proportionately with increasing nutrient concentra-
tions or loading. Figure 1A shows a generic version of
this with phytoplankton production versus nitrogen
loading. Note that the nitrogen loading is portrayed on
a logarithmic scale (as was done in Nixon and Pilson,
1983), giving the appearance of regularly increasing
production as a function of increasing nitrogen over a
broad range of nutrient loadings. With transformation
to a linear axis for N-loading, it is obvious that produc-
tion becomes asymptotic after an initial linear increase.
There have been several articles in which this concep-
tual picture has been shown and expanded upon; most
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FIGURE 1 Theoretical relationship of dissolved inorganic nitrogen
loading to primary production. Frame A shows the often-depicted
version (from Nixon and Pilson, 1983) with N-loading on a logarith-
mic scale, while transformation to a linear scale for N-loading is
shown in frame B. Frame C shows inhibition at high N concentration
(note concentration rather than loading).

of them are extensive evaluations of data from many
published works, with the authors indicating that the
relationship is complex (e.g., Nixon et al., 1986). As
has been cautioned by Nixon and others using it, the
relationship is intended to cover a large range of nutri-
ent conditions and to compare a number of different
environments. However, a simplistic extension has been
made suggesting that there is a simple linear relation-
ship between nutrient loading and adverse phytoplank-
ton production.

The behavior shown in Fig. 1B is probably more
correct to indicate that phytoplankton response to in-
creased nutrients is not linear along a very long loading
or concentration scale. Relatively small increases in nu-
trient concentrations and loadings will cause a large
increase in primary production, but continued increases
do not. In fact, it is likely that with very high nutrient
concentrations a decreased phytoplankton response
will be encountered as is shown with the theoretical
curve in Fig. 1C. Thus, it is not necessarily the case that
nutrient enrichment leads to excess algal production.
Perhaps, we should be addressing the question of why
there is not greater phytoplankton production in estua-
rine and coastal waters from nutrient enrichment.

11I. NEARSHORE OCEAN
NUTRIENT RESPONSE

A. The Oceanic HNLC Concept

Although it is well known that enhancement of primary
production is not simply and directly proportional to
enrichment by a single nutrient, there is a tendency to
oversimplify this relationship in both nearshore and
oceanic waters. I would like to use the oceanic HNLC
(high nutrient, low chlorophyll) concept to examine
enrichment of nearshore waters. The HNLC concept
came from interest in iron limitation in the ocean that
has a history going back to at least the 1920s (Martin
etal., 1990) but is best recognized in relation to Martin’s
proposed Antarctic and equatorial Pacific experiments
(Coale et al., 1996). Underlying the HNLC is the obser-
vation that some areas of the open ocean have relatively
high concentrations of nitrogen and phosphorus nutri-
ents but do not support proportionately large phyto-
plankton biomass; see Table I. In open-ocean experi-
ments, iron as a trace element added to overcome
limitation has been shown to increase phytoplankton
production with concomitant drawdown of atmo-
spheric CO, in both the equatorial Pacific and the Ant-
arctic oceans. The very nature of considering a trace



6 MARINE AND AQUATIC COMMUNITIES, STRESS FROM EUTROPHICATION

TABLE 1

Characteristics of oceanic HNLC (high nutrient, low chlorophyll)
environments
1. Relatively high concentrations of macronutrients
2. Low standing stock of phytoplankton
3. Moderate phytoplankton growth rates

Characteristics of estuarine HNLG (high nutrient, low growth)
environments

1. High concentrations and fluxes of macronutrients

2. Moderate to high phytoplankton standing stock

3. Comparatively low phytoplankton growth rates

4. Sometimes, domination of flora by “undesirable” species

constituent as critical to oceanic production indicates
that the ecosystem is more complex than a simple cause-
and-effect relationship with a major nutrient. In addi-
tion, the details of responses and trophic complexities
in these oceanic experiments need more study before
simple conclusions should be reached. However, this
does not stop engineering plans for commercial fertil-
ization of the ocean that are based on very simple cause-
and-effect relationships. The same oversimplification in
nearshore waters leads to proposals to solve eutrophica-
tion based upon very simple cause-and-effect relation-
ships, i.e., reducing input of a single major nutrient.
An explanation for the observed HNLC conditions
is the simultaneous control by grazing and micronutri-
ents, such as iron. Cullen et al. (1992) have demon-
strated with modeling for the equatorial Pacific upwell-
ing region that grazing is the main control of standing
stock but that a trace nutrient (e.g., Fe) might ultimately
regulate overall productivity by influencing species
composition and food web structure. Frost and Franzen
(1992), with a chemostat model using a multiple-step
food chain, demonstrate that simultaneous grazing con-
trol and trace nutrient limitation (e.g., Fe) could ac-
count for the observed conditions. Armstrong (1994)
has shown with his multiple-species model that it is
possible for each phytoplankton size class to be con-
trolled by herbivores, while at the same time micronu-
trient limitation (e.g., Fe) may limit the number of size
classes that can exist in a community and thus the total
phytoplankton biomass that can be supported. A model
has been presented (Armstrong, 1999) that shows
HNLC conditions controlled by a combination of iron
limitation of algal growth rates, ammonium inhibition
of nitrate uptake leading to reduced uptake, and depen-
dence of both processes on cell size. This dependence
on cell size affects phytoplankton community structure

and community uptake of nitrate. Recognition of the
combined effect of a bottom-up influence (Fe limita-
tion) and top-down influence (grazer control) would
suggest that primary production in any aquatic environ-
ment has complex multiple controls.

B. High Nutrients and Low Growth
in Estuaries

I suggest that we use a concept called HNLG (high
nutrient, low growth) in estuarine waters that is similar
to the oceanic HNLC, but with a different twist; see
Table 1. A characteristic of the estuarine phenomenon
is that phytoplankton show a comparatively low growth
rate and relatively high biomass. Probably a number of
factors, individually or in combination, lead to the
HNLG phenomenon. Proportions of macronutrients are
often inappropriate for sustained high growth and limi-
tation by micronutrients is also likely. Partial light limi-
tation from algal biomass and from nonbiological sus-
pended sediments also is involved in limiting growth.
In addition, there is probably a negative influence on
phytoplankton by contaminants and also inhibition of
grazers by contaminants.

While lakes are generally considered P-limited, the
traditional view is that marine waters are N-limited
(Ryther and Dunstan, 1971). More recent evaluations
have suggested that estuarine waters have alternating
controls by nitrogen, phosphorus, and light. It is impor-
tant to consider that nutrient enrichment is not neces-
sarily an extension of nutrient limitation and that nutri-
ent enrichment will not necessarily cause a direct
proportional increase in phytoplankton. In some cases,
fairly direct increases can be shown such as the indica-
tion that chlorophyll levels in the Chesapeake Bay have
increased appreciably, with a doubling in dissolved in-
organic nitrogen (DIN) over several decades. In contrast
to this are examples in estuaries that do not show pre-
dicted increases. For example, Balls et al. (1996) show
no change in chlorophyll in the Ythan River estuary
between 1960 and 1990 when there was a fourfold
increase in DIN. Alpine and Cloern (1992) showed a
decline in primary production with increasing nutrient
enrichment over time in the San Francisco Bay estuary.
Reviewing conditions in a number of shallow coastal
environments, Cloern (1999) showed a nonlinear re-
sponse between N-loading and phytoplankton produc-
tion and suggested that the simple eutrophication
model in lakes does not have a current analog in coastal
eutrophication.

Examining data on DIN concentration versus mea-
sured primary production for summer estuarine tran-
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Primary Production
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FIGURE2 Primary production (integrated areal values as millimoles
of C/m?*/day) versus total dissolved inorganic nitrogen (DIN) concen-
tration for samples along the full gradient of the Delaware Estuary.
Composite data from summer samplings over 3 years (unpublished
data of J. H. Sharp et al., 1986-1988). Highest DIN concentrations
are found in the urban freshwater region of the estuary, with slightly
lower values immediately upstream in the tidal freshwater region and
downstream going into the salinity gradient. Lowest DIN concentra-
tions are found in the lower estuary near the mouth of the Dela-
ware Bay.

sects along the Delaware Estuary, we can show a nega-
tive relationship (Fig. 2). While I will not suggest that
the high nitrogen concentrations directly cause a de-
crease in phytoplankton production, it is clear that there
is not a simple continual increase in production propor-
tional to high nitrogen content. Note the similarity of
Fig. 2 to the theoretical Fig. 1C, where a small increase
in DIN causes a large increase in production at concen-
trations near limiting, reaching an asymptote followed
by a decline at very high DIN concentrations. To nor-
malize measured primary production, the ratio of pro-
ductivity to chlorophyll biomass (P/B) is often used.
With data for the 1980s and 1990s from the Delaware
Estuary, average summer P/B from the high-nutrient
upper estuary is 61 (grams of C fixed per gram of
chlorophyll) contrasted to the lower estuary production
maximum region P/B value of 225 (J. H. Sharp et al.,
unpublished data).

In most estuaries, nutrient increases have not been
uniform. Often increases in DIN are accompanied by
smaller increases or decreases in dissolved inorganic
phosphorus (PO,) such that the N/P ratio has increased.
For example, this is the case with the nitrogen increases
in the Chesapeake Bay and the Delaware Estuary
(Sharp, 1988).

IV. STOICHIOMETRY
A. Redfield Ratios

From extensive averages of planktonic CNP composi-
tion and deep-ocean NO; and PO, nutrient concentra-

tions, it was noted that a regular and predictable N/P
ratio was found (Redfield et al., 1963). This Redfield
ratio concept was extended to carbon and oxygen for
ecosystem utilization of elements. The concept has been
extensively applied to aquatic systems for over a half
century and is a valuable guide in understanding bio-
geochemical fluxes. Analysis of particulate CNP in a
number of fresh-water lakes indicates that a variety of
conditions exist, ranging from N and P deficiency to
sufficiency (Hecky et al., 1993). They concluded that
ocean plankton is not as N and P deficient as is lake
plankton. From a different viewpoint, Flynn (1990)
concluded that only in the presence of excess NH, is
the cellular response to N-stress fully suppressed. Thus,
plankton throughout the ocean show some symptoms
of N-stress. He suggested that there are three forms of
N status: N-replete (no stress), N-sufficiency (enough
stress to depress NOj; transport and assimilation), and
N-deplete (maximum stress, no growth). With this clas-
sification, most estuarine, coastal, and open-ocean wa-
ters are N-sufficient. To evaluate whether or not there is
nutrient stress from too little or too much, it is probably
necessary to look over sufficient time to be in essentially
steady-state conditions. For instance, it has been sug-
gested that in Southern Ocean waters, Redfield CNP
ratios for plankton use were only obtained when averag-
ing over the full vegetative season of the Austral summer
(Hoppema and Goeyens, 1999). They suggested that
the Redfield ratio was reached only because of nutrient-
replete conditions.

B. Adding Silicon

The concept of the Redfield ratio has been extended
to silicon for many studies of aquatic ecology. From
laboratory culture studies, the average Si/N ratios for
small and large diatom species is close to 1/1 (Brezinski,
1985). This would give an overall Redfield ratio for
CNPSiO of 106/16/1/16/—276 for balanced diatom
growth. For a long time, it has been assumed that with
deficiency of Si, phytoplankton populations will shift
from diatom domination to that of other groups of
algae. However, recent research would suggest a more
absolute limitation of “healthy” ecosystem production
by Si. In oceanic HNLC environments, it has been sug-
gested that “new” production (that which is supported
by upwelled NO;) is reduced by Si limitation and thus
export from pelagic primary production is controlled
by Si availability. In coastal upwelling regions, it has
been demonstrated that iron limitation will cause dia-
toms to increase the Si/N uptake ratio, depleting the
water of Si, leading to secondary Si limitation. Clearly,
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Si is very important and can influence N response of
the primary producers.

Comparative Si availability may be a major feature in
the apparent eutrophication response seen in nearshore
waters. In a recent 20-year comparison in the Bay of
Brest, there was a large decrease in the Si/N ratio, “but,
contrary to what has been observed in other coastal
ecosystems, phytoplankton stocks have not increased”
(LePape et al., 1996). In light of the discussion in Sec-
tion I11.B, maybe this is less of an exception than LePape
et al. interpreted. In some cases, an increase in phyto-
plankton biomass is seen, but not always with a shift
from diatoms, and rarely is there an increase in higher
trophic level consumption of the primary production.
In an extensive study of a very long term record for
the Mississippi River outflow into the Gulf of Mexico,
Rabalais et al. (1996) have shown a large decrease in
the Si/N ratio accompanied with an increase in primary
production but also an increase in the deposition of
biogenic silica in the sediments underlying an increas-
ingly large hypoxia region. The explanation is that with
relative Si scarcity, diatoms that are in the plankton are
not grazed efficiently, and they fall to subsurface waters
and contribute to hypoxia.

