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A B S T R A C T

For decades, ecologists have been intrigued by the paradoxical coexistence of a wide range of phytoplankton 
types on a seemingly limited number of resources. The interactions between environmental conditions and trade- 
offs emerging from eco-physiological traits of phytoplankton are typically proposed to explain coexistence. The 
number of coexisting types over ecological time scales reflects what we call here ‘exclusion patterns’, that is, the 
temporal removal of certain phytoplankton types due to competition. Despite many observational and mathe
matical modelling efforts over the last two decades, we still know surprisingly little, in quantitative terms, about 
how the interplay of nutrient regimes and specific zooplankton grazing strategies affects the exclusion patterns of 
competing phytoplankton types. Phytoplankton types can be distinguished according to many different traits. 
Among various morphological traits, phytoplankton cell size is considered one of the most meaningful in 
explaining crucial eco-physiological processes, including nutrient uptake and zooplankton grazing. Here we use a 
size-based plankton model to investigate exclusion patterns of phytoplankton size classes over ecological time 
scales and under varying environmental conditions. We performed numerical experiments under different 
allometric scaling relationships, different combinations of specialist and generalist grazing strategies, different 
inorganic nutrient regimes, and different mixing frequencies. We quantified exclusion patterns by using two 
metrics: (1) coexistence, defined here as the average number of size classes present over the first 30 days of the 
simulations, and (2) exclusion time scale, defined here as the time required to outcompete 80 % of the size classes 
present in the system at the beginning of the simulations. Under low nutrient regimes, we found that the impact 
of grazing on the exclusion patterns of phytoplankton was almost negligible. Under high nutrient regimes, 
different exclusion patterns emerged depending on the grazing strategy. When the community of zooplankton 
was dominated by generalist grazers, we found higher coexistence and longer exclusion time scales of phyto
plankton size classes than when the community of zooplankton was dominated by specialist grazers. We further 
found that the combined effects of grazing strategies and allometric relationships on the size structure of the 
phytoplankton community were significant and non-trivial. We thus argue that plankton models disregarding 
these processes may miss relevant drivers of phytoplankton community assembly and trait diversity.

1. Introduction

The coexistence of different phytoplankton species over ecological 
time scales reflects patterns of community structure (HilleRisLambers 
et al., 2012). Phytoplankton richness (reflecting the number of 

coexisting species) was understood to be constrained by bottom-up 
processes, particularly by the competition for resources (Tilman 1982; 
Grover 1990). The theory suggested that inferior competitors for a 
limiting resource should decline over time and should eventually be 
outcompeted (Hardin, 1960). However, ecologists also observed that the 
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number of coexisting phytoplankton species consistently exceeds the 
number of limiting resources, a phenomena known as the plankton 
paradox (Hutchinson, 1961). Multiple mechanisms have been put for
ward to explain this evident paradox, including resource partitioning, 
temporal and spatial heterogeneities, and predatory interactions 
(Chesson, 2000; Roy and Chattopadhyay, 2007). What is often over
looked in the study of plankton communities is the crucial role that 
herbivores play in structuring phytoplankton communities and coexis
tence. Coexistence is promoted by apparent competition (Holt, 1977), 
whereby more competitive species experience stronger grazing pressure 
(Chesson, 2018). The maintenance of diversity depends, nevertheless, 
on the mediation of bottom-up and top-down interactions (Gaedke and 
Ebenhöh, 1991; Chase et al., 2002).

Seasonally changing abiotic factors or nutrient concentrations can 
regulate phytoplankton coexistence. The interplay between environ
mental variations and community dynamics has been studied for 
phytoplankton from a trait perspective, especially in relation to cell size 
(Gaedke, 1993; Litchman et al., 2007; Edwards et al., 2013). Given that 
organisms cannot invest an equal amount of energy in all traits, various 
trade-offs emerge between traits. As environmental conditions change, 
organisms with the fittest set of traits under the given conditions will be 
inevitably favored. Trait-based and size-based modelling studies found 
that trade-offs are primary drivers of phytoplankton community struc
ture and diversity (reviewed in Follows and Dutkiewicz, 2011; Aceve
do-Trejos et al., 2022). Those models explored the mediating effects of 
trade-offs between, for example, light and nutrient acquisition abilities 
(Bruggeman and Kooijman, 2007), and nutrient affinity and grazing 
avoidance ability (Acevedo-Trejos et al., 2018). A modelling study based 
on a chemostat system found that the trade-off between phytoplankton 
growth and inorganic nutrient acquisition can promote phytoplankton 
coexistence by delaying competitive exclusion under nutrient enriched 
conditions (Göthlich and Oschlies, 2015). However, competitive exclu
sion time scales and the effects of size-based trade-offs on the coexis
tence of multiple phytoplankton sizes have received little attention.

The trade-off between phytoplankton nutrient uptake abilities and 
susceptibility of being grazed has important ecological consequences for 
phytoplankton coexistence. The global ocean modelling studies of 
Prowe et al. (2012) and Vallina et al. (2014) suggested that 
prey-switching (simulated through the so-called kill-the-winner 
approach) is essential for promoting phytoplankton coexistence. 
Size-based models that considered a trade-off between nutrient uptake 
abilities and grazing susceptibilities were capable of producing size 
variation and diversity patterns of phytoplankton consistent with ma
rine observations (Banas, 2011; Ward et al., 2012; Acevedo-Trejos et al., 
2018; Taherzadeh et al., 2019). In these modelling studies, higher 
nutrient uptake abilities by small phytoplankton cells were offset by a 
higher susceptibility of being grazed by zooplankton. However, obser
vations and laboratory experiments (Saiz and Calbet, 2007; Chen and 
Liu, 2010; Edwards et al., 2012; Marañón et al., 2013; Hillebrand et al., 
2022) showed that these empirically-derived allometric relationships 
can be fraught with uncertainties, particularly in relation to the 
maximum growth rate of phytoplankton and the maximum ingestion (or 
clearance) rate of zooplankton. The consequences of these uncertainties 
for the predictions of ecosystem models have yet to be assessed.

