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Abstract

Estuaries are defined by their shifting salinity and nutrients, yet food web
models rarely incorporate these impacts on producers. This study combined
a box model of abiotic conditions with a food web model of trophic levels
to study how nutrient limitation affects Chesapeake Bay biota. Using ac-
tual data, the model tested the hypothesis that nutrient limitation affects
lower trophic levels more than higher ones. Without nutrient limitation, the
entire food web persisted with higher abundances of species directly feed-
ing on trophic level one. Nutrient limitation reduced phytoplankton GPP,
but those consumers not directly feeding on phytoplankton were hurt most
by reduced GPP, counter to predictions. Additionally, the model predicts
that reductions in silica suppress diatom populations, which again affects
indirectly-linked species most strongly. The generally greater effects of nu-
trient limitation, and corresponding GPP suppression, on species indirectly
linked to phytoplankton may be due to a magnification of trophic transfer
inefficiency along food chains. However, as the silica example shows, limita-
tion of specific nutrients will have an asymmetric affect on the Chesapeake
Bay food web because those species trophically linked to species dependent
on the nutrient will be affected more than species not linked to affected pro-
ducers. This model illustrates the utility of basing producer growth rates to
actual nutrient fluctuations in given environments, a step toward realistic
food-web modelling of Chesapeake Bay and other estuaries.
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1 Introduction

Historically, there has been a divide between ecosystem and community approaches
to marine ecology. Ecosystem ecologists have used box models that subject inputs
to a series of equations to get outputs. Community ecologists have made more and
more elaborate food web models. Combining these two approaches could provide
more realistic understanding of ecosystems, with the box component handling the
abiotic conditions and the food web component describing the biotic environment.
Such a perspective would be especially helpful for understanding estuaries-systems
whose food web structure and complex dynamics are exquisitely tied to the varying
nutrients and salinity of the environment. Nutrient concentrations in an estuary
vary over space as nutrient-rich but relatively light fresh water from streams flows
over the denser saltwater of bays. The emptying of fresh water creates ”wedges”
of nutrient-rich water near the shore and variability over the length, width, and
depth of an estuary. Similarly, nutrients vary over days, months, and seasons
with rainfall, terrestrial decomposition rates, and agricultural inputs. A first step
toward incorporating nutrient fluxes into our understanding of estuarine ecology
is to model their effects on phytoplankton, the tiny producers that anchor marine
food webs. A food web is the web of feeding relationships among organisms in an
ecosystem. Such a web is composed of interlocking food chains, and each ”step
up” a food chain is called a trophic level. This project investigated the effects of
nutrient limitation in Chesapeake Bay (U.S.) by modelling effects on producers
and, in turn, on successively higher trophic levels. We hypothesize that nutrient
limitation will affect lower trophic levels more due to their tighter dependence on
phytoplankton production.

2 Model Description

2.1 The Food Web

The considered estuarine food web is a simplification of the observed food web
in Chesapeak Bay (Baird et al., 1995). The producer level contains five pelagic
phytoplankton species (three diatom species and two non-diatom species), as well
as one benthic diatom species. Producer species are mainly consumed by species
in trophic level two (Fig. 1). Most species in the second trophic level feed on the
pelagic phytoplankton and are typically consumed by a large variety of predators
from other trophic levels (Fig. 2). Due to its high connectivity, zooplankton
is a key node in the food web. Most species in levels three and four have a
high diversity of prey species. Menhaden, for instance, feed on diatomaceous
and nondiatomaceous phytoplankton as well as on zooplankton. Prey diversity
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Figure 1: Observed food web in Chesapeak Bay, simplified after Baird et al. (1995).

decreases again in trophic level five, where species only feed on trophic level four.
In general, connectivity to prey increases with trophic level, while connectivity to
predators decreases with trophic level (Fig.2).
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Figure 2: Distribution of the connectivity to prey and predator species in different
trophic levels.
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2.2 Physical environment

The physical environment is described as a well-mixed reservoir. Its volume
changes in response to the flow, Q(t):

dV

dt
= Q(t) (1)

The freshwater flow Q is high in the winter month but decreases in summer
as a consequence of the reduced precipitation. Temperature T and light inten-
sities I0 show a typical seasonal pattern with high values in summer and lower
values in winter. The incident light intensity is a function of the time of the year,
superimposed by a typical day-night variation:

I0 = β ·
!
0.741/γ + 0.5 ·

!
0.91" 0.741/!