C. Changing Nutrient Ratios

Probably most estuarine waters with impact from hu-
man activities show greatly changed N/Si as well as N/
P ratios. In Table II, average values for total dissolved
inorganic nitrogen (NO; plus NH,), PO,, and Si are
shown for several nutrient-enriched estuaries. All of
the examples show large increases in DIN and most
have smaller proportional increases in P so that the
N/P is usually considerably higher than would be the

case without the anthropogenic influence. Since Si is
not usually a byproduct of human activity, the Si con-
centration has not changed much; there is probably a
large natural variation depending upon the nature of
the land drained for the estuary. A few systems probably
have had significant decreases in Si due to decreased
natural land erosion (dams, diked river banks); this is
definitely the case with the Mississippi (Rabalais et al.,
1996). As a result, the N/Si ratio is much different from
that prior to human impacts. Inverting this as Si/N,
the pristine condition is about 10/1 and most of our
nutrient-enriched systems show values of 1/1 or lower.
This very likely has a serious negative impact on the
primary production community. The importance of Si
in relation to eutrophication has been recognized in the
past, but usually only in relation to shift from diatom
to flagellate flora (e.g., Officer and Ryther, 1980). With
more recent information on interactive influences of Si,
N, and Fe and on the fate of Si-limited diatom produc-
tion, it is timely to reinvestigate the role of Si on eutro-
phication. While species responsible for HABs do not
necessarily show greater affinity for nutrients in general,
giving them ability to outcompete more “normal” phy-
toplankton like diatoms, it is probable that changing
ratios of N and P to Si do favor some of the HAB
flagellates (Smayda, 1990).

The large changes in N/P ratios are often not docu-
mented because of lack of complete nutrient records
from long-range monitoring. In a data set from the
Delaware Estuary, dissolved inorganic nitrogen has
been measured regularly along the full axis of the estu-
ary for over 35 years, but parameters for phosphorus
measurements have varied over that period. Total P, a
composite that includes dissolved organic and particu-
late phosphorus as well as PO,, has been measured

TABLE II

Approximate Nutrient Concentrations at the Beginning of the Salinity Gradient for Several Nutrient-

Enriched Estuaries®

Estuary DIN PO, Si N/Si/P Reference
Scheldt 550 15 250  37/17/1 Zwolsman, 1994, 1999
Delaware 250 125  40/20/1 Sharp, unpublished data
Mississippi 114 7.7 108 15/14/1 Rabalais et al., 1996
Chesapeake 75 1 50 57/50/1 Malone et al., 1996
Northern San Francisco Bay 40 2 200  20/100/1  Peterson et al., 1985
Pristine 10 0.5 100 20/200/1  Fanning and Maynard, 1978; Meybeck, 1982

¢ Average concentrations of nutrients (in uM element) approximated from publications listed. Averages for
total dissolved inorganic nitrogen (DIN), dissolved phosphorous (PO,), and silicate (Si) and ratios normalized to
P are listed. Values for pristine estuaries approximated from data for the Zaire and Magdelena River outflow systems.
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consistently. A comparison of the N/P ratio change,
based on the total P, over a 30-year period is shown in
Fig. 3. Recognizing that the majority of the P in the
estuary today is PO, and that in the past PO, was proba-
bly a larger portion of the total, it is possible to view
the N/P ratio as indicative of available P. This dramatic
N/P ratio change is probably largely due to reduced
input of detergent phosphorus and the same change
has occurred in many U.S. estuaries (N. A. Jaworski,
unpublished data, 1998). In the earlier situation, almost
the entire estuary would appear to be replete in relation
to P since the N/P was considerably below the Redfield
ratio; in the more modern situation, N/P ratios are in
the 30-60 range. However, it must be recognized that
transport and availability of phosphorus in estuaries
is a complex function that also involves geochemical
influences. In the past 20 years, the P geochemical
reactivity in the Delaware Estuary has changed due to
increased pH and dissolved oxygen. As a result, the
N/P ratio based on PO, only for average concentrations
of the entire salinity gradient of the estuary has de-
creased in the past 20 years from about 90/1 to 40/1.
More thorough analysis of many estuaries may show
this dual trend of long-term decrease of N/P loading
in an upper estuary but of more available dissolved PO,
being delivered to the lower estuary. It is important to
understand the full biogeochemical picture of estuarine
phosphorus before accurate conclusions of nutrient im-
pacts can be made.

In addition to long-term changes in nutrient ratios,
there are large spatial changes in estuaries at any single
time. Figure 4 shows nutrient ratios along the full length
of the Delaware Estuary from sampling in the spring.
In the spring bloom condition in the estuary, NH,, PO,
and Si are exhausted from the mouth of the estuary
moving up toward a strong-light-limiting turbidity
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FIGURE 3  N/P ratios for the Delaware Estuary using total dissolved
inorganic nitrogen (DIN) versus total P from summer transects of
the entire estuary in summers of 1967 and 1997 data from Delaware
River Basin Commission routine monitoring (unpublished data of J.
H. Sharp and E. Santoro).
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FIGURE4 Ratios from sampling along the distance axis of the Dela-
ware Estuary in the spring from measurements of total dissolved
inorganic nitrogen (N), P, Si, and Fe (unpublished data of J. H. Sharp
et al., 1987). The N/P ratio is generally in the 30-100 range over
much of the estuary during much of the year and <16 only near the
mouth of the bay. The N/Si ratio is generally between 1 and 2 during
most of the year. The N/Fe ratio is in the 100—-600 range except near
the bay mouth, where it can become <100.

maximum (Pennock and Sharp, 1994). The very high
ratios of P and Si to N are due to the large excess
NO; concentration of the river water as it is advected
downstream. It is interesting to see that different regions
of the estuary appear to have large differences in the
nutrient that could be most limiting. Also, from this
picture, it appears that Fe could be more limiting in
the upper estuary than near the mouth of the bay. This
greater proportional availability of Fe is a year-round
occurrence. A noxious algal group that has caused con-
siderable international concern recently is responsible
for brown tides. A recent analysis of brown tide occur-
rence suggests the macronutrient levels are not impli-
cated but that Fe is.

In the Delaware Estuary, the area of the greatest
phytoplankton production throughout the year is the
lower bay (Pennock and Sharp, 1994). Figure 5 shows
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FIGURE 5 Average ratios of N/P and N/Si for stations in the lower
Delaware Bay for winter, spring, summer, and fall (unpublished data
of J. H. Sharp et al., 1986-1988). During the spring (month 3), the
maximum biomass for the entire estuary for the year is found in the
lower bay. The maximum estuarine primary production is found in
the summer in the lower bay.
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macronutrient ratios for this region averaged on a sea-
sonal basis. The maximum biomass is achieved in the
spring bloom, where N/P and Si/N ratios indicate ex-
haustion of P and Si with residual NOs; at this time,
nutrient regeneration is minimal and there is also little
herbivore grazing. Usually, the highest seasonal primary
production is found in the summer. At this season, it
would appear that grazing controls chlorophyll (Pen-
nock and Sharp, 1994) and grazing is in balance with
nutrient regeneration, which is sufficient to allow mea-
surable NH,, PO,, and Si levels). At this season, the
N/P ratio is close to Redfield and the Si/N ratio is
sufficient to support healthy diatom growth although
the flora is dominated by small flagellates. Acknowledg-
ing the caution of Hecky and Kilham (1988) that nutri-
ent concentration does not equal nutrient utilization,
we have demonstrated limitation in several ways (Pen-
nock and Sharp, 1994). Looking at the entire estuary
with highly nutrient enriched tidal freshwater region,
a light-limited turbidity maximum in the oligohaline
region, and clearer and nutrient-diluted lower bay, it
would appear that the only time and place that near to
Redfield ratio of nutrients is found is in the lower bay
in the summer. We have performed preliminary simple
mesocosm experiments and find that the CNPO fluxes
approach Redfield stoichiometry only in the lower estu-
ary in the summer (Sharp et al., unpublished data). In
the lower estuary in the spring bloom, close to Redfield
ratios of NPSiO occur but there appears to be an accu-
mulation of C with the biomass accumulation. In the
nutrient-rich upper estuary, nothing close to expected
stoichiometry is seen. Further research on this anoma-
lous stoichiometry is currently underway in my labo-
ratory.

V. CONTAMINANTS AND STRESS

The lack of high growth rates of estuarine and coastal
phytoplankton in the presence of high nutrient concen-
trations leads to the suggestion that anthropogenic con-
taminants, other than nutrients, may have an influence
on ecosystem response. The MERL research facility
mentioned earlier has extensive and expensive controls
of the large tanks for the studies. A number of excellent
experiments have been carried out also in less sophisti-
cated smaller mesocosms in other estuarine areas. One
interesting study done in Chesapeake Bay mesocosms
over several seasons showed that nutrient enrichment
by N and P caused growth of “beneficial” diatom species
over flagellates (Sanders et al., 1987). A conclusion of
that study was that many other factors probably control

community dynamics. As discussed earlier, the lack
of predation is often a factor in noxious algal species
proliferation. Also discussed earlier is the suggestion
that ratios of nutrients may be more important than
quantities in causing eutrophication responses. It is
possible also that contaminants cause stress to the “de-
sirable” algal species and to grazers that would other-
wise consume the primary production.

Most estuaries with large anthropogenic influences
have had chronic exposure to many chemicals in addi-
tion to nutrients. Chronic exposure to arsenic appeared
to cause reductions in phytoplankton cell size with
less trophic transfer while chronic exposure to silver
resulted in essentially the opposite. Thus, arsenic would
appear to be partially responsible for eutrophication
response. Many estuaries also have frequent or continu-
ous inputs of chlorination byproducts which must have
a selected influence. Sanders (1984) showed that one
diatom and a chrysophyte would not grow in aged
chlorinated water (with levels below detection for total
residual chlorine) where a more resistant flagellate
would grow. This result would also favor species other
than “normal” with potential to decrease trophic
transfer.

Paerl (1998) has illustrated positive and negative
interactions and feedback from nutrient loading, em-
phasizing that negative influences on grazing can in-
crease the impact of primary production. In lakes, it
has been shown that combinations of nutrient additions
and zooplankton size can have major influence on phy-
toplankton sizes and thus on trophic transfer. The vari-
ability in nutrient and trace metal impacts on phyto-
plankton, bacterioplankton, heterotrophic protozoa,
copepods, fish, and benthos caused variable trophody-
namic responses in estuarine mesocosm experiments
(Breitburg et al., 1999). These authors concluded that
trace elements may mask the response of high nutrient
loadings in eutrophic systems. In lake studies, N, P,
and C had different controlling effects on zooplankton,
phytoplankton, and bacterioplankton, with variable re-
sponses in different seasons.

An overall conclusion is that eutrophication as a
stress in estuarine and coastal marine environments is
not a simple cause-and-effect phenomenon. Nutrient
enrichment elicits complex and variable responses from
the phytoplankton, bacterioplankton, and protozoa that
make up the primary producer community. Increased
nutrient concentrations and loadings may cause an
overall increase in phytoplankton biomass, but not in-
variably from higher growth rates. Shifts in dominant
species and shunts through the microbial loop may
decrease the trophic transfer to higher metozoan levels.
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The biodiversity of the aquatic community may allow
some resilience to the system (Patrick, 1988), but ulti-
mately changes in the diversity are probably more im-
portant than a direct response to increased levels of
nutrients.

See Also the Following Articles

COASTAL BEACH ECOSYSTEMS « ESTUARINE ECOSYSTEMS ¢
LAKE AND POND ECOSYSTEMS ¢ PLANKTON, STATUS AND
ROLE OF * RIVER ECOSYSTEMS
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GLOSSARY

benthic Pertaining to the bottom of the sea or other
aquatic environment.

benthos Organisms living on, in, or near the seabed
or at the bottom of some other aquatic environment.

coastal Estuaries, semi-enclosed seas, and shallower
regions of the ocean, including areas influenced by
rivers and runoff from land.

community A group of species co-occurring in an area
and interacting through trophic and spatial relation-
ships.

coral reef Benthic environments characterized by reef-
building corals with symbiotic dinoflagellates.

deep sea Volumes of water or areas of ocean bottom
at depths greater than 200 m.

ecosystem A community of organisms and their physi-
cal environment interacting as an ecological unit.

habitat The locality or three-dimensional space occu-
pied by an organism.

mangrove Environments characterized by mangrove
trees.