Zooplankton grazing exerts a strong control on phytoplankton di
versity. Grazing strategies arising from zooplankton prey selectivity 
strongly impact the community structure of phytoplankton through the 
emergence of grazing refugia (Lürling, 2021). Zooplankton can select on 
phytoplankton abundance or particular traits. In this respect, 
zooplankton can be categorized as generalists or specialists, with gen
eralists being less selective than specialists. The ecosystem model of 
Prowe et al. (2012) showed that, by selecting more abundant prey, 
zooplankton grazing creates refugia for phytoplankton that are weak 
competitors for inorganic nutrients, thereby facilitating the coexistence 
of phytoplankton with different traits. The ecosystem model of Chenillat 
et al. (2021) suggested that the shape of grazing refugia affects the 

diversity of phytoplankton functional groups. Another planktonic model 
showed that an absolute selectivity based solely on prey functions also 
led to a general decline in biodiversity (Ryabov et al., 2015). A plankton 
model comprised of one zooplankton grazer and two competing 
phytoplankton showed that the generalist grazer led to lower phyto
plankton coexistence than the specialist grazer (Cropp et al., 2017). 
While these studies investigated the effects of zooplankton grazing 
strategies on phytoplankton dynamics, it is not well-understood how 
different combinations of grazing strategies can interact with other 
environmental factors (e.g., nutrient availability) to modulate the 
coexistence of different phytoplankton size classes.

Here we present a size-based model to determine how phytoplankton 
nutrient uptake and zooplankton grazing influence exclusion patterns of 
phytoplankton communities in lake ecosystems. We conducted numer
ical experiments under different allometric scaling relationships, 
different combinations of size-selective grazing strategies (specifically, 
specialist and generalist), and different nutrient regimes and mixing 
frequencies. We quantified the resulting exclusion patterns with two 
metrics: (1) coexistence, which we defined as the average number of size 
classes present over the first 30 days of the simulations and (2) exclusion 
time scale, which we defined as the time it takes to temporarily exclude 
(or outcompete) 80 % of the size classes present in the system at the 
beginning of the simulations. Our study aims to elucidate how different 
nutrient levels and grazing strategies interact with an ecological trade- 
off, based on data-driven allometric relationships, to influence the 
coexistence of phytoplankton size classes in lake ecosystems.

2. Materials and methods

2.1. Size-based model description

We created a size-based plankton model to simulate the coexistence 
of different phytoplankton types under varying environmental condi
tions (Fig. 1). The trophic interactions in the model were quantified by 
the energy flows via various ecological processes (Fig. 1). The model 
comprises multiple phytoplankton size classes (Pi, with i = 1, 2, …,

150) whose growth is limited by light and nutrients. The phytoplankton 
community is subject to size-selective grazing by zooplankton of 
different body sizes (Zj, with j = 1, 2) and with different grazing stra
tegies, specialist and generalist. Generalists feed on a wider range of 
prey sizes than specialists. We considered nitrogen (N) as the model 
single currency so that all state variables are expressed in terms of μmol 
N L-1.

By adopting the classic slab physics approximation (Fasham et al., 
1990; Post et al., 2024), the modelled lake is subdivided into an upper 
well-mixed layer and a bottom nutrient-rich layer, with the boundary 
between them being defined by the variable depth of the upper mixed 
layer (henceforth the Mixed Layer Depth, MLD; Fig. 1). In most lake 
ecosystems, the exchange of biomass fluxes between the two layers is 
driven by physical processes. In our model, physical processes include 
(1) diffusive mixing between the upper layer and the bottom layer on 
non-motile (nutrient, detritus, and phytoplankton) entities and (2) dif
ferential effects on motile (zooplankton) and non-motile entities due to 
changes in MLD. These processes are captured by the following term 
(Evans and Parslow, 1985): 

λ =
ω + h+(t)

MLD(t)
, (1) 

where ω is the cross-thermocline mixing constant, representing diffusive 
mixing. h+(t) quantifies changes of biomass fluxes corresponding to 
variations in MLD and is given by, 

h+(t) = max(0, h), (2) 

with h =
dMLD(t)

dt . When the MLD shallows (h < 0), a portion of the non- 
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motile entities (i.e., nutrient, phytoplankton, and detritus) are detrained 
from the shallowing upper layer but the associated decreasing volume of 
water is assumed to leave the concentrations of these entities unchanged 
(hence h+(t) = 0). When MLD deepens (h > 0), these three entities are 
diluted (hence producing a positive value for the mixing term λ, which is 
a loss term). Zooplankton were considered motile and thus capable of 
maintaining themselves in the upper layer; a shallowing or a deepening 
of the MLD would, respectively, increase or decrease their concentra
tions. Thus, mixing term of zooplankton is: 

λz =
h

MLD(t)
. (3) 

A key feature of the model is the characterization of planktonic 
communities in terms of eco-physiological trait relationships and graz
ing strategies. We considered a total of four allometric relationships, as 
follows: 

μmaxi

(
SP

i
)
= βμmax

SP
i

αμmax , (4) 

KNi
(
SP

i
)
= βKN

SP
i

αKn , (5) 

Imaxj

(
SZ

j

)
= βImax S

Z
j

αImax , (6) 

Popt j

(
SZ

j

)
= βPopt S

Z
j

αPopt . (7) 

These relationships describe: the maximum growth rate (Eq. (4)) and 
the half-saturation constant for nutrient uptake (Eq. (5)) of each 

phytoplankton size class, i; and the maximum ingestion rate (Eq. (6)) 
and the optimal prey size (Eq. (7)) of each zooplankton size class, j. SP

i 

and SZ
j indicate, cell size and body size of, respectively, phytoplankton 

and zooplankton (in μm). The parameters α and β are, respectively, 
exponent and intercept of the allometric functions (Eq. (4)-(7)).