""
· 0.94 · 0.5 · 4.1511 (2)

β = 1367 · γ/ (1 + 0.017 · cos (0.017214 · (186" d))) (3)

γ = 0.77923 sin(φ)" cos (0.2618 · h + min/60) (4)

φ = 0.40928 · cos (0.01721 · (172" d)) (5)

where d is the day, h is the hour and min is the minute.

2.3 Biological Model

The biological model is based on the bioenergetic model of trophic interactions of
Brose et al. (2005) and Yodzis and Innes (1992). The biomass of species i changes
according to:

d

dt
Bi = GPPi " xi · Bi(t) +

n#

j=1

xiyijFij(B)Bi(t)" xjyjiFji(B)Bj(t)/eji (6)

where GPPi is the gross primary production of species i, xi is the mass specific
metabolic rate, yij is the maximum ingestion rate per unit metabolic rate of species
i given resource j, and eij is the biomass conversion efficiency of species j consuming
species i. The flow of biomass from resource j to consumer i follows a Monod term:

Fij =
Bj(t)

Bj(t) + B0ji
(7)

where Bj(t) is the biomass of species, and B0ji is the density of the resource
at which the consumer attains half its maximal rate of consumption. The gross
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primary production term, GPPi, is non-zero only for producers. The dependence of
GPP on the most important nutrients–nitrogen (N), phosphorous (P), and silica
(Si) is accounted for by the incorporation of Michaelis-Menten terms with half-
saturation constants, KNu. The formulation of GPP is based on the classical
hyperbolic response of photosynthetic activity with respect to photosynthetically
available radiation PAR. It is characterized by the photosynthetic efficiency, α,
and by the temperature-dependent maximum rate of photosynthesis, PB

max (Webb
et al., 1974; Platt et al., 1980). Since PB

max is controlled by a number of different
enzymatic processes, it often correlates positively with ambient temperature. We
use the following PB

max-temperature dependence:

PB
max(T (oC)) = e0.33+0.102·T (oC) (8)

The light intensity at the water surface, I(0), is assumed to decrease expo-
nentially with water depth, h, which leads to the following expression for the
depth-averaged GPP .

GPP = Bi ·
#

Nu=Si,N,P

Nu

KNu + Nu
·
$ 0

h

PB
max

%
1" e!"/P B

max·I(0)·e!Kd·z
&
dz

(9)

The extinction coefficient Kd in Eq. 9 is an explicit function of the suspended
particulate matter (SPM) concentration:

Kd = k0 + kSPM · SPM (10)

where k0 is the background attenuation coefficient and kSPM the specific at-
tenuation of SPM .
Nutrients are consumed according to uptake ratios uNu,i and are furthermore sub-
ject to transport processes as

d

dt
Nu = Q/V (Nuin "Nu(t))"

n#

i=1

uNu,i · GPPi (11)

The parameter values of the biological model are listed table 2.

5



3 Results

3.1 Unlimited Phytoplankton Growth

Fig. 3 illustrates the temporal evolution of the Chesapeake Bay food web without
nutrient limitation. Under these conditions, all species can persist and their pop-
ulation dynamics reveal typical oscillations between predator dominance and prey
dominance.
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Figure 3: Temporal evolution of biomass densities in different trophic levels under
non-limiting conditions.

Phytoplankton growth is not limited by environmental conditions, and their
abundance is thus high enough to sustain the diverse food web. While pelagic
phytoplankton species are consumed by five other species in higher trophic levels,
benthic diatoms have only one predator and are therefore more abundant than
their pelagic counterpart. As shown in Figure 2, most of the species in the second
trophic level feed on pelagic phytoplankton and have one to two predators in
higher levels. Therefore, they show similar mean abundances (Fig. 3, 4). However,
zooplankton (trophic level II, red) has a relatively low mean abundance due to its
high connectivity (Fig. 1, 4).