Encyclopedia of Biodiversity, Volume 4

nekton Actively swimming pelagic organisms.

pelagic Pertaining to the water column in aquatic envi-
ronments.

plankton Organisms that float freely in the water
column and do not maintain their position indepen-
dent of water movements. Phytoplankton (literally
plant plankton) is plankton with photosynthetic
pigments and zooplankton is animals of the
plankton.

MARINE ECOSYSTEMS may be defined as major units
of ecological function in the marine environment.
Ecosystems are communities of organisms and their
physical, chemical, and geological environment—
distinct assemblages of species coevolved with a partic-
ular environment over long periods of evolutionary
history. As units of function, ecosystems have measur-
able imports and exports of material and energy. In
comparison to ecosystems on land, ocean ecosystems
have less clearly defined boundaries, a greater variety
of major taxonomic divisions of organisms, and a
long evolutionary history that preceded colonization
of land. As the diversity of life in the oceans is
explored, the importance of previously unrecognized
aspects of ocean circulation, flux of energy and materi-
als, and bottom characteristics to marine ecosystems
are becoming better understood.
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1. MARINE ECOSYSTEMS

A. Ecosystem Units

On land, ecosystems are separated into two-dimen-
sional biomes, land areas defined by characteristic pri-
mary producing plants such as trees, grasses, and
shrubs. Most shallow lakes and streams are similarly
two-dimensional; however a few freshwater deep, an-
cient lakes, such as Lake Baikal in Siberia, and large
rivers such as the Amazon have spatial complexity com-
parable to many coastal marine ecosystems. The ocean
biosphere has an average depth of 4 km and comprises
99.5% of the biosphere. The dense seawater medium
allows at least part of the life cycle of almost all marine
organisms to be transported and dispersed by ocean
currents. One ocean phylum is entirely pelagic, and
about a third of the ocean phyla have representatives
that spend their entire life cycle in near-surface waters
as plankton. The boundaries that define ocean habitats
and communities may involve a variety of overlapping
criteria such as depth, distance from land, separation
by landmasses, ocean currents, water masses of charac-
teristic salinity and temperature, depth, and sea bottom
characteristics such as sediment texture, composition,
and surface topography. In addition, interactions with
land and rivers and patterns of ocean circulation, light,
nutrients, hydrology, and physical energy of water
movements can strongly influence the distribution of
species.

Descriptions of species boundaries are few and bio-
geographical classification depends heavily on the
groups of organisms considered and how well they have
been sampled. The ocean generally lacks the obvious
barriers to dispersal characteristic of terrestrial environ-
ments. There may be multiple criteria for defining bio-
geographical provinces or marine ecosystems.

Major estuaries, where fresh water from rivers mixes
with ocean water, are among the smallest individual
ecosystem units in area. The largest units are regions
defined by major boundary currents features such as
the Gulf Stream, Kiroshio, and Brazil currents, and the
north and south subtropical ocean gyres (the Sargasso
Sea and South Atlantic Gyre in the Atlantic and the
North Pacific Subtropical and South Pacific Subtropical
Gyres in the Pacific). In the far north, the Arctic Ocean
ecosystem is a distinct ocean basin covered by ice and
the southern ocean around Antarctica is separated from
the circulation of the Atlantic, Indian, and Pacific
Oceans by the cyclonic circulation of the Antarctic Cir-
cumpolar Current.

As with terrestrial environments, marine ecosystems

may be classified by their characteristic primary produc-
ers (i.e., single-celled phytoplankton that float in the
surface layers of the ocean, marsh grasses, sea grasses,
mangrove trees, seaweeds such as those forming kelp
beds, the single-celled plants called zooxanthellae that
live symbiotically with corals, and the chemosynthetic
bacteria living in water, sediments, or symbiotically
with other organisms at hydrothermal vents or other
seep environments rich in chemically reduced com-
pounds such as sulfide or methane).

Using combinations of coastline, coastal bathymetry,
ocean current systems, surface winds, and biota, the
near-surface pelagic layer of the ocean where primary
productivity occurs has been classified into 51 prov-
inces (Fig. 1) by Longhurst (1998). Similar criteria have
been used to classify coastal areas (Briggs, 1974). Ma-
rine sediments cover almost the entire surface of the
ocean floor, yet a consistent global biogeographic classi-
fication of these benthic ecosystems has yet to be devel-
oped (Snelgrove et al., 1997).

B. Comparison of Marine Environments
with Land

The ocean occupies 71% of the surface area of the globe
and the deep sea at depths below 200 m occupies 63.5%
of the earth’s surface. Seawater is 830 times more dense
than air and supports most of the biomass in the ocean.
The volume of seawater in the ocean provides 99.5%
of the livable volume of the earth (Cohen, 1994).
Concentrations of near-surface chlorophyll in the
ocean are measured according to wavelengths of light
reflected from the surface of the ocean, which are sensed
by earth-orbiting satellites. Extensive studies of the rela-
tionship between near-surface chlorophyll and primary
production allow satellite-derived information on chlo-
rophyll to be converted to maps of primary productivity.
Until very recently, overall primary production was
thought to be approximately half that on land. Using
distribution of chlorophyll in satellite photographs and
models, primary productivity of the oceans has been
shown to be about the same as that on land (~45-50
Pg C per annum in the ocean and ~55 Pg C per annum
on land; Falkowski et al., 1998). For regions without
ice cover, average net primary productivity (NPP) per
area in the ocean is a third of that on land (ocean: 140
g C m? year™!, and land: 426 g C m™? year™"). Only
about 1.7% of the ocean surface area has NPP greater
than 500 g C m 2 year ' compared to 25% for land.
Most productivity in the marine environment is from
phytoplankton. Attached, multicellular algae contribute
only about 2%. The highest productivity occurs in estu-
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FIGURE 1 Pelagic biomes (Longhurst, 1998).

aries and upwelling areas—these highly productive
areas contribute approximately 18% to net ocean pri-
mary productivity. In the open ocean, the greatest pri-
mary productivity is near the equator and at midtemper-
ate latitudes in the Northern Hemisphere where there
are regional maxima in terrestrial productivity. A
smaller peak in productivity occurs in the Southern
Subtropical Convergence where physical processes sup-
ply high concentrations of nutrients to surface waters
(Falkowski et al., 1998; Field et al., 1998).

Marine primary producers are small and mobile
whereas terrestrial primary producers are mostly large
and rooted in the ground—trees account for approxi-
mately 80% of the primary production in terrestrial
systems. By contrast, in central ocean gyres, photoauto-
trophic bacteria less than 2 w in diameter and short
generation times account for most of the primary pro-
duction. Oceanic biomass is extremely dilute and filter-
ing of organic particles is an important mode of feeding
in marine environments.

Oceanic food webs have an average food chain length
of nearly six trophic links as opposed to four trophic
links in terrestrial systems (Cohen, 1994). The number
of species of smallest marine organisms, such as the
various groups of one-celled marine organisms, are ex-
tremely poorly known. The relationship between the
spectrum of individual body size and the spectrum of
rates of population growth differs in marine and terres-
trial systems (Fig. 2). In open ocean food webs, the
hierarchy of size is not apparent at the lower trophic

levels because of the broad overlap in size of consumers
and primary producers (Fig. 3, Karl, 1999).

The pattern of temporal variability of the physical
environment differs between oceans and land. Marine
ecosystems are characterized by about the same envi-
ronmental variation over weeks and years as over
days—variability is constant at frequencies ranging
from days to decades. In terrestrial environments the
variance of environmental parameters (e.g., tempera-
ture) increases steadily from frequencies of hours to
millennia. Beyond 50 years the variance increases with
increasing frequency as it does over the entire time
spectrum on land (Steele, 1985).

On land, individual organisms have a high probabil-
ity of surviving the relatively predicable patterns of
environmental variation that occur over time periods
up to decades. For example, individual trees and many
vertebrate animals resist adverse effects of variation at
all frequencies up to several decades because of their
large size and long generation time. In the open ocean,
time series measurements at a single station show that
primary production varies significantly on periods from
days to decades (Karl, 1999). Both seasonal and daily
differences in cloud cover may result in three-fold varia-
tion in light at the surface. Vertical displacements of
phytoplankton by internal waves further increase the
amount of light absorbed by seawater before it reaches
the photosynthetic organisms, creating a further source
of variability. Small bacterial and flagellate primary pro-
ducers have reduced the adverse effect of this variation
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FIGURE 2  Relation of size to growth for plants (P), herbivores (H),
other invertebrates (1), and vertebrates (V). (a) From Sheldon et
al. (1972) for pelagic marine ecosystems. (b) From Bonner (1965,
reprinted by permission of Princeton University Press) using only
the terrestrial species. Derived from Cohen (1994, p. 60).

in light by supplementing their diet from the pool of
dissolved organic matter excreted by other organisms.

Other distinctive features of marine populations are
outlined by Cohen (1994) and in a U.S. National Acad-
emy of Sciences book on marine biological diversity
(National Academy of Sciences, 1995). Plant and animal
populations in marine ecosystems generally spend part
of their life cycle as floating or swimming stages in the
plankton. Unlike most terrestrial systems, the connec-
tions between benthic and planktonic life-history stages
assume great significance and there is an unusually
broad range of dispersal abilities, reproductive rates,

and generation times. Almost all species have the ability
to disperse in the water column as larval stages pro-
duced by some form of sexual reproduction. As a conse-
quence, marine ecosystems are largely open and distant
marine habitats can be linked by dispersing larvae. Ter-
restrial systems are more localized functionally and lo-
calized extinction of species occurs more frequently.
Invertebrate predators and grazers generally have very
high reproductive output, which makes population
fluctuations more likely. Fluctuations at the highest
trophic levels affect interactions among species at suc-
cessively lower trophic levels. This cascading effect of-
ten has unpredictable consequences, and even the low-
est trophic level of primary producers may be controlled
from the top down. Bottom-up control of food webs is
exerted through the effects of nutrients and physical
processes on primary productivity.

II. BIODIVERSITY OF
MARINE ECOSYSTEMS

A. Higher Taxa

The three main biological lineages are the Bacteria,
Archaea, and Eukarya (includes plants, fungi, protists,
and animals). Recent advances in molecular-biological
techniques permit the first measurements of highly di-
verse oceanic assemblages of bacteria and archaea that
cannot presently be cultured in the laboratory. Bacteria
are more abundant in the photic zone and archaea are
more abundant in deeper water.

The Eukarya (all taxa except the Bacteria and Arch-
aea) are divided into 71 well-defined monophyletic
groups with no apparent taxonomic affinity with one
another on the basis of cell organization (Patterson,
1999). Each of these groups includes taxa formerly
assigned to the protists. By this classification animals
and their relatives the choanoflagellates, and fungi and
their relatives the chytrids, are defined as a single group.
Plants are in another group altogether with 11 catego-
ries (~7000 species) of green algae.

Important groups of primary producers have affini-
ties with several other monophyletic groups. The red
algae are a distinct group with about 4000 known spe-
cies; the ~1000 species of dinoflagellates are related to
the ciliates. The ~10,000 species of diatoms are in a
highly diverse lineage that includes kelps and other
brown algae. The conspicuous red, green, and brown
seaweeds of rocky shores are divided among three sepa-
rate lineages. The two most important primary produc-
ers in the open ocean were formerly called blue-green
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FIGURE3 Representative classification of planktonic organisms by size showing the diversity
of various autotrophic and heterotrophic groups. Size, per se, cannot be used to separate
autotrophs from heterotrophs in NPSG plankton assemblages. Courtesy of Albert Calbet in

Karl (1999).

algae. They are actually prokaryotic bacteria in two
groups: the Synechococcus with three lineages, and
the Prochlorococcus group with two lineages. These
organisms account for most of the phototrophic stand-
ing stock and primary production in the open ocean
(Andersen et al., 1996).

Among the many nonphotosynthetic unicellular ma-
rine organisms, the ubiquitous Foraminifera are com-
mon both on the bottom at all depths and as pelagic
organisms. Two abundant, poorly described benthic
groups, the Komokiacea and the Xenophyophora
(~40,000 known species), are big enough to be seen
on the surface of deep-sea sediments. A leaflike form

of Xenophyophora may be as large as 25 cm in diameter.
These groups are separate lineages with no obvious rela-
tives.