We focused on the effects that zooplankton specialists and generalists 
have on the coexistence of phytoplankton size classes in a milieu of in
teractions determined by bottom-up (nutrient uptake by phytoplankton) 
and top-down (grazing by zooplankton) processes. Next, we present the 
formulations of different model components and describe the numerical 
experiments.

2.1.1. Phytoplankton and zooplankton
The temporal dynamics of biomass Pi for the ith phytoplankton size 

class is determined by: 

dPi

dt
= (μi − − ϕP − − λ)Pi −

∑

i

∑

j
GijZj, (8) 

with 

μi = μmaxi

(
SP

i
) N

KNi

(
SP

i
)
+ N

E(T)H(Iz) (9) 

Phytoplankton growth, μi (Eq. (9)) is controlled by (1) a size- 
dependent maximum growth rate term, μmaxi

(
SP

i
)

(Eq. (4)), (2) a size- 
and nutrient-dependent nutrient uptake term, following Monod (1949), 
(

N
KNi(SP

i ) + N

)

, (3) a temperature-regulated growth term, 

Fig. 1. Components and processes of the size-based plankton model. The model adopts a 0D spatial configuration by adopting a simple two-layer slab physics. The 
upper layer (assumed to be homogeneously mixed) contains the plankton ecosystem consisting of four components, inorganic nutrient, N, phytoplankton, P, 
zooplankton, Z, and detritus, D. Phytoplankton are subdivided into 150 size classes (Pi, with i = 1, 2, …, 150) and zooplankton are subdivided into 2 size classes, Z1 

and Z2. Thick black arrows represent size-dependent processes for phytoplankton nutrient uptake, phytoplankton growth, and zooplankton grazing. Thin black 
arrows represent biogeochemical (solid lines), ecological (solid lines), and mixing (dotted lines) processes, which are size-independent. The large red arrow indicates 
the environmental variables (temperature and irradiance) that, in addition to inorganic nutrients, limit phytoplankton growth. The environmental variables are input 
data used as model forcing. The loss of zooplankton to higher-order predators is density-dependent and represented by a quadratic function. We assumed that the loss 
of nutrients from the upper layer is replenished through mixing events by a constant nutrient source, N0, in the bottom layer.
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E(T) = e0.063T , (10) 

with T indicating Lake Surface Temperature (LST) in ◦C, and (4) a light- 
limited growth term, 

H(Iz) =
1

MLD

∫Z=MLD

Z=0

PI(z)dz (11) 

The light limitation growth term depends on the daily MLD-averaged 
photosynthesis rate and is obtained by integrating the photosynthesis- 
irradiance relationship, PI(z), following Lewis and Smith (1983)
through depth z. PI(z) is given by, 

PI(z) = Pmax
αPI ⋅ I(z)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

P2
max + [αPI I(z)]

2
√ , (12) 

where Pmax denotes maximum photosynthetic rate, αPI indicates the 
initial slope for PI(z), and I(z) is the irradiance I calculated at depth z 
based on the Beer-Lambert’s law, 

Iz = I0⋅e− Kpar ⋅z. (13) 

In Eq. (13), I0 is the irradiance at lake surface (i.e. at depth z = 0) and 
Kpar represents a total light attenuation coefficient due to water. For Eq. 
(11) (the integral of the light limitation growth term), we considered the 
analytical solution proposed by Anderson et al. (2015): 

H(Iz) =
1

MLD

∫z=MLD

z=0

PI(z)dz

=
Pmax

KparMLD
log

⎛

⎜
⎝

αPI I0 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

P2
max + (αPI I0)

2
√

αPI I(z) +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

P2
max + [αPI I(z)]

2
√

⎞

⎟
⎠ (14) 

The losses of phytoplankton biomass are determined by mixing, λ 
(Eq. (1)), natural mortality, ϕP, and zooplankton grazing, 

∑
i
∑

jGijZj.
The temporal dynamics of biomass Zj for the jth zooplankton size 

class is described by the following equation: 

dZj

dt
=

(

εγ
∑

i

∑

j
GijZj− Z − ηZZj − λz

)

Zj (15) 

with 

Gij = Imaxj

(
SZ

j

) δij

(
SP

i , SZ
j

)
Pi

Kp +
∑

iδij

(
SP

i , SZ
j

)
Pi

(16) 

and 

δij

(
SP

i , SZ
j

)
= e

−

(
log10 (SP

i ) − − log10

[
Poptj

(
SZ

j

)]

θj

)2

. (17) 

The first term in Eq. (15) describes the net gain from grazing, which 
reflects the fraction of ingested phytoplankton (ε) and the fraction of 
assimilated phytoplankton (γ). The assimilation of phytoplankton is 
assumed to occur instantaneously. The portion that is not ingested, (1 −

ε)
∑

i
∑

jGijZj), resulting, for example, from sloppy feeding, is immedi
ately lost into the detritus pool. The fraction of phytoplankton that is not 
assimilated, ε(1 − γ)

∑
i
∑

jGijZj), is immediately excreted into the 
nutrient pool. The value of ε and γ are assumed to be size-independent 
(Hansen et al., 1997). Following Banas (2011), the grazing rate Gij 

(Eq. (16)) is determined by (1) the size-dependent maximum ingestion 

rate Imaxj

(
SZ

j

)
(Eq. (6)), (2) the half-saturation constant for phyto

plankton, Kp, and (3) the grazing preference, δij

(
SP

i , SZ
j

)
(Eq. (17)). The 

grazing preference is described by a unimodal function between 0 and 1 
over the phytoplankton size spectrum. The median of the function is 

described by Poptj

(
SZ

j

)
and reflects the optimal prey size (Eq. (7)). 