In part, the success of species at intermediate levels depends on their connec-
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Figure 4: Distribution of mean biomass density over the connectivity to prey and
predator species under non-limiting conditions.

tivity. But the abundance depends not only on their connectivity, but also on the
quality of their prey. Ctenophores are, for instance, the most abundant species in
trophic level III, since they feed on three different species in two different levels. In
addition, Nereis (trophic level III, red) only feeds on one species, but is consumed
by four other species. Nevertheless, this species is much more successful than the
Alervife (trophic level III, yellow) which is only consumed by one higher species.
Nereis feed on suspension feeders (trophic level II, green) which are only consumed
by one other species, while the Alerfive feed on zooplankton, a highly connected
and therefore less abundant species. The influence of the respective prey quality
is also observable in trophic level IV. Species that feed on less-connected species
in different trophic levels are generally more successful than species that only con-
sume at the next lower trophic level. The most striking feature of Fig. 3, and a
nice illustration of this phenomena, is the high abundance of Atlantic menhaden
in trophic level IV. Menhaden feeds directly on primary producers, so its large
population is sustained by the ”unlimited” growth of phytoplankton. Menhaden
thus ”takes a shortcut” from the highest trophic level to primary producers, and
its high abundance allows the persistence of species in trophic level V.
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3.2 Influence of the Physical Environment- Variation of
Q/V

Fig. 5 illustrates the influence of the ratio of water flux per unit volume on food web
dynamics in Chesapeake Bay. In general, producer biomass is higher in summer
due to favorable growth conditions. However, river discharge reaches minimum
values in this period, reducing Q/V. This decrease in Q/V leads to increasing res-
idence times. Consequently, nutrient are depleted faster due to reduced nutrient
fluxes combined with higher consumption rates. Thus, ambient nutrient concen-
trations in summer limit phytoplankton growth, constraining producer biomass
despite favorable growth conditions.
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Figure 5: Effect of a decrease in Q/V on the food web dynamics.

Nutrient limitation affects other trophic levels as well. Fig. 5 shows how
nutrient limitation propagates through the food web. By limiting GPP, or phy-
toplankton growth, reduced nutrient fluxes eventually reduce biomass in higher
trophic levels. Species in trophic levels three and five are most sensitive to de-
creasing biomass at lower levels. They are not directly connected to the producer
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level and generally have a low diversity of prey. Most of the species in trophic
level three, for instance, feed on zooplankton. Zooplankton biomass, however,
rapidly decreases with decreasing phytoplankton biomass and an enhanced preda-
tion pressure. On the other hand, species in trophic level four, which feed directly
on primary producers or on level two species, can persist at higher abundances.
Increasing nutrient depletion slowly erodes the overall biomass of the food web.
Under the most severe conditions, as with a Q/V of 0.3 (see Fig. 5) summer pri-
mary production is completely limited by nutrients and the whole food web breaks
down.

3.3 Influence of Silica Fluxes- Variation of Si0
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Figure 6: Effect of a decrease in Si0 on the food web dynamics.

A decrease of silica fluxes results in similar patterns, reducing abundance first
of producers and then of consumers. Diatoms, a key class of phytoplankton in
estuaries, depend on silica for building their glass exoskeletons, or ”frustules.”
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Diatom population growth is therefore strongly limited by silica concentrations.
Again, species in trophic level three and five are most sensitive to reductions
in trophic level one and can not persist under these conditions (Fig. 6). And
species that depend only on diatom primary production, such as the Meiofauna,
eventually ”drop out” of the web altogether. However, the effect of silica limitation
is not as dramatic as a depletion of all essential nutrients because the non-diatom
phytoplankton can support portions of the food web.