In the classification of marine, free-living, multicel-
lular animals there are 29 phyla. Figure 4 (modified
from May, 1994) compares the described diversity and
abundance among marine benthic, marine pelagic,
freshwater, and terrestrial environments. Of the 29
known Phyla, all are known to have lived in the ocean
and 14, or about half, are known only from the ocean.
Living representatives of the Phylum Onychophora are
presently found only on land in the Southern Hemi-
sphere, but are also known from fossil organisms that
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FIGURE 4  Schematic representation of the oceanic food web showing, on left, the classic pathway
of carbon and energy flow through the photosynthetic eukarya to herbivores and on to higher
trophic levels. Depicted on the right is the microbial food web, which uses energy stored in the
nonliving, detrital carbon pool to produce microbial biomass that can reenter the classic pathway
of carbon and energy flow. Cell-associated ectoenzymes (ECTO) enable bacteria to use high molecular
weight (HMW) DOC in addition to the more traditional low molecular weight (LMW) and gaseous
carbon substrates. Also shown in the microbial food web are viral particles and archaea. At the
present time, there is only rudimentary knowledge of the role of archaea in the oceanic food web.
Shown at the bottom of this diagram is the downward flux of particulate carbon (and energy), which
is now thought to fuel most subeuphotic zone processes. The classic algae-herbivore grazer pathway
is most important in this regard. From Karl (1999).

lived in the ocean more than 300 million years ago.
Species diversity on land is dominated by insects and
trees, groups that play a significant role only at the
margins of the marine environment. Only about 15%
of described species are found in the marine environ-
ment, but this may reflect the much greater cumulative
effort devoted to species descriptions on land, rather
than an actual difference in the number of species
(May, 1994).

B. Species

Species are the basic units of evolution and represent
the biological variability for future generations of life.
For whole collections, species diversity is measured as
the number of species and their relative abundances
within and between habitats, regions, or other ecologi-
cal or geographical units. Species richness is measured
by collecting enough samples to represent very large
numbers of individuals over very large areas. Ideally,

communities should be sampled until the rate at which
new species are found declines, and a plot of species
versus area approaches a constant number of species.
This level of sampling effort is achieved for groups with
few rare species (e.g., larger animals including most
vertebrates, planktonic organisms, and macrophytic
plants). For species-rich taxa of bottom-dwelling inver-
tebrates from coral-reef or deep-sea habitats, this level
of sampling has not been attained. Where habitats are
patchy and the vast majority of species are rare, it is
seldom possible to collect and process enough samples
to estimate species richness accurately.

For individual samples, indices based on the absolute
number of species and the relative abundance of species
are used to study species diversity. The most commonly
used index is the Shannon-Wiener information func-
tion, H', which equals the frequency of each species
p: = s/2s;multiplied by log, p; summed over the number
of species (n) collected (e.g., Zp; log, p). Another mea-
sure, Hurlburt rarefaction, calculates a species versus



individuals curve for each sample based on the expected
number of species in successively smaller subsamples
drawn from an actual sample. These species diversity
curves are especially useful in comparing samples of
unequal size.

There are approximately 200,000 described species
of animals in the marine environment (Table I). The

TABLE 1

Free-Living Animal Phyla and Their Relative Numbers of
Described Species (4 = >10%, 3 = >10% 2 = >10?%,
1 = present)

Marine

Phylum Benthic ~ Pelagic ~ Freshwater  Terrestrial

Annelida
Arthropoda
Brachiopoda
Bryozoa
Chaetognatha
Chordata
Cnidaria
Ctenophora
Dicyemida
Echinodermata
Echiura
Gastrotricha
Gnathostomulida
Hemichorodata
Kamptozoa
Kinorhyncha
Loricifera
Mollusca
Nematoda
Nematomorpha
Nemertea
Onychophora
Phoronida
Placozoa
Plathyhelminthes
Pogonophora
Porifera
Priapula
Rotifera
Sipuncula
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most species-rich and least well known areas are coral
reefs and the sediments of the deep-sea floor. There
are no precise estimates for these environments but
estimates for coral reefs alone exceed 600,000 species
(Reaka-Kudla, 1997). Based on quantitative analysis of
233 box core samples from the Atlantic Ocean continen-
tal slope and rise off the east coast of North America,
Grassle and Maciolek (1992) estimated 1 to 10 million
macrofaunal species in the deep sea (Gage and Tyler,
1991). May (1994) estimated 0.5 million based on the
portion of species previously undescribed in the Grassle
and Maciolek study. Poore and Wilson (1993) analyzed
samples from the Southern Pacific Ocean off Australia
and, on the same basis, estimated that there are 5 million
species in deep-sea sediments. Multicellular animals
small enough to pass through a 1 mm sieve (meio-
fauna), such as nematode worms, are even less well
known and Lambshead has argued that there may be
100 million species if nematodes are included (Lambs-
head 1993). Reasons for high diversity of species in
the ocean include the long evolutionary history of the
ocean, the vast area of deep-sea floor (3 X 10°® km?)
with relatively few barriers to dispersal, and the episodic
nature of patch formation within and between habitats
on a variety of spatial and temporal scales.

C. Genes

Genetic diversity is the heritable variation among indi-
viduals measured as allelic diversity at a broad sampling
of genetic loci or as genetic sequence information at the
molecular level within populations. Genetic variation
occurs among subpopulations as well as within popula-
tions. Differentiation among subpopulations results
from natural selection for genetic variants adapted to
local patterns of environmental variation or random
loss of genetic variants in small isolated subpopulations.
Species with relatively high rates of dispersal are less
likely to form subpopulations and species with very
poor dispersal ability are more likely to diverge from
parent populations as a result of random processes. In
coastal areas, genetic divergence is related to the length
of life of dispersal stages and barriers to current flow
from one place to another along a coastline. For some
shallow-water species, genetic isolation of island popu-
lations is related to distances among islands. The archi-
pelagos in the central Indopacific in the vicinity of
Indonesia and Papua New Guinea have a high richness
of species, which then declines eastward to relatively
isolated peripheral island archipelogos (Planes and Gal-
zin, 1997; Stehli, 1965). In the same region, in a study of
population differentiation in four species of sea urchins,
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Palumbi (1997) found high genetic diversity (mito-
chondrial DNA sequence diversity) in the central area
(1.6% variation among individuals) and much lower
genetic diversity (0.5% variation among individuals) in
peripheral island localities to the east. For these species,
genetic diversity and species diversity covary across
gradients suggesting a similarity in the processes main-
taining gradients in diversity despite different mecha-
nisms for the origin of the variation. Fluctuations in
population size in relatively isolated populations could
result in both loss of genetic variants and reductions
in number of species (Palumbi, 1997).

In the deep ocean, hydrothermal vents are analogous
to islands in the sense that these fluid flows support
widely separated biological communities, linearly
aligned along the Mid-Ocean Ridge. The patterns of
deep-sea ocean currents that transport dispersal stages
of species restricted to hydrothermal vents are poorly
understood, but it is possible to make estimates of gene
flow from the extent of genetic differentiation among
populations of individual species. The flow of hydro-
thermal fluids, containing energy-rich reduced com-
pounds such as hydrogen sulfide, supports chemosyn-
thetic primary productivity. At East Pacific Rise vents,
the flow of hydrothermal fluid may last only a decade
or two at any one site and all populations are maintained
by dispersal over considerable distances. Species can
be divided into three categories: those that show no
geographic pattern of genetic differentiation, those that
are isolated by distance, and species without a free-
living larval dispersal stage, which apparently have good
dispersal to sites along a single ridge segment but poor
dispersal between separated ridge segments (Vrijen-
hoek, 1997). The latest methods for measuring genetic
diversity have been applied to very few marine species
and rapid advances in this area of research can be
expected.

III. ECOSYSTEM FUNCTION

It is useful to classify members of species assemblages
according to their feeding relationships with other spe-
cies in the ecosystem. A trophic unit includes all species
that eat the same kinds of foods or are consumed by
the same kinds of consumers. Within a food chain, there
is a hierarchy of consumers from primary producers to
primary consumers followed by a further sequence of
consumers. Each step in a food chain results in a reduc-
tion in biomass, and simple food chains are often de-
scribed as a pyramid with plants at the base and apex
predators at the top. In the water column, unicelular

phytoplankton form the first trophic level of marine
food chains. The second level is formed by herbivores
and detritivores and subsequent levels are formed by
successive levels of predators. Species at the highest
trophic levels can affect the food web relationships
among species at lower levels. For example, removal
of a top predator can have cascading effects on herbi-
vores and ultimately on primary producers.

Because of the dilute seawater medium, a great many
marine species have developed both active and passive
means for filtering or trapping food particles from the
dilute seawater medium. Copepods, the most common
animals in the water column, have filtering appendages
and gelatinous zooplankton cast mucous nets to feed on
phytoplankton. Baleen whales filter zooplankton (krill)
from the water column. On the sea bottom, clams and
sea cucumbers pump water past internal filters and
many animals in sediments pump water through bur-
rows in order to feed. Other bottom animals have ap-
pendages protruding above the sediments that trap or
filter food particles. In many marine organisms, the
distinction between producers and consumers is
blurred. Reef-building corals use their tentacles to trap
zooplankton yet may take most of their sustenance from
photosynthetic dinoflagellates living symbiotically in
their tissues. Other animal-plant relationships of this
sortare found in tropical clams and one-celled radiolari-
ans and foraminifera.

Some marine species play another important func-
tional role by providing habitat for other species, either
on a large spatial scale—as with coral or coralline algae
reefs, polychaete worm reefs, seagrasses, kelps, marsh
grasses, and mangrove trees. On a smaller scale, bio-
genic sediment structures (tubes, burrows, mounds,
fecal aggregations) and more persistent structures made
by tube builders, sponges, or shell-bearing animals may
serve as habitat for other species.

Some species significantly affect the ecosystem by
regenerating nutrients that limit primary production.
Burrowing animals release nitrogen into the water col-
umn and stimulate phytoplankton growth. In chemi-
cally reduced sediments, animals pump water into sedi-
ments for respiration or feeding and supply oxygen to
chemosynthetic primary producers living in the bur-
row. The role of single species is often not obvious,
and several different criteria may be used to assign
species to functional groups within an ecosystem. In
general, redundancy of ecosystem function within a
functional group has the potential to stabilize ecosystem
processes despite fluctuations in the environment. Loss
of functional groups implies drastic changes in ecosys-
tem function.



IV. ECOSYSTEM DIVERSITY
A. The Edge of the Ocean

1. Intertidal Beaches

Beaches can be classified according to topography, or-
ganic content of sediments, and wave action. Reflective
beaches are dominated by low wave energy, low organic
content, and coarse sand. Reflective beaches have waves
1 m high or less and are generally found on open coasts
with deep embayments, tropical coasts, and coasts of
polar seas. Surging wave action filters and drains large
volumes of water through the interstices of the sedi-
ments, resulting in well-flushed and highly oxygenated
coarse sand deposits (Alongi, 1998). Dissipative
beaches, at the other extreme of a continuum, are pro-
duced by a combination of high waves (>2.5 m) and
fine sand deposits with higher amounts of organic mat-
ter. These are common on the west coasts of Australia
and Southern Africa and seasonally on the west coast
of North America where high wave swells and fine sands
are abundant. Intertidal sand and mudflats are common
on dissipative beaches.

Many beaches have adjacent seagrass beds, kelp beds,
or other sources of macrodetritus, which are deposited
as thick layers of wrack on the beach. These accumula-
tions support communities that include both marine
and terrestrial invertebrates (e.g., beach hoppers, bee-
tles, and kelp-fly larvae). Other beaches are more depen-
dent on growth of diatoms in the sediments and input
of small, filterable organic particles. Many animals live
in the sediments, and in some high energy situations
animals such as mole crabs and small bivalves move
up and down the beach with the tides filtering particles
from the waves. Large areas of sand flats, such as the
Wadden Sea in the Netherlands, may be especially pro-
ductive and support high standing stocks of grazing
invertebrates.

2. Kelp Beds

Kelps attach to the bottom and form a surface canopy
at depths up to ~20 m. Under the most favorable condi-
tions these large marine plants form subtidal forests
and attain rates of primary production in excess of 1000
g Cm~*d". These forests provide protection and food
for a rich community of fish and invertebrates. The
biomass and abundance of kelps may be regulated by
sea urchin consumers. Sea otters play an important role
in maintaining kelp forests by controlling the abun-
dance of sea urchins. In the absence of sea otters, kelp
forests are reduced by urchins to a pavement of en-
crusting algae and sea urchins. Kelp forests are impor-
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tant nursery areas for many species of fish and their
detrital production enhances the abundance of benthic
populations (United Nations Environmental Pro-
gramme, 1995). Kelp populations are influenced over
large scales by oceanographic climate. Nutrient-rich
conditions during La Nina years result in increased
growth and reproduction of the competitively domi-
nant, canopy kelp species, Macrocystis pyrifera. Inter-
decadal-scale shifts in community composition result
from fluctuations in kelp density (Dayton et al., 1999).

3. Rocky Shores

Rocky coasts exposed to the open ocean are character-
ized by wave action resulting in communities of
attached seaweeds and filter-feeding bivalve mollusks,
such as mussels that provide physical structure for other
species. Wave energy enhances the productivity of these
ecosystems by continually renewing nutrients and food.
The shore face and the organisms that reside on the
shore can be divided into zones according to tidal height
and length of exposure to air and the interactions of
the dominant species with herbivores such as snails
(gastropod mollusks) and predators (particularly snails,
starfish, and birds). The large-scale pattern of rocky-
shore communities depends on the distribution of rocky
outcrops and sporadic changes in climate resulting in
unusually heavy waves, ice cover, or sedimentation
from rivers. The interaction of physical change and
biological relationships among species at a variety of
spatial scales (from local to regional) and temporal
scales (from annual storm events to interdecadal cli-
matic change) are most clearly worked out for rocky
intertidal ecosystems.

4. Coral Reefs

Coral reef ecosystems occur where conditions are favor-
able for growth of reef-forming corals with dinoflagel-
late primary producers living symbiotically in their tis-
sues. Growth of corals over many generations in
geologic time results in major limestone structures such
as coral atolls or the Great Barrier Reef off Australia.
Dense growths of coral can sometimes occur in the
deep sea, but these species lack photosynthetic symbi-
onts, grow relatively slowly, and do not form major
reef structures.

Reefs grow in strong light and clear water at tempera-
tures from 18°C to 30°C at latitudes between 30°N
and 30°S. Coral reefs are adversely affected by high
nutrient concentrations, runoff of sediments from land,
direct removal, and overfishing. The midrange of pri-
mary production of corals in combination with their
symbiotic dinoflagellates is about 25 g C m™* d™! and
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varies greatly from species to species. Over large areas,
net primary productivity of the most actively growing
reef crests and slopes ranges from 1 to 5 g Cm™2d™".

Reefs support an enormous species richness and
complexity of interactions among species. Conspicuous
large animals include enormous coral heads and large
fish such as groupers, stingrays, and manta rays. Many
of the colorful reef fish do not move far and develop
complex behavioral relationships both within and be-
tween species. Some live symbiotically with other spe-
cies, for example, individual anemone fish live in close
association with patches of anemones. Cleaner fish set
up cleaning stations where they feed on the ectopara-
sites attached to the gills of other fish. Some species
mimic the cleaner fish and take bites out of the fish
expecting to be cleaned of parasites.

B. Continental Shelves

Continental shelf coastal areas, on the order of 10,000
km* or more, have been called “large marine ecosys-
tems” (Sherman, 1993). These are separated from other
areas of the ocean by continental shelf depth and ocean
currents, and the shapes of coastlines form major seas,
bays, or gulfs. Examples include the Baltic, North, Medi-
terranean, Black, Caspian, Red, Arabian, Barents, Ber-
ing, Okhotsk, Japan, Yellow, East China, Sulu, Celebes,
and Caribbean Seas; Bay of Bengal and Walvis Bay;
and Gulfs of Alaska, California, and Mexico. Primary
productivity in these systems ranges from below 35 g
Cm 2 yr ! in the low latitude, warm waters of the Red
Sea and high latitude, cold waters of the Beaufort Sea
(10-20 g Cm™* yr™") to the very high primary produc-
tivity of Eastern Boundary Current upwelling areas in
the Southern Hemisphere (1000-2000 g C m™ yr™!)
of the Peru Current and Walvis Bay (Walsh, 1988).
Most of the world’s major fisheries are on continental
shelves in midlatitudes.

C. The Open Ocean and Deep Sea
1. Pelagic

The largest ecosystems in the ocean are the central gyres
of the Atlantic, Pacific, and Indian Oceans. Ecosystem
processes in the North Pacific Subtropical Gyre (NPSG)
have been summarized by Karl (1999). This ecosystem
is the largest circulation feature on the planet (2 X 10’
km?) and one of the most persistent, its boundaries
having remained approximately the same for the past
10" years. The NPSG has a clockwise circulation of less
than 4 cm s™! and forms a circumscribed, stable, and

relatively homogenous habitat. The surface mixed layer
varies from 40 m to 100 m depth and is characterized
by surface temperatures are 24°C or higher low nitrate
concentrations but relatively high dissolved organic ni-
trogen, and low standing stocks of organisms. The zone
of primary productivity can be divided into two layers:
an upper layer where chlorophyll increases in the winter
and decreases in the summer and lower layer (100-175
m) where chlorophyll increases in the spring and de-
clines in the fall. Recharge of nutrients is from deeper
water below as a result of vertical eddy diffusion and
episodic mixing events leading to considerable spatial
variability in mixing processes and nutrient concentra-
tions varying by as much as three orders of magnitude.
Phytoplankton primary production was once thought
to be mostly by Eukaryotes (diatoms and flagellates),
but is now known to be more than 90% from the small
bacterial taxa Synechococcus and Prochlorococcus. The
standing stock of these autotrophic bacteria groups
comprise 80% of chlorophyll a and feed a microbial
loop that internally regenerates nutrients and maintains
a pool of dissolved organic matter, which supports them
(Fig. 4). The abundance of these auto-heterotrophs is
controlled by light, nutrients, and predation by bacteria
and a mixed assemblage of protists. Viral infection may
also be an important source of mortality for these organ-
isms. Archaea are abundant but it is not clear whether
these are significant chemosynthetic primary producers
because little is presently known about these organisms.

Very little organic matter escapes remineralization
and the microbial loop provides negligible subsidy to
the rest of the food web. The classic food chain pathway
of eucaryote phytoplankton to copepod herbivores and
on to higher trophic-level fish is ephemeral and occurs
more frequently in surface waters during the summer.
Organic matter produced by the eucaryotic phytoplank-
ton food chain produces most of the exportable carbon
during aperiodic, pulsed events.

Falkowski et al. (1998) provide a summary of biogeo-
chemical processes controlling primary production in
the open ocean. The central ocean gyres in the Atlantic,
Pacific, and Indian Oceans have been considered analo-
gous to deserts on land with low primary productivity
and contain only ~0.2 mg m™ of chlorophyll. Coastal
upwelling regions, seasonally mixed regions of temper-
ate and boreal seas, divergent subpolar gyres, and meso-
scale features with eddy-induced pumping have suffi-
cient vertical flux of nutrients to support 5 mg m™> of
chlorophyll. Throughout most of the coastal and open
ocean, primary production is limited by the availability
of inorganic fixed nitrogen. In some instances, the cyan-
obacteria that fix nitrogen in the open ocean are limited



by iron and an important source of iron to the ocean is
dust carried from land by winds. Limitation of primary
production by lack of iron is especially notable in the
South Pacific (Falkowski et al., 1998).

2. Benthic

The deep-sea floor is divided into major ocean basins
by continents and the Mid-Ocean Ridge. Communities
within ocean basins may be further divided according
to depth, sediment type, and level of energy of deep-
sea currents. The deep ocean floor is the least-known
part of the planet but, through use of manned and
unmanned submersibles, distinct ecosystem processes
at hydrothermal vents, continental margin seeps, sea-
mounts, ocean trenches, and areas of strong bottom
currents are being explored and described.

The largest ocean basins and deep ocean trenches
each have some species that live only in that basin and
nowhere else. Hydrothermal processes along the Mid-
Ocean Ridge mix seawater through porous rock at high
temperatures yielding an energy-rich fluid containing
reduced compounds. These compounds support che-
mosynthetic microorganisms that provide primary pro-
duction for a discrete ecosystem clustered around each
hydrothermal vent. Flow of subsurface fluid seeps out
of sediments deposited along some ocean margins pro-
viding similarly energy-rich fluid to chemosynthetic
organisms.

The food supply for the deep sea comes from the
productivity of surface waters. When diatoms bloom,
or gelatinous animals such as salps multiply rapidly,
they die and sink, so that organic material accumulates
in low areas of the uneven surface of the sea floor and in
burrows and depressions left by the larger inhabitants.
Even in the central ocean gyres where export produc-
tion is low, the dead remains of fish, marine mammals,
or terrestrial plant material carried seaward sink and
form widely separated organic patches on the sea floor.
Species respond to these patches at different rates and
the probability that two species reach the same patch
at the same time is low. This reduces the likelihood
of species competing and of one species eliminating
another. Most deep-sea species are small and many
species, including most fish species, are relatively slow
growing, long lived, and late in maturation. Attempts to
sustain deep-water fisheries have proven unsuccessful
because low rates of population growth cannot keep
up with rates of removal.

Species that grow relatively fast characteristically re-
spond to patchy but concentrated sources of food from
the ocean surface, such as wood from rivers, or the
bodies of pelagic animals that settle to the bottom. For
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example, wood-boring bivalves rapidly colonize pieces
of wood, grow to maturity in a few months feeding on
their wood habitat, and produce thousands of eggs and
larvae to colonize the next piece of wood that settles
to the sea floor. Other species of bivalves grow very
slowly in relatively homogeneous sediments, take sev-
eral decades to reach maturity, and may produce only
one egg at a time—in contrast to the rapid maturation
and production of millions of eggs produced by most
shallow-water bivalves.

Submarine canyons form conduits for sediment from
continental shelves into the deep ocean. Unpredictable
events of sediment erosion or scouring by intense cur-
rents result in relatively few species in the soft sedi-
ments at the bottom and sides of canyons. Seamounts
are undersea mountains formed by the same processes
at the hot spots on the ocean floor that form volcanic
islands. Seamounts often support large populations of
fish, and more than 70 species of commercially impor-
tant fish have been reported. Interactions of currents
with the steep topography of seamounts results in areas
of enhanced primary productivity and concentrations
of zooplankton that provide food for fish and dense
concentrations of bottom animals (Rogers, 1994).

D. Mid-Ocean Ridges and
Hydrothermal Vents

The 40,000 nautical mile Mid-Ocean Ridge system is
the largest feature on the deep-sea floor. In 1977 a
unique ecosystem was discovered at sites where a plume
of high-temperature fluid rich in reduced compounds
pours out into the water column. It is now known that
sulfur oxidizers are among the most numerous bacteria
and form a major base of the food chain. Other energy
sources include reduced iron, manganese, and hydro-
gen. In the Pacific, large, red-plumed worms up to 2
m long and large clams and mussels dominate the vents.
These animals feed on organic compounds produced
by symbiotic sulfur bacteria living in their tissues. Vents
in the Atlantic have some of the same kinds of animals,
but the most conspicuous are shrimp, which swarm
over the surface of vent chimneys. Vents usually have
a restricted distribution on any given ridge segment
and persist for about 10 to 20 years, until there is local
extinction of the vent community. Animals colonize
new vents rapidly, grow fast, and produce enough off-
spring to colonize the next vent. In comparison with
the rest of the deep sea, few species have adapted to
the extreme thermal (4°C up to temperatures in excess
of 150°C), chemical (high concentrations of cadmium,
lead, cobalt, and arsenic) conditions at hydrothermal
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vents (Grassle, 1986). Most species found at hydrother-
mal vents live exclusively in this environment. Of the
443 species found at hydrothermal vents, 15 have been
found in other sulfide-rich environments and only 30
species are known from elsewhere in the deep sea (Tun-
nicliffe et al., 1998).

V. POTENTIAL CONSEQUENCES OF
ANTHROPOGENIC CHANGE

A. Eutrophication

Eutrophication is the increase in the rate of supply of
organic matter to an ecosystem. Increases in global in-
puts of nitrogenous fertilizers and the mining of phos-
phate rock have generated increased concern about the
effects of eutrophication on enclosed marine ecosystems
(Nixon, 1995). Eutrophic ecosystems have algal pro-
duction in excess of 300 g C m™2 y!, which results in
areas of anoxia and loss of habitat for fish and other
organisms. Relatively high rates of denitrification on
continental shelves remove excess nitrogen originating
from land sources and, in concert with dilution, help
prevent adverse eutrophication effects in open coastal
areas.

B. Overfishing

Globally, about 30% of commercial fish stocks are over-
fished and another 44% are being fished at or near
the maximum potential long-term catch rate. Atlantic
halibut, cod, orange roughy, and many species of
salmon are now severely depleted. Significant changes
in community structure as a result of overfishing have
occurred in ecosystem structure in the Bering, Barents,
and Baltic Seas (National Academy of Sciences, Com-
mittee on Ecosystem Management for Sustainable Ma-
rine Fisheries, 1999). Bottom-fishing has been shown to
result in physical destruction of some bottom habitats.
Fishing gear, when dragged over the bottom, levels
structures such as worm tubes, burrows, and shell hash
necessary for the survival of many species.
Overfishing has resulted in major changes in coral
reef ecosystems. Normally, herbivorous fish heavily
graze the attached algae, ensuring enough open reef
surface for corals to settle and grow. This is especially
true following major storms when wave action reduces
coral coverage and circumstances are favorable for rapid
algal growth. In the Caribbean, under normal circum-
stances, sea urchin grazing may compensate for reduc-
tions in fish grazing. A combination of overfishing and

the decimation of sea urchin grazers by disease favored
algal growth following a hurricane, which has resulted
in reefs dominated by algae (National Academy of Sci-
ences, 1995).

C. Invasive Species

Unwanted, exotic species are sometimes introduced to
new geographic regions both deliberately to start new
fisheries and accidentally through release from aquaria
or ballast water carried by ships, sometimes with disas-
trous consequences. The Asian clam became established
in the San Francisco Bay in 1986 and quickly displaced
other species from large areas of the seabed and altered
the water chemistry of the bay (National Academy of
Sciences, 1995). The introduction of predatory green
crabs to coastal environments on the east coast resulted
in major reductions in shellfish beds. In short, invasive
species have become a significant problem in many
marine coastal environments and considerable effort is
needed to curb this severe problem.

In summary, the oceans encompass a broad array
of habitats that differ in their diversity, function, and
vulnerability. Much of the vast area of the oceans is
poorly described, but we have some understanding of
a variety of globally essential ecosystem processes, and
species loss may threaten not only the organisms them-
selves but also the many ecological processes that serve
the rest of the planet and its human populations.
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GLOSSARY

alien: introduced, exotic, nonindigenous, nonnative,
invasive species A species that has been transported
by human activity (i.e., mariculture), intentionally
or accidentally, to a site at which it does not natu-
rally occur.

ballast water Water carried by a vessel to improve sta-
bility.

benthic organism An organism pertaining to the sea-
bed; bottom-dwelling.

biodiversity The variability among living organisms
from all sources and the ecological systems of which
they are a part.

disturbance Any relatively discrete event in time that
disrupts ecosystem, community, or population struc-
ture and changes resources, substrate availability, or
the physical environment.

ecosystem A complex nonlinear community of organ-
isms in their physical environment.

ecosystem engineer species Species that directly or
indirectly modulate the availability of resources
(other than themselves to other species) by causing
physical state changes in biotic or abiotic material

Encyclopedia of Biodiversity, Volume 4

and in so doing modify, maintain, and/or create hab-
itats.

eutrophication Enrichment of a body of water with
nutrients causing excessive growth of phytoplank-
ton, seaweed, or vascular plants and often accompa-
nied by a depletion of oxygen.

food web, trophic web A network of interconnected
trophic chains in a community. A network of con-
sumer—resource interactions among a group of or-
ganisms, populations, or aggregate trophic units.

guild A group of species having similar functional roles
in the community (i.e., herbivores).

keystone species A group of species whose effects on
the structure, dynamics, and functioning of the com-
munity is disproportionately large relative to its
abundance.

pelagic organism A free-swimming (nekton) or float-
ing (plankton) organism that lives exclusively in the
water column.

resilience The resistance to a disturbance of a system
and the speed of return to an equilibrium point, or
the disturbance that can be absorbed before the sys-
tem changes in structure by the change of variables
and processes that control system behavior.

species diversity The number of species in a given
community (= species richness) and the way the
species’ abundances (i.e., number, biomass, and
cover) are distributed among species (= species
evenness).

trophic level Feeding level in a food chain or pyramid
(e.g., carnivores).
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MARINE ECOSYSTEMS represent the greater part of
the earth’s total biological system. At the present time
these marine communities are threatened by human
effects, both direct and indirect, such as resource extrac-
tion (e.g., fishing), introduction of alien species, pollu-
tion, and water temperature modification. These effects
demonstrate the unique ability of humans to profoundly
influence the status of ecosystems.

. INTRODUCTION

The main threats to marine ecosystems are the human
alteration of habitats, the excessive extraction of re-
sources, pollution (Castilla, 1996), invasive species
(i-e., introduction through mariculture and ballast
water; Cohen and Carlton, 1998), eutrophication, and
nonanthropogenic environmental changes [National
Research Council (NRC), 1999; Castilla and Camus,
1992]. Furthermore, multiple and compounded per-
turbations related to physically and biological based
disturbances are resulting in communities entering
new domains or “ecological surprises” (Paine et al.,
1998), with important modifications in their structure
(i.e., species composition) and dynamics (i.e., alterna-
tive states).

Single, multiple, or compounded impacts on eco-
systems may directly or indirectly affect their struc-
ture, including species diversity and functioning.
Ecosystems are complexly linked nonlinear systems
and their dynamics may be sensitive to past condi-
tions and subjected to shifts when exposed to anthro-
pogenic and nonanthropogenic environmental stress
(NRC, 1999).

The concept of biological diversity (biodiversity;
Heywood, 1995) is defined as: the variability among
living organisms from all sources and the ecological
system to which they are part. The analysis of biodiver-
sity considers four levels: genetic, species, community,
and ecosystems. This article focuses on the species
diversity (richness, the number of species in a given
community; evenness, species abundance), community
resilience, and ecosystem functioning. One of the best
avenues to integrate species diversity functioning and
community resilience (Holling, 1973) is to study
their dynamics through long-term manipulations. The
article reviews long-term experiments and impacts on
marine communities and ecosystems in which hu-
mans are one of the key ecological factors (Cas-
tilla, 1999).

II. HUMAN IMPACTS ON MARINE
COMMUNITIES AND THE EFFECTS
ON SPECIES DIVERSITY
AND FUNCTIONING

A. Rocky Intertidal Communities

Castilla (1999), based on a 16-year intertidal human
exclusion experiment in central Chile (Las Cruces
fenced Marine Coastal Preserve; ECIM), summarized
the ecological roles played by humans as top predators
on rocky mid-intertidal marine communities. The func-
tional intertidal food web, without humans (inside the
ECIM preserve) and with humans (outside ECIM), dif-
fered substantially. On these rocky shores the impact
of intertidal food gatherers is significant (Duran et al.,
1986). The collectors target mainly the keystone muri-
cid snail Concholepas concholepas, locally known as
“loco” (Castilla et al., 1998). The high density of locos
inside ECIM, following its closure to collectors in 1982,
resulted in strong loco predation on the competitive
dominant mussel Perumytilus purpuratus, which cannot
“escape in size” from its predator. Therefore, a few
years after the fencing of ECIM, the original dense mid-
intertidal mussel beds inside ECIM were almost com-
pletely eliminated by the locos (Castilla, 1999). The
primary space, so liberated, was readily invaded by two
species of barnacles, Jehlius cirratus and Notochthamalus
scabrosus, and several species of algae. Despite the fact
that the loco also consumes barnacles, they have per-
sisted for several years since they have a “weed recruit-
ment strategy” (Castilla, 1988): After removal they keep
reinvading the shore. This is not the case for P. purpu-
ratus, which requires special substratum conditions to
reinvade the shore (Navarrete and Castilla, 1990). Fol-
lowing the closure of the rocky shore at ECIM, species
richness and evenness of sessile organisms using pri-
mary substrata increased inside ECIM. Outside ECIM
(control), under reduced loco density due to food gath-
ering, primary space is still dominated almost exclu-
sively by the competitive dominant mussel P. purpu-
ratus, and the biological diversity of the sessile primary
substrata users is reduced since the mussels are long-
term winners and appropriate the rock resource (Fig.
1). Castilla (1999) provided a detailed account of direct
and indirect human impacts on these communities and
discussed differences in their functioning. For instance,
it was noted that the settlement of keyhole limpets,
Fissurella spp., was indirectly negatively impacted in-
side ECIM since their recruitment substratum, the beds
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FIGURE 1 Diagrammatic representation of rocky intertidal food webs and human impacts outside (A) and
inside (B) the Las Cruces (ECIM) Marine Preserve, central Chile. The size of the circles represents the
approximate density of populations. An arrow with a singe asterisk indicates predation. The point of the
arrow shows the flow of energy and the width indicates strong (wide) or weak (narrow) interactions. A
double-asterisk arrow represents interspecific competition and the point width indicates the long-term
competitive dominant (wider) or subordinate (narrower) species (intraspecific interactions are not consid-
ered). Settlement is shown by dashed lines and the arrows on these lines show the settler facilitator. One

asterisk indicates that barnacles and macroalgae, apart from their ability to settle directly on rock, settle on
top of mussel shells. A double asterisk indicates keyhole limpet browsing on young barnacles. Concholepas
concholepas is a carnivore muricid. Fissurella spp. are herbivore gastropods (reprinted from Castilla, Rocky
intertidal food webs and human impacts © 1999, p. 281, with permission of Elsevier Science).

of the mussels P. purpuratus, were absent due to loco’s
direct predatory impacts (Fig. 1).

Nevertheless, in the papers previously noted, no
mention was made that rocky intertidal species diversity
should be viewed in a more comprehensive way so
as to include the secondary substrata generated by P.
purpuratus, an ecosystem engineer species (Jones et al.,
1994). Mussel matrices allow for the establishment of
a rich macroinvertebrate and algal community com-
posed of dozens of species (Paredes and Tarazona, 1980;
Lohse, 1993) which live inside the matrices and on

mussel shells. Although in central Chile this effect has
not been evaluated, the P. purpuratus matrices enhance
species richness (for southern Chile, see Lopez and
Osorio, 1977) in sites impacted by humans (outside
ECIM) compared to those not impacted (inside ECIM,
J. Castilla, unpublished results).

Similar ecological direct and indirect humans im-
pacts and drastic modification in rocky intertidal spe-
cies evenness and intertidal community functioning
(Fig. 2) have been reported at Mehuin’s southern Chile
coastal preserve (Moreno et al., 1984). Lindberg et al.
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FIGURE2 Diagrammatic representation of rocky intertidal food webs and human impacts outside (A) and inside
(B) the Mehuin’s Marine Preserve, southern Chile. Symbols are as described in the legend to Fig. 1 (reproduced

with permission from Moreno, 1986).

(1998), through manipulative and “natural” experi-
ments, described a three-trophic-level interaction
among the American black oystercatcher (Haematopus
bachmani), limpets (Lottia spp.), and erect fleshy algae
in rocky intertidal bench communities of central and
southern California. Human disturbances, such as the
selective collection of large-size limpets and the reduc-
tion of shorebirds (in shores frequented by humans),
drive the communities to a state dominated by small
limpets and high cover of fleshy algae. Intertidal
benches in relatively isolated islands (e.g., San Nicolas
in central California) with large densities of oystercatch-
ers and an absence of limpet human collection present
communities in a different alternative state, which is
characterized by large-size limpet populations and com-
paratively reduced fleshy algal cover.

B. Rocky Subtidal Communities

The Cape rock lobster Jasus lalandii, commercially the
most important lobster species in South Africa, causes
profound direct and indirect effects on subtidal compet-
itive dominant mussel species, such as Choromytilus
meridionalis and Aulacomya ater (Griffiths and Seiderer,
1980), severely modifying species diversity and com-
munity functioning. Barkai and Branch (1988a, b) com-
pared the nearshore benthic communities of two adja-
cent islands on the west coast of South Africa: Malgas
and Marcus Islands (33°S, 18'E), which are approxi-
mately 4 km apart. The biotas of both islands have been
protected from human exploitation since 1929. In the
1960s both islands supported populations of rock lob-
sters, but later, due to overfishing, a management plan



was established which included a catch quota. Cur-
rently, Malgas still supports an unusually dense popula-
tion of J. lalandii (probably partly due to the manage-
ment plan) with densities of up to 10 individuals per
square meter, whereas Marcus has a very reduced adult
population of lobster. The benthic communities of both
islands have only 34% of species in common. The biota
of Malgas is dominated by numerous species of algae,
whereas that of Marcus consists of thick beds of the
black mussel C. meridionalis, an autogenic ecosystem
engineer species that has a rich and diverse associated
fauna (Barkai and Branch, 1988a). At Malgas, the preda-
tory lobsters have eliminated a large proportion of spa-
tial competitors, including mussels and barnacles, and
sea urchins are absent. As a consequence, macroalgae
proliferated. At Marcus, due to the absence of lobsters,
the competitive dominant C. meriodionalis formed
dense beds, outcompeting other species of mussels,
such as A. ater and algae; sea urchins are common
(Castilla et al., 1994). Barkai and Branch (1988a, b)
discussed this ecological situation and argued for the
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existence of alternative stable states on the contrasting
islands. Figure 3 provides a summary of the main spe-
cies involved, relative biomass, and direct, indirect, pos-
itive, and negative interactions between organisms on
both islands.

The ecological impact of the Cape rock lobster at
Malgas was experimentally demonstrated by Barkai and
McQuaid (1988). The experiments showed that the
drastic community differences between the islands were
due to the dense population of lobster at Malgas and
its absence at Marcus. In fact, the introduction of 1000
lobsters at Marcus ended amazingly: The lobsters were
attacked by thousand of snails, Burnupena sp., which
exist at Marcus in densities of up to 250 per square
meter, and the lobsters perished within 30 min. This
may explain their absence at Marcus, supporting the
existence of an alternative ecological state.

In South African waters, it is unknown to what extent
the commercial exploitation of rock lobsters or conser-
vation measures (i.e., coastal closures) have impacted
the nearshore rocky subtidal communities or in how

Rock lobster
Jasus lalandii

- O

Ribbed mussel
Aulacomya

Black mussel

Marcus Island:
in near absence of rock lobsters

C—> Direct effect

FIGURE 3 Rock lobster direct (+) and indirect (—) effects on mussel, welk, and grazer (sea urchin) preys
in two South African islands. (A) Malgas, with a high density of adult lobsters. (B) Marcus, with a virtual
absence of lobsters. The circles indicate relative biomasses (reproduced with permission from Castilla et

al., 1994).
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many cases (other than Marcus and Malgas Islands)
alternative stable states have been reached. This is a
classical example in which both extreme attitudes—
overexploitation and total conservation (no-take
areas)—can result in drastically different species diver-
sity and community functioning, mediated by the role
of a high-trophic-level predator.

C. Humans and Linkages between Coastal
and Oceanic Waters

Enhydra lutris, the northern sea otter, is found in near-
shore environments ranging across the Pacific rim from
Hokkaido (Japan) to Baja California (Mexico). The ex-
ploitation of their pelts led to the near extinction of otter
populations in approximately 1911, when unregulated
hunting was ended. Since then, the recovery of otter
populations has occurred, particularly in the Aleutian
Island chain, where by the 1970s the populations
reached near maximum densities in some areas, were
growing rapidly in others, and remained absent from
others. Otters as keystone species (Power et al., 1996)
control the local biomass and the abundance of sea
urchins, which regulate benthic algae biomass and pro-
ductivity. Aleutian interisland comparisons (Estes et al.,
1998) have shown that kelp deforestation occurred in
islands with low sea otter densities due to the increased
density of sea urchins, whereas islands with high sea
otter densities showed high kelp biomass. Estes et al.
reported the complete transformation of a subtidal kelp
forest in islands of the Aleutian Archipelago from three
to four trophic-level systems and the release of sea
urchin populations from the limiting influence of their
predator, E. lutris. In the original circumstances, in the
absence of sea otters, sea urchin populations increased
rapidly and overgrazed the kelp forest, setting in motion
a suite of different ecological impacts which drastically
transformed the coastal ecosystems. These transforma-
tions had implications in the functioning of the commu-
nities and affected species diversity. Humans are highly
involved in Estes et al.’s findings. In recent years in
western Alaska, declines of E. lutris populations have
been observed. The authors have argued that this is
probably due to the recent increased predation on sea
otters by killer whales, Orcinus orca. Orcinus may have
initiated predatory influences that cascaded down suc-
cessively lower trophic levels, first through the reduc-
tion of densities of sea otters, which triggered the in-
crease of sea urchin populations, and ultimately the
depletion of kelp biomass due to overgrazing. Estes et

al’s paper includes documented information on de-
clines of sea otter populations and increases in the
density and intensity of grazing of sea urchins on the
kelp beds. Sea otters and killer whales have coinhabited
the Aleutian Archipelago for millennia and Estes et al.
attributed the sudden change of behavior of killer
whales to a shift in their prey resource base. This has
probably resulted from the collapse of pinniped popula-
tions, such as the Stellar sea lion and harbor seals,
which were among the killer whale’s main prey items.
It has been suggested that the pinniped populations may
have collapsed due to the Northwest Pacific midwater-
trawl overfishing of walleye pollock (Theragra chalco-
gramma) (Alverson et al., 1994) and/or increases in the
ocean temperature. The authors recognized that some
of their arguments contained speculations and that the
critical one refers to the direct/indirect impacts of hu-
mans on marine ecosystems. In fact, sea otters, pinni-
peds, and whales are under national and international
protection in the Aleutians through different treaties
and agreements signed dozens of years ago, but it also
has to be recognized that their food resources have
been depleted independently through overfishing. For
instance, there is evidence that in the case of the pinni-
peds a reduction (population collapses in some cases)
has occurred mostly due to overfishing of pinnipeds,
or of their fish resources, and also to climate changes.
Overfishing is directly linked to human activities, and
in Estes et al.’s scenario, humans and not killer whales
may be considered as the apex predator. Humans have
redirected the functioning of oceanic and coastal marine
ecosystems in these localities and modified trophic
linkages.

These examples indicate that there are at least two
aspects of human ecological influences on marine com-
munities that are difficult to evaluate and hence demon-
strate an indisputable cause—effect situation. First, in
many cases, the functioning of the marine communities
is affected indirectly by anthropogenic activities—for
example, human overfishing of pinniped’s fish re-
sources, collapse of pinniped populations, a shift in the
prey item of killer whales, predation on the sea otter,
population explosion of sea urchins, and overgrazing
of kelp beds. The cascading down to successively lower
trophic levels is complex and requires long-term obser-
vation and experiments to be understood. Furthermore,
nonanthropogenic impacts also need to be considered.
Second, limited knowledge exists on the resilience
properties of marine communities and ecological con-
clusions on linkages between marine ecosystems are
based on preliminary data.



D. Humans and Ecosystem Engineer and
Invasive Species

Ecosystem engineer species are species that directly or
indirectly modulate the availability of resources (other
than themselves) to other species by causing physical
state changes in biotic or abiotic materials, and in so
doing they modify, maintain, and/or create habitats
(Jones et al., 1994). Jones et al. distinguished (i) auto-
genic engineers, when the changes in the environment
occurred via their own physical structure, living or dead
tissues (e.g., coral reefs), and (ii) allogenic engineers,
when they produced changes in the environment
through the transformation of living or nonliving mate-
rials from one physical state to another via mechanical
means (e.g., rabbits and burrows). In marine coastal
communities, there are numerous autogenetic engineer
species playing roles in the functioning of the commu-
nity and ecosystem and creating the physical conditions
for other species to exist (e.g., mussels; Lohse, 1993).
In the Southern Hemisphere, rocky littoral zone tuni-
cates of the genus Pyura play such a role (see Fielding
et al., 1994, for P. stolonifera in S. Africa). These tuni-
cates are also important as species extracted for food
and/or bait by recreational fishers, divers, and intertidal
food gatherers (for Pyura praeputialis in Australia, see
Fairweather, 1991; for P. praeputialis in Antofagasta,
northern Chile, see Castilla, 1998). The tunicates form
dense intertidal and subtidal belt monocultures and
attain collective cemented beds, creating microhabitats
used by several dozen macroinvertebrates and algae.
Fielding et al. identified 83 taxa of macroinvertebrates
in intertidal and subtidal Pyura stolonifera beds around
Durban, South Africa, whereas more than 100 taxa of
macroinvertebrates and algae have been found in inter-
tidal P. praeputialis beds in Antofagasta.

The P. praeputialis beds in Chile present a very re-
stricted geographical distribution of only 60-70 km
around Antofagasta Bay (Clarke et al., 1999). According
to a working hypothesis (J. Castilla, work in progress),
the species might have been introduced recently to An-
tofagasta by ships or arrived on floating objects from
Australia. In Antofagasta, a contrasting situation con-
cerning species richness is found in sites with P. praepu-
tialis, with more than 100 taxa in the Pyura beds, as
opposed to sites without the tunicate, which have about
one-third to one-fourth of the species. It is unknown
how much ecological damage, if any, human extraction
causes on the dynamics of Pyura populations or on
species diversity at a local scale. However, preliminary
information at Antofagasta indicates that following

MARINE ECOSYSTEMS, HUMAN IMPACTS ON 33

Pyura removals by waves, predators, or humans, the
species reinvades intertidal sites (the center of its distri-
bution) within 1 year (J. Castilla, work in progress).
A higher rate of anthropogenic or nonanthropogenic
removal of engineer species than the rate of recovery
may be key to local species diversity.

Invasive species are displacing native species
throughout the world. They are altering the physical
nature of habitats (e.g., the effects of the Asian clam
Potamocorbula amurensis in the San Francisco Bay) and
causing changes in food webs of economically impor-
tant species (NRC, 1999). The best reported case is that
of the Bay of San Francisco, in which ship activities
(i.e., the elimination of ballast waters) have increased
drastically the number of exotic species in the bay’s
benthic communities (Carlton, 1996). At the pelagic
level the introduction in the bay of the zooplanktonic
mysid Acanthomysis sp., which displaced another spe-
cies of mysid, Neomysis mercedis, a major food item of
the striped bass Morone saxitilis, is partly responsible
for a severe decline in the bay’s bass population (NRC,
1999). Furthermore, there are recent reports showing
that the predator green crab Carcinus maenas has in-
vaded the San Francisco Bay and is spreading through
the coastal waters of California (Cohen and Carlton,
1998).

E. Mariculture

The intensive and extensive marine farming of fish,
shellfish, and algae has a long history and is a controver-
sial issue. For instance, mariculture production expec-
tations have not been achieved (NRC, 1999) and ad-
verse environmental effects, such as contamination of
surface waters by fish wastes, eutrophication, spread of
diseases, introduction of unwanted species, and deterio-
ration of coastal habitats (e.g., mangroves in connection
with shrimp farming in Asia and Latin America), have
occurred (Chamberlain, 1997; Anderson, 1997). The
introduction of exotic cultured species may be a serious
and irreversible event to native ecosystems which merits
careful consideration. For instance, oysters have been
transported by man from country to country and there
are several cases of the concomitant spread of pests
(unwanted species) and diseases, even under strict im-
port controls. The introduction of the American oyster
Cassostrea virginica into English waters (late 1800s and
1939) brought in several exotic species, the worst being
the American oyster drill Urosalpinx cinerea and the
gastropod competitor Crepidula fornicata (Edwards,
1990). Critical epizootic disease events in the Gulf of
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St. Lawrence that caused serious oyster stock depletions
were ascribed to the transplant of oysters in 1914 from
New England to Canada (Edwards, 1990). No compre-
hensive ecological reports on the ecological effects of
these species introductions and diseases on local species
diversity or community functioning have been pub-
lished.

The intensive farm-raising of high-value species,
such as shrimp and salmon, is far from trouble-free.
There are concerns about the increase in the deposition
of particulates and accumulation of organic matter un-
der salmon cages in intensive mariculture installations
due to unwanted effects, such as anoxic conditions and
the production of toxic gases (Beveridge, 1996). Coastal
ecosystem destruction, nutrient loading, antibiotics
wastes, accidental release of alien or genetically altered
organisms, and disease spreading to native species are
some of the threats to community and ecosystem func-
tioning.

F. Human Overfishing, Diseases, and
Trophic Cascades

Hughes (1994) and Jackson (1997) reported major eco-
logical effects on coral reef communities as a conse-
quence of the overexploitation of herbivorous fishes
and a disease killing sea urchins. In Caribbean coral
reefs, a chain of effects, starting with the overfishing
of herbivorous fishes, appeared following category 5
hurricane Allen in 1980. Allen severely damaged coral
reefs in Jamaica, but by 1983 there was evidence of
their recuperation. Nevertheless, at that time a disease
devastated the herbivorous populations of the sea ur-
chin Diadema antillarum. The elimination of the herbi-
vore guild caused dramatic food cascading effects, re-
sulting in reefs overgrown by algae and the detention
of their recuperation. Species diversity and community
functioning severely changed: The coral cover was re-
duced from approximately 52% in 1977 to 3% in the
early 1990s, and cover of macroalgae increased from
approximately 3 to 92% (Hughes, 1994).

G. Pollution and Artificial Reefs

The cases exemplified are among the best known eco-
logical situations in which human impacts and the func-
tion of communities or ecosystems, combined with
changes in species diversity, have been observed or
studied. However, there are additional examples show-

ing anthropogenic negative, as well as positive, impacts
on marine communities and ecosystems. Among nega-
tive impacts on marine species diversity and community
functioning, the most conspicuous (not discussed here)
is pollution (Castilla, 1996). Among positive impacts
is the building of marine reefs for fishing enhancement
and recreational purposes. Artificial habitats may locally
enhance species diversity and resources and drive com-
munity structure toward alternative states (Buckley,
1982).

II1. NONANTHROPOGENIC
ENVIRONMENTAL CHANGES
AND VARIABILITY

Nonanthropogenic environmental changes and impacts
on marine populations and communities have been well
documented. For instance, Soutar and Isaacs (1974)
reported large fluctuations in the density of scales of
hake, anchovy, and sardines in sediment cores during
the past 2000 years, well before fishing was a factor.
Large-scale ocean climate changes, such as El Nifo
Southern Oscillation (ENSO) events, have dramatic
negative (Arntz and Fahrbach, 1996) or positive (Cas-
tilla and Camus, 1992) impacts on fish, shellfish, and
algae populations in the Southeastern Pacific. ENSO
also causes multiple positive and negative oceanic,
freshwater, and terrestrial impacts throughout the
world.

Barry et al. (1995) reported changes between 1931
and 1933 and between 1994 and 1995 in species
richness and evenness of intertidal invertebrates at a
rocky intertidal transect in the Hopkins Marine Sta-
tion, Monterey, California. They reported species’
latitudinal range shifting northward, suggesting a con-
sistency with predictions associated with anthropo-
genic-linked climate warming (but see alternative ex-
planation by Denny and Paine, 1998). Nevertheless,
it is debatable whether the current global warming
trend, due partly to the build-up of several greenhouse
gases, is part of a long-term climatic trend. In any
case, marine species with different geographical origins
would have different responses to water temperature
alterations (Castilla and Camus, 1992). Moreover, in
the case of the oceans, water temperature modifica-
tions would be just one of the potential factors
affecting the distribution of species. For instance,
temperature effects on the turbulence of the ocean
waters, and their association with wind stress, may



have major implications for plankton dispersal. Also,
the predicted north—south interhemispheric asymme-
try, due to the thermal inertia in the south, must be
considered before drawing firm conclusions on marine
species latitudinal shifts (Bernal, 1994). Furthermore,
since the ocean is affected simultaneously by several
climate forces (including anthropogenic greenhouse
effects), it is difficult to determine the real cause of
any observed change, such as that in surface seawater
temperature. Shifts in marine populations, community
structure, and their functioning represent the inte-
grated response of species assemblages to nonanthro-
pogenic long-term climate changes superimposed on
the effects of numerous short-term factors, including
anthropogenic forcing.

IV. CONCLUSIONS

This article discussed several marine examples in which
direct anthropogenic and nonanthropogenic impacts
(or combinations), such as species extraction and oce-
anic water temperature modifications, caused drastic
ecological shifts on marine benthic intertidal, subtidal,
and coastal-oceanic communities, and thereby modi-
fied species diversity and the functioning of associated
communities. Interestingly, extreme conservation mea-
sures (e.g., the establishment of no-take areas) to pro-
tect species, habitat, community, or ecosystem may also
cause drastic modifications in the functioning of marine
communities and drive communities into alternative
ecological states (Castilla et al., 1994; Estes et al., 1998;
Castilla, 1999). This article highlighted that anthropo-
genic activities (e.g., mariculture) and impacts (e.g.,
overfishing) on different ecological categories of species
(predator, keystone, engineer, invasive, and competi-
tive dominant) translate into differential responses and
functioning at the species diversity and community
level. The unique ecological role played by humans and
their apex keystone position in trophic webs were dis-
cussed.
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. INTRODUCTION

A. Taxonomic Definition of
“Marine Mammals”

The marine mammals include one extinct order and
three major extant taxa that were or are fully aquatic,
in most cases occurring entirely in the marine habitats
of the major ocean basins and associated coastal seas
and estuaries. In addition, a few species of largely terres-
trial taxa are currently regarded as marine mammals.
We consider 127 recent mammal species in total to
be marine mammals for purposes of this review. We
acknowledge that species numbers within any taxon
are subject to revision as new systematic methods and
philosophies emerge. Our primary bases for defining
our list of marine mammal species are the protocols of
the U.S. federal government, determined largely by the
U.S. Marine Mammal Protection Act (MMPA) of 1972
[16 U.S.C. §81361-62, 1371-84, and 1401-07 (Supp.
IV 1974)] as amended (MMPA) and managed by two
U.S. federal agencies, the National Marine Fisheries
Service (NMFS) and the Fish and Wildlife Service
(FWS). Our choice of defining criteria is arbitrary. Our
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principal source for taxonomic nomenclature, includ-
ing common names, is the recent review of Rice (1998).

The order Cetacea includes whales, dolphins, and
porpoises (Table I). The “pinnipedia” is a group of
species in three families in the mammalian order Carni-
vora (Table I). The pinnipeds include the seals, fur
seals, sea lions, and walrus. The term pinnipedia is no
longer recognized formally by marine mammal taxono-
mists, but it continues to appear in the systematic ver-
nacular as a matter of tradition and convenience. The
order Sirenia includes the extant manatees and dugong
and the extinct Steller’s sea cow (Table I). The order
Desmostylia is the only recognized order of marine
mammals to become entirely extinct.

Two largely terrestrial families of the order Carnivora
also include species recognized as marine mammals
(Table I). Sea otters and chungungos (family Mustel-
idae) live entirely or primarily in marine habitats. Polar
bears (family Ursidae) also spend a significant propor-
tion of time at sea.

Many other species of mammal utilize aquatic or
marine habitats, including monotremes, ursids, mustel-
ids, canids, primates, rodents, bats, and ungulates. Ulti-
mately, the distinction among aquatic, marine, and
terrestrial taxa is arbitrary. Thus, our reliance on defini-
tions and protocols of MMPA, NMFS, and FWS is sub-
jective, although it is consistent with common practice
at least in the United States.

We use the term “marine” to refer to large, contigu-
ous aqueous habitats with significant dissolved salt con-
tent in ambient waters. Thus, we apply the term marine
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TABLE 1

Major Taxa and Species Numbers of Marine Mammals*

Taxon No. of species
Cetacea: Whales 83
Mysticeti: Baleen whales 12
Balaenidae: Right whales
Neobalaenidae: Pygmy right whale 1

Eschrichtidae: Gray whale
Balaenopteridae: Rorquals

Odontoceti: Toothed whales 71
Physeteridae: Sperm whales 1
Kogiidae: Pygmy sperm whales 2
Ziphiidae: Beaked whales 20
Platanistidae: Indian river dolphin 1
Iniidae: Amazon river dolphin 1
Lipotidae: Chinese river dolphin 1
Pontoporiidae: La Plata dolphin 1
Monodontidae: Beluga and narwhal 2
Delphinidae: Dolphins 36
Phocoenidae: Porpoises 6

Carnivora, “Pinnipedia” 36

Otariidae: Sea lions and fur seals 16

Odobenidae: Walrus 1

Phocidae: Seals 19

Carnivora, other marine taxa 3
Mustelidae: Marine otters 2
Ursidae: Polar bear 1

Sirenia: Manatees, dugongs, and sea cows 5

Trichechidae: Manatees 3

Dugongidae: Dugong and Steller’s sea cow 2

Total species 127

“ Following the conventions of Rice (1998).

to the world’s oceans, seas, and estuaries. We apply the
term “aquatic” to aqueous habitats without significant
measurable dissolved salt concentrations in ambient
waters, such as lakes and rivers above the elevation of
significant mixing with marine waters, and to inland
saline lakes that lack outlet streams connecting to ma-
rine habitats. “Terrestrial” habitats are those lacking
standing water in normal circumstances. As indicated
in Table I, our list of “marine mammals” includes ma-
rine and aquatic species.

1. General Features and Habitat Boundaries

Compared to terrestrial mammals, marine mammals are
characterized by many striking modifications in anat-
omy, physiology, and ecology (Table II). In some cases,
the modifications are sufficiently extreme that phyloge-
netic linkages to terrestrial ancestry are obscured and
difficult to resolve. The degree of modification is corre-

TABLE 11

Distinguishing Characteristics of the Major Marine
Mammal Taxa

Characteristic Cetacea  Sirenia  Pinnipedia

Body streamlined X

Limbs modified

Rear limbs modified as
flippers

Rear limbs and pelvic girdle X X
absent

Propulsion by caudal spine X X
and flukes

Loss of pelage
Subcutaneous blubber layer
Simplification of dentition
Expansion of anterior skull

o N T B
ol

N

Development of acoustic capa-
bility for communication
and echolocation

Amphibious capability X

“ Echolocation capability is known only for the odontocete ceta-
ceans.

lated approximately with the duration of the evolution-
ary history of the major marine mammal taxa.

Although marine mammals are largely defined by
marked departures from the terrestrial mammalian
model, it is instructive to consider major features of
terrestrial mammals retained in marine mammals. In
the context of extinction processes in general, and an-
thropogenic extinctions in particular, two retained fea-
tures are of particular importance. First, although most
marine mammals spend most of their lives immersed
at sea, they retain largely terrestrial respiratory architec-
ture and must surface and breathe in order to exchange
respiratory gasses. Second, marine mammals are ho-
meothermic, with core body temperatures typically near
38°C, like their terrestrial relatives. The need to breathe
at the surface and the need for major anatomical adjust-
ment to minimize rates of heat loss are constraints that
foster vulnerability to unsustainable rates of exploita-
tion and to certain types of pollution. The significance
of these constraints is developed in the case studies we
present later.

The diving capabilities of marine mammals define
the three-dimensional nature of their habitats at sea.
Nearly all extant marine mammals dive to forage, al-
though the ranges of diving capability and pattern
are broad. Most marine mammals also spend signifi-



cant time submerged while traveling, socializing, or
breeding.

Among cetaceans, sperm whales and beaked whales
likely dive the deepest and longest compared to other
species. Sperm whales can dive to 1500 m, remaining
submerged for 20 min or more. The diving behavior of
beaked whales is poorly known, but there is emerging
evidence that beaked whales may also routinely make
repetitive dives of long duration to great depth. Baleen
whales may make long deep dives during breeding sea-
son. Foraging dives of baleen whales normally are rela-
tively shallow and brief. Many of the smaller cetaceans
commonly dive for less than 10 min at a time to depths
no greater than a few hundred meters.

Among pinnipeds, elephant seals (Phocidae) have
maximum diving capabilities comparable to the sperm
whales, and they are known to make remarkably long
sequences of repetitive deep (to 1500 m), long (20 min
or more) dives with surface intervals of only 2 or 3
min. These sequences may be maintained day and night
for tens of days at a time. Many other phocid seals are
thought to have similar capabilities. The sea lions and
fur seals (Otariidae), in contrast, usually dive for only
afew minutes at a time, and usually to maximum depths
of a few hundred meters, although many otariids are
known to be capable of continuous sequences of repeti-
tive shallow dives of 10-12 hr or more. Walruses are
known to dive as deep as 80 m, with maximum dura-
tions of 10 min.

In contrast to cetaceans and pinnipeds, sirenians are
weak divers, normally remaining in shallow water (<20
m) and diving for only 2 or 3 min when active. Deeper
dives (to 70 m) may occur on occasion, and dive dura-
tion can be quite long (up to 24 min) when animals
are resting at the bottom. Sea otters are capable of
diving to 100-m depth and remaining submerged for a
maximum of approximately 5 min, although most dives
are to 30 m or less and last only for 1 or 2 min. To our
knowledge, there are no data available on the diving
capabilities of the chungungo.

Few field observations of Steller’s sea cow were made
prior to extinction, but morphological analysis suggests
that sea cows were unable to dive below the sea surface,
surviving instead by foraging on macroalgae floating
on the surface. Polar bears are able to make shallow
dives but do not typically engage in the extended repeti-
tive dive sequences typical of many marine mamm