Zooplankton losses (Eq. (15)) includes natural mortality (ϕZ), higher 
order predation (ηZZj), and mixing, λz (Eq. (3)).

2.1.2. Nutrient and detritus
The temporal dynamics of nutrient (N) and detritus (D) are given by: 

dN
dt

= −
∑

i
μiPi + φD + ε (1 − − γ)

∑

i

∑

j
GijZj + λ(N0 − − N). (18) 

dD
dt

=
∑

i
ϕPPi +

∑

j
ϕzZj + (1 − − ε)

∑

i

∑

j
GijZj − (φ+ λ)D. (19) 

The first term in Eq. (18) describes the nutrient outflow from 
phytoplankton uptake. The nutrient pool is fueled by the remineraliza
tion of detritus, φD, and by the fraction of phytoplankton that is not 
assimilated during grazing, ε (1 − − γ)

∑
i
∑

jGijZj. The last term in Eq. 
(18), λ(N0 − − N), describes the nutrient exchange between upper and 
bottom layers through mixing where N0 represents a constant source of 
nutrient in the bottom layer. The detritus pool collects organic materials 
from mortalities and the unconsumed portion of phytoplankton by 
zooplankton (sloppy feeding). All variables in this model are subject to a 
mixing loss rate, λ (Table 1).

2.2. Numerical experiments

We experimented systematically with a range of conditions, 
including different (1) scenarios of grazing strategies, (2) resource 
availabilities, based on inorganic nutrient inputs and mixing fre
quencies, and (3) allometric scaling relationships for μmax and Imax 
(Table 2). We considered a phytoplankton community of 150 size classes 
evenly spaced on a log10 basis, from 1 to 100 μm in Equivalent Spherical 
Diameter (hereafter ESD). We considered two herbivorous zooplankton 
differing in body size, a nano-grazer of 5 μm (Z1) and a micro-grazer of 
200 μm (Z2). All variables were initialized with the same low concen
trations, 0.01 μmol N L-1.

The forcing variables in our model were: Mixed Layer Depth (MLD), 
Lake Surface Temperature (LST), and Photosynthetically Active Radia
tion (PAR). For LST and PAR, we used averaged weather data for lakes 
around 40◦ N relative to the period 1991 – 2011 (Supp. Fig. S1A) from 
Layden et al. (2015). Reflecting the average lake depth of eight Swiss 
lakes (Pomati et al., 2020), the seasonal variation of the MLD in the 
model varied from 2.5 to 80 m. The MLD followed a sinusoidal function 
with frequencies varying over a one-year period (Supplementary Ma
terial S1, Fig. S1B). The varying frequencies of the MLD allowed us to 
perform numerical experiments under different mixing regimes.

We adopted a set of standard allometric relationships derived from a 
rich compilation of over 120 freshwater phytoplankton species and 28 
zooplankton species (Hansen et al., 1994, 1997; Edwards et al., 2012), 
illustrated in Fig. 2A-D. These allometric relationships produce an 
eco-physiological trade-off, in which small phytoplankton cells possess 
better nutrient uptake and growth abilities than large phytoplankton 
cells but are exposed, in turn, to higher zooplankton grazing pressures.

2.2.1. Grazing scenarios
We investigated the effects of zooplankton grazing strategies by 

examining a series of grazing scenarios. Two grazing strategies, 
specialist and generalist, were determined by the size tolerance θj of 0.2 
and 0.5, respectively. The grazing rates resulting from the allometric 
relationships for Imax (Eq. (6)) configured Z1 and Z2 as the dominant 
nano-grazer and the subordinate micro-grazer, respectively. The domi
nant grazer was determined by the highest maximum ingestion rate, Imax 
(Fig. 2B). The grazing target was additionally constrained by the 

S.-W. To et al.                                                                                                                                                                                                                                   Ecological Complexity 61 (2025) 101115 

4 



allometric relationship for Popt (Eq. (7)), such that the dominant small 
grazer fed voraciously on small phytoplankton and the subordinate large 
grazer fed mildly on intermediate size classes of phytoplankton 
(Fig. 2D). We examined all possible combinations of grazing strategies, 
resulting in four scenarios (Table 2): dominant specialist with subordi
nate specialist (SS, Fig. 2E), dominant specialist with subordinate 
generalist (SG, Fig. 2F), dominant generalist with subordinate specialist 
(GS, Fig. 2G), and dominant generalist with subordinate generalist (GG, 
Fig. 2H). These four grazing scenarios were further combined with 
different inorganic nutrient regimes and mixing frequencies.

2.2.2. Nutrient regimes and mixing frequencies
We examined how coexistence and exclusion of phytoplankton var

ied under different nutrient levels. The nutrient levels were co- 
determined by nutrients supplied from the bottom layer (N0) and by 
mixing frequencies. For nutrient, we considered oligotrophic, eutrophic, 
and hypertrophic conditions corresponding, respectively, to 1, 15, and 
50 μmol N L-1 (Table 2). For mixing frequencies, we considered constant, 
medium, and high mixing corresponding, respectively, to no mixing, 4 
mixing events per year, and 12 mixing events per year (Table 2, Supp. 
Fig. S1B). We considered nitrate, NO−

3 , as the single nutrient source for 
phytoplankton growth.

2.2.3. Variations in allometric scaling
We considered variations in the allometric relationship for the 

maximum growth rate of phytoplankton, μmax, and for the maximum 
ingestion rate of zooplankton, Imax. We changed the parameter values of 
αμmax and αImax by ±50 % from their respective standard values of − 0.36 
and − 0.4 (Table 2). Higher values of αμmax and αImax led to flatter allo
metric relationships, whereas lower values led to steeper relationships 
(Fig. 2A-B). A higher αμmax enhanced the growth ability of phytoplankton 
but reduced differences in growth abilities between size classes 
(Fig. 2A). Likewise, a higher αImax increased the grazing pressure on 
phytoplankton and the increment was proportionally higher for large 
cells (Fig. 2B). These variations revealed the effects of flatter or steeper 
allometric relationships on the coexistence of phytoplankton size 
classes.

2.2.4. Quantification of phytoplankton exclusion patterns
Exclusion pattens were defined as the different coexistence trajec

tories of phytoplankton size classes emerging from environmental 
variation over ecological timescales. However, we did not address per
manent extinction or evolutionary processes. A size class was excluded 
from the system once its abundance fell below 0.01 μmol N L-1, which 
was the starting abundance assigned to all size classes. We analysed our 
results in relation to two quantities: (1) the average number of size 
classes present over the first 30 days of the simulations, which we called, 
“coexistence”, and (2) the time it took to exclude (or outcompete) 80 % 

Table 1 
List of parameters considered in the model with corresponding symbols, 
description, default values, units, and sources.

Symbol Description Value Unit Source

Pmax Maximum photosynthesis 
rate

1.1 d-1 this study

αPI Initial slope of P-I curve 0.15 Ein m- 

2 D-1
this study

Kpar Light attenuation 
coefficient

0.1 m-1

Fasham et al. 
(1990)

ω Cross-thermocline mixing 
coefficient

0.1 m day- 

1 Fasham et al. 
(1990)

N0 Scenarios of nutrient 
supplied from the bottom 
water layer

1, 15, 50 μmol 
N L-1

this study

ϕP Natural mortality – 
phytoplankton

0.2 d-1 this study

ϕZ Natural mortality – 
zooplankton

0.1 d-1 this study

ηZ Higher-order mortality 
rate – zooplankton

0.34 d-1

Oschlies & 
Schartau 
(2005)

ε Ingestion efficiency (e.g., 
due to sloppy feeding)

0.69 – Fasham et al. 
(1990)

γ Assimilation efficiency 0.75 – Oschlies & 
Schartau 
(2005)

φ Remineralization rate 0.6 d-1 this study
Kp Half-saturation constant – 

zooplankton
3 μmol 

N L-1
this study

θj Prey size tolerance 0.2 
(specialist) 
0.5 
(generalist)

μm
Banas (2011), 
Hansen et al. 
(1994)

SP
i Cell sizes – phytoplankton 1–100 μm this study

SZ
j Body sizes – zooplankton 5 (Z1) 

200 (Z2)
μm this study

βμmax
Intercept of allometric 
relationship for μmaxi

10◦ .69 d-1

Edwards et al. 
(2012)

αμmax Exponent of allometric 
relationship for μmaxi

− 0.36 –
Edwards et al. 
(2012)

βKN
Intercept of allometric 
relationship for KN i

10–0.71 μmol 
N L-1 Edwards et al. 

(2012)
αKN Exponent of allometric 

relationship for KNi

0.52 –
Edwards et al. 
(2012)

βImax
Intercept of allometric 
relationship for Imaxj

26 d-1

Hansen et al. 
(1997)

αImax Exponent of allometric 
relationship for Imaxj

− 0.4 –
Hansen et al. 
(1997)

βPopt
Intercept of allometric 
relationship for Popt j

0.65 μm
Hansen et al. 
(1994)

αPopt Exponent of allometric 
relationship for Popt j

0.56 –
Hansen et al. 
(1994)

N0, P0, 
Z0, D0

Initial conditions for all 
state variables

0.01 μmol 
N L-1

this study

Table 2 
Parameter values considered in the numerical experiments. The experiments 
were created by changing the values of the parameters defining 1) grazing 
strategies, 2) environmental conditions (nutrient levels and mixing frequencies), 
and 3) allometric scaling relationships for μmax and Imax. For every grazing sce
nario, we performed simulations under three nutrient levels, and, for every 
nutrient level, we performed simulations under three mixing frequencies (for a 
total of 36 simulations). Experiments with different allometric relationships 
were performed at a fixed nutrient regime (eutrophic) and for every grazing 
scenario we performed simulations under the three mixing frequencies (for a 
total of 12 simulations). All experiments were based on the standard parameter 
values presented in Table 1, unless otherwise specified.

Grazing scenarios Nutrient levels Mixing 
frequencies

Allometric scalings

αμmax
αImax

SS: dominant 
specialist with 
subordinate 
specialist 
SG: dominant 
specialist with 
subordinate 
generalist 
GS: dominant 
generalist with 
subordinate 
specialist 
GG: dominant 
generalist with 
subordinate 
generalist

Oligotrophic: 1 
μmol N L-1 

Eutrophic: 15 
μmol N L-1 

Hypertrophic: 
50 μmol N L-1

Constant: no 
mixing 
events 
Medium: 4 
mixing 
events year-1 

High: 12 
mixing 
events year-1

− 0.36 
(standard)

− 0.4 
(standard)

Eutrophic: 15 
μmol N L-1

− 0.54 − 0.4
− 0.18 − 0.4
− 0.36 − 0.6
− 0.36 − 0.2
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of the size classes present at the beginning of the simulations (n = 150), 
which we called “exclusion time scale” (Fig. 3). The exclusion time scale 
also provided a relative metric for assessing changes in size diversity.

3. Results

3.1. Different nutrient regimes and mixing frequencies

The change in the number of size classes over time depended on 
nutrient regimes. Under oligotrophic conditions, we observed the 
steepest negative slopes, indicating the strongest declines in the number 
of phytoplankton size classes in the first 5 days of the simulations. After 
these initial sharp declines, the number of size classes stabilized to very 
low levels (Fig. 4). Under eutrophic and hypertrophic conditions, the 
rates of decline were generally lower than under oligotrophic conditions 
(Fig. 4). The highest rates of exclusion were observed under oligotrophic 
conditions, with only one size class left at day 365 (Supp. Fig. 2, panel A, 
C, E, and G). This single remaining size class was the smallest (1 μm) in 
the system (Supp. Fig. 2, panel B, D, F, and H). This extreme level of 
exclusion produced the lowest coexistence (<20 size classes at median 
level, Fig. 5A) and the shortest exclusion time scale (<5 days at median 
level, Fig. 5B). Increasing mixing frequency resulted in lower coexis
tence but this effect was weak and disappeared with time for most 
grazing scenarios (Supp. Fig. S3 insets and S4). As the nutrient regime 
changed from oligotrophic to eutrophic and hypertrophic, pronounced 
oscillations were observed in the number of size classes. These oscilla
tions were driven by oscillatory dynamics in predator-prey abundances, 
depending on the specific grazing strategy (see Fig. S5).

Fig. 2. Data-driven allometric relationships and grazing strategies considered in this study. Allometric relationships determining (A) maximum growth rates for 
phytoplankton, μmax and (C) half-saturation constant for nutrient, KN , with phytoplankton size SP

i . Allometric relationships determining (B) maximum ingestion rates 
for zooplankton, Imax and (D) optimal prey size, Popt , with zooplankton size SZ

j . Dark solid lines represent a standard set of allometric scaling derived from data 
compilations of Edwards et al. (2012), Hansen et al. (1994), and Hansen et al. (1997) represented, respectively, with diamonds, dots, and squares. Open symbols 
indicate values considered for the zooplankton grazers, Z1 and Z2. The lines in (A) and (B) are the allometric relationships considered in this study, the standard αμmax 

and αImax , and the ±50 % variations from the standards. Grazing scenarios (E-H) for different combinations of specialist and generalist represented, respectively, by 
narrow and wide kernels drawn in relation to grazing preferences, δij. The SP

i at the maximum δij corresponds to the Popt shown in panel D.

Fig. 3. Conceptual description of the two metrics considered to quantify 
exclusion patterns. We defined “coexistence” the average number of size classes 
present over the first 30 days of the simulations. We defined “exclusion time 
scale” the time it takes to exclude (or outcompete) 80 % of the size classes 
present at the beginning of the simulations (n = 150). A size class was 
considered excluded from the system once its abundance fell below 0.01 μmol N 
L-1.
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3.2. Different grazing scenarios

Under oligotrophic conditions, the number of size classes were 
similar in the different grazing scenarios (Fig. 4) and the biomass of the 
grazer was relatively low (Supp. Fig. S5). Under eutrophic and hyper
trophic conditions, the change in the number of size classes over time 
depended on grazing scenarios. Specifically, the coexistence and the 
exclusion time scale depended on the grazing strategy of the dominant 
grazer (“SS” and “SG” versus “GS” and “GG”). When the dominant 
strategy was specialist, “SS” and “SG”, the declining trend in the number 
of size classes was steady after 10 days (Fig. 4A-B, insets), 6 days longer 
than when the dominant strategy was generalist, “GS” and “GG” 
(Fig. 4C-D, insets). The grazing scenarios characterized by a dominant 
generalist showed pronounced fluctuations in phytoplankton size clas
ses, especially under eutrophic conditions (Fig. 4D, grey curve). These 
fluctuations reflected high-frequency variations in phytoplankton mean 
size along the decline in size classes (Supp. Fig. S6). The fluctuations in 
size classes persisted even until the 10th year (Supp. Fig. S7). We 
observed a higher coexistence in the scenarios dominated by a generalist 
(GS and GG), up to 70 size classes, than in the scenarios dominated by a 
specialist (SS and SG), up to 55 size classes (Fig. 5A). We also observed a 
longer exclusion time scale for GS and GG, between 60 and 120 days, 
than for SS and SG, between 10 and 30 days (Fig. 5B).

3.3. Variations of the allometric relationships under eutrophic and 
hypertrophic conditions

The variations in the allometric relationships, for the phytoplankton 

maximum growth rate (μmax) and for the zooplankton maximum inges
tion rate (Imax), were controlled by the parameters that describe the 
slope of the relationships, αμmax and αImax . These variations altered, 
respectively, the growth abilities of different phytoplankton and the 
grazing pressure on different phytoplankton (Fig. 2). Despite ±50 % 
variation in αμmax and αImax , the number of phytoplankton size classes 
decreased consistently over time (Fig. 6). In general, scenarios with the 
same dominant grazing strategy (“SS” and “SG” versus “GS” and “GG”) 
responded similarly to changes in allometric scaling. The declines in size 
classes were faster when a specialist grazer dominated the system, “SS” 
and “SG” (Fig. 6A-D). Systems dominated by a generalist grazer, “GS” 
and “GG”, were sensitive to changes in allometric relationships, as 
shown by the higher variability in the results (Fig. 6E-H). The number of 
phytoplankton size classes was more sensitive to allometries controlling 
for top-down (αImax ) rather than bottom-up (αμmax ) pressure.

The variation in allometric relationships mediated the effects of the 
grazing strategy on the exclusion patterns of phytoplankton. In all 
grazing scenarios, higher αμmax or lower αImax enhanced the coexistence 
and prolonged the exclusion time scale, whereas lower αμmax or higher 
αImax reduced the coexistence and shortened the exclusion time (Fig. 7). 
However, the sensitivity of coexistence and exclusion time scale to 
variations in αμmax or in αImax differed by grazing scenarios. For example, 
scenario “GG”, produced a large difference between high and low αμmax 

(Fig. 7). The standard condition of this scenario showed the highest 
coexistence (about 70 size classes) and the slowest exclusion time scale 
(up to 120 days). With a − 50 % αμmax or a + 50 % αImax , this scenario 
showed reduced coexistence (30 to 40 size classes) and fast exclusion 
time scale (about 20 days) to levels similar to other grazing scenarios 

Fig. 4. Number of phytoplankton size classes over 365 days obtained under varying environmental conditions (nutrient regimes and mixing frequencies) and for 
different grazing scenarios. The colours indicate different nutrient regimes: light-blue for oligotrophic (1 μmol N L-1); grey for eutrophic (15 μmol N L-1); and red for 
hypertrophic (50 μmol N L-1). For every grazing strategy, we performed simulations under the three nutrient regimes, and for every nutrient regime, we performed 
simulations under the three mixing frequencies. For every nutrient regime, the continuous lines and the shaded areas represent, respectively, the median (50th 
percentile) and the interquartile range (i.e. the 25th and 75th percentiles) of the results obtained with the three mixing frequencies (constant, medium, and high). The 
insets magnify the first 30 days. These results were generated with standard allometric relationships.
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(Fig. 7). This result indicated that the effects of different grazing stra
tegies on coexistence and exclusion time scale of phytoplankton size 
classes depended on the specific allometric relationship considered for 
growth and grazing.

4. Discussion

We investigated exclusion patterns of phytoplankton size classes 
under different environmental conditions (nutrient regimes and mixing 
frequencies), different allometric scaling relationships, and different 
zooplankton grazing strategies. We found that, under oligotrophic 
conditions, coexistence and exclusion time scales were independent of 
grazing strategies. In contrast, under eutrophic and hypertrophic con
ditions, dissimilar exclusion patterns emerged at different grazing stra
tegies. While grazing strategies dominated by generalists enhanced the 
coexistence and prolonged the exclusion time scale, the number of size 
classes was more sensitive to variations in allometric relationships.

4.1. Effects of nutrient regimes and grazing on coexistence of 
phytoplankton cell sizes

Under oligotrophic conditions, the rates of decline in the number of 
phytoplankton size classes were fast irrespective of grazing strategies. 
This depended on the fact that low inorganic nutrients led to low 
phytoplankton biomass and, consequently, to low zooplankton biomass. 
A low zooplankton biomass exerted, in turn, a weaker top-down control 

on phytoplankton. In this case, the number of coexisting phytoplankton 
size classes was mainly driven by competition for nutrient. Additionally, 
oligotrophic conditions allowed only the smallest size class (1 μm) to 
survive in the system because of their high affinity for nutrients. The 
dominance of small phytoplankton under oligotrophic conditions was in 
line with both the competitive exclusion principle (Hardin, 1960) and 
competition theory (Tilman, 1982). The competitive exclusion principle 
states that only the fittest size class survives under limited resources, 
while competition theory predicts the survival of the species with the 
greatest nutrient acquisition ability. Our study indicated that nutrient 
competition was the main factor driving low phytoplankton coexistence 
under oligotrophic conditions.

Under eutrophic and hypertrophic conditions, the impact of grazing 
became relevant to the coexistence of different phytoplankton size 
classes. Specifically, our results showed higher coexistence and longer 
exclusion time scales under eutrophic and hypertrophic conditions. In 
our model, higher nutrient concentrations increased zooplankton 
biomass and caused a stronger top-down control on phytoplankton. This 
stronger top-down control exerted, in turn, a higher grazing pressure on 
the small phytoplankton (those with higher nutrient uptake abilities). 
These conditions relaxed competition for nutrient among phytoplankton 
and led to what we define here a grazer-mediated coexistence. As a 
result, when nutrient levels increased, the drivers of exclusion patterns 
shifted from bottom-up to top-down. Thus, the resulting exclusion pat
terns depended on the interaction of nutrient competition through a 
shared resource and apparent competition through shared grazers 
(Leibold, 1996; Poulin and Franks, 2010; Chesson, 2018). Previous 
size-resolved models found that phytoplankton size diversity was driven 
by a trade-off between nutrient acquisition and susceptibility to 
size-selective grazing (Poulin and Frank, 2010; Acevedo-Trejos et al., 
2015, 2018). We showed here that a grazer-mediated coexistence 
emerged only under eutrophic and hypertrophic conditions, under 
relatively higher zooplankton biomass.

A recent modelling study (Branco et al., 2020), based on an 
eco-evolutionary trade-off between nutrient competition and grazing 
susceptibility found similar trends. They showed that community 
composition under low nutrient conditions that was dominated by small 
phytoplankton shifted to nutritionally-poor large phytoplankton under 
high nutrient conditions. Our results are also consistent with laboratory 
experiments and field observations. For example, (Karakoç et al., 2020) 
showed that the presence of ciliates increased bacterial coexistence due 
to the emergence of two predation-resistant bacterial species in a 
microcosm experiment. Chemostat studies (Steiner, 2003; Burson et al., 
2018) showed that small cells dominated the phytoplankton community 
under low nutrient regimes and in the absence of grazing. Finally, ob
servations in a nutrient-rich estuary (Cloern, 2017) suggested that the 
presence of grazing increased the abundance of large phytoplankton.

4.2. Role of grazing strategies in the coexistence of phytoplankton cell 
sizes

In our model, the grazing strategy played an important role in 
shaping the grazer-mediated coexistence of different phytoplankton size 
classes. Our results showed higher coexistence and longer exclusion time 
scales when generalists dominated the community of grazers. Our sim
ulations produced different grazing effects, which depended on the body 
size of zooplankton. Enclosure experiments have shown similar results. 
Steiner (2001), for example, showed that phytoplankton diversity can be 
affected by the grazing characteristics of zooplankton (the small Cer
iodaphia vs. the large Daphnia) as Ceriodaphia grazed on small phyto
plankton species whereas Daphnia consumed large species. Our results 
are also consistent with a recent size-based bi-trophic grazing model, 
which showed that a generalist grazing strategy, produced by many 
specialist grazers feeding on the whole phytoplankton size spectrum, can 
foster higher phytoplankton diversity (Taniguchi et al., 2023). Ryabov 
et al. (2015), who used a generic trait-based planktonic model, 

Fig. 5. Metrics for assessing exclusion patterns for different grazing strategies 
and nutrient regimes (colours). (A) Coexistence was defined as the average 
number of size classes present over the first 30 days of the simulations. (B) 
Exclusion time scale was defined as the time it takes to exclude (or outcompete) 
80 % of the size classes present at the beginning of the simulations. The black 
lines inside the box plots and the widths of the whiskers represent, respectively, 
the median (50 % percentile) and the interquartile range (25 % and 75 % 
percentiles) of the results obtained with the three mixing frequencies (constant, 
medium, and high).
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comprising a single-predator, obtained a similar result: a wide prey 
selectivity (equivalent to the generalist grazing strategy considered in 
our model) led to higher trait diversity in the prey community. When 
Ryabov et al. (2015) considered a narrow prey selectivity (equivalent to 
the specialist grazing strategy considered in our model), trait diversity 
declined, as in our case. Taken together, these studies suggest that the 
results we obtained on the grazing strategy are general and do not 
depend on the specific model structure considered.

When the zooplankton community was dominated by generalist 
grazers, we also found a high variation in phytoplankton mean size. 
Earlier studies found that herbivorous grazing enhances algal species 
diversity (Lubchenco, 1978; McCauley and Briand, 1979). Observations 
from nutrient-rich conditions, in laboratory experiments and lake mes
ocosms, showed that the presence of the generalist grazer Daphnia spp. 
(not larger than 250 μm) can promote species diversity of phytoplankton 
(Steiner, 2003; Sarnelle, 2005). How generalist grazing affects the size 
diversity (rather than the species diversity) of phytoplankton, however, 
remains unclear. Under eutrophic and hypertrophic conditions, our re
sults showed a wider range of phytoplankton mean size when the 
generalist grazing is the dominant strategy. In our model, generalist 
grazers prevented the dominance of small phytoplankton and result in 
strong grazer-mediated coexistence. Therefore, we hypothesized that 
specialist grazers create grazing refugia in which small phytoplankton 
cells can escape grazing and can outcompete larger phytoplankton cells 
(e.g., Irigoien et al., 2005). Given the importance of phytoplankton size 
diversity on the functioning of aquatic ecosystems, our results 

highlighted the relevance of zooplankton size-selective grazing strate
gies. Plankton models disregarding these processes may thus miss rele
vant drivers of phytoplankton community assembly.

4.3. Role of allometric relationships for phytoplankton growth and 
zooplankton grazing

Variation in allometric scaling relationships for phytoplankton 
maximum growth rate (μmax) and zooplankton maximum ingestion rate 
(Imax) can alter the grazer-mediated coexistence of generalist. Specif
ically, for systems dominated by generalist grazers, we found reductions 
in phytoplankton coexistence and shortenings of exclusion time scales 
when nutrient competition was severe (low αμmax ) or when apparent 
competition was weak (high αImax ). Theoretical predictions upheld that 
selective grazing can promote or impede prey coexistence, depending on 
the trophic couplings between grazer and prey (Chase et al., 2002). 
Grounded on a size-based trophic coupling, our model results are in line 
with these theoretical predictions. First, we showed that specialist and 
generalist strategies produced different exclusion patterns. Second, our 
sensitivity analysis on the allometric relationships with 
eco-physiological properties revealed that the grazer-mediated coexis
tence is modulated by the interaction strengths between phytoplankton 
and zooplankton. Thus, our size-based model pointed to the modulating 
effects of size-selective grazing strategies and allometric relationships as 
the mechanisms shaping the coexistence of phytoplankton size classes 
over ecological time scales.

Fig. 6. Number of phytoplankton size classes resulting from varied allometric relationships (i.e., ±50 % variations in αμmax and αImax ) and from different grazing 
scenarios. For every allometric relationship, we performed simulations under the three mixing frequencies (constant, medium, and high). The continuous lines and 
the shaded areas represent, respectively, the median (50 % percentiles) and the interquartile range (25 % and 75 % percentiles) of the results obtained with the three 
mixing frequencies. These results were generated under the eutrophic nutrient regime at 15 μmol N L-1.
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4.4. Limitations of our study and future research directions

Exclusion in our model is a deterministic process driven by nutrient 
availability and grazing in a closed system. In freshwater ecosystems, 
factors other than nutrient regimes and zooplankton grazing strategies 
could play a role in determining the coexistence of different phyto
plankton types. The diversity of phytoplankton observed in lakes is often 
the outcome of diverse, interactive and seasonally-varying environ
mental factors. For example, the effects of temperature in our model are 
implemented in a simplified fashion via the monotonic, Eppley formu
lation (Eq. (10)), the same for all size classes. A potential limitation in 
our study is that we may miss physiological or ecological processes 
underpinning