4 Conclusions

The model, supplied with actual parameters from Chesapeake Bay (chesapeake-
bay.net) and based on the bioenergetic model of Brose et al. (2005) and Yodzis and
Innes (1992), predicts different food web responses to unlimited nutrients than to
limited nutrients. Nutrients affect the trophic levels via their effect on the basal
nodes of the food web, the producers.
Without nutrient limitations, the model predicts the persistence of the entire food
web but higher abundances of species directly connected to trophic level one. In
other words, organisms that feed directly on phytoplankton benefit most when
phytoplankton have unlimited resources. Also, there is a positive relationship be-
tween connectivity and resistance to population fluctuations at a given node (i.e.
hedging your bets smoothes out bumps in performance). And species feeding on
less-connected species at different levels fare better than species consuming only
one trophic level down. Less-connected species are better buffered from popula-
tion fluctuations of other species and so probably make more-stable food sources.
However, given equal connectivity, species with more-abundant or higher quality
prey will fare better.
Nutrients also affect food web dynamics via their affect on phytoplankton, the
”basal nodes” of an estuarine food web. Nutrient limitation, as during the dry
summer months, reduces phytoplankton production (GPP). Perhaps counter in-
tuitively, those consumers not directly feeding on phytoplankton are hurt most by
reduced GPP. Perhaps this asymmetry is due to a magnification of trophic transfer
inefficiency along food chains. This logic also applies to lower Q/V ratios, which
denote slower water movement through Chesapeake Bay. The more sluggish the
water, the greater the nutrient and plankton residence times in a given area. And
the longer nutrients and plankton linger, the faster the phytoplankton deplete nu-
trients and the faster the zooplankton consume the phytoplankton. The resulting
nutrient loss eventually strinks populations at all food web nodes.
Another important nutrient is silica, which diatoms-a key phytoplankton group-
use to build their ”glass houses.” Reductions in silica suppress diatom populations,
which again affects indirectly-linked species-those in levels three and five-most
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strongly. And species that feed solely on diatoms blink out altogether. Silica lim-
itation has an asymmetric affect on the Chesapeake Bay food web because those
species that feed on non-diatomaceous phytoplankton suffer less than those de-
pendent on diatoms.
One implication of these results is that limitations of specific nutrients affects es-
tuarine food webs differently than overall nutrient limitation. Another implication
is that connectivity buffers species from the affects of nutrient limitation but often
decreases their abundance. High quality and abundant prey also insulate species
from the ramifying effects of nutrient limitation.

5 Future Directions

Incorporating information on nitrogen and phosphorous along the Bay over time
will strengthen our understanding of how nutrients affect food web dynamics. A
logical next step is to use the parameterized equations discussed here in a dy-
namic food web model (e.g. Brose et al. (2005)) as the basis for phytoplankton
population growth. Current food web models base population dynamics above the
first trophic level on feeding relationships but do not tie producer growth rates to
abiotic conditions. Estuaries, such as Chesapeake Bay, are ultimately defined by
their physical conditions-by the shifting salinity due to varying freshwater runoff
and the partial isolation from open-ocean conditions. The approach presented here
explicitly incorporates these conditions via their effects on estuarine producers. It
also adds needed realism to food web models by beginning to bridge the divide
between ecosystem and community approaches to marine ecology.
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Table 1: Species in the estuarine food web.

Trophic Level Species Number Species
1 1 Phytoplankton
1 2 Phytoplankton
1 3 Phytoplankton
1 4 Phytoplankton
1 5 Phytoplankton
1 6 Benthic Diatoms
2 1 Microzooplankton
2 2 Zooplankton
2 3 Suspension Feeders
2 4 Polychaeta
2 5 Meiofauna
3 1 Ctenophores
3 2 Nereis
3 3 Nettle
3 4 Crustacea
3 5 Fishlarva
3 6 Alervife
3 7 Shad
4 1 Croaker
4 2 Bluecrab
4 3 Haden
4 4 Spot
4 5 Catfish
4 6 Perch
5 1 Flounder
5 2 Bass
5 3 Bluefish
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Table 2: Parameter values used in the biological model.

Name Description Value
K0 background extinction coefficient 1.32
KSPM specific attenuation of suspended matter 5.89 · 10−2

! photosynthetic efficiency 5 · 10−2

xi metabolic rate, producers 0.2
metabolic rate, invertebrates 0.06
metabolic rate, ectotherm vertebrates 0.39

yij maximum ingestion rate, invertebrates 6
maximum ingestion rate, ectotherm vertebrates 3.6
maximum ingestion rate, producers 0

eji biomass conversion efficiency 0.45
B0ji half saturation density 0.5
ri maximum growth rate 1
KSi half saturation constant, silica 0.7
KN half saturation constant, nitrogen 0.5
KP half saturation constant, phosphorous 0.5
Nu0 nutrient concentration at the boundary 1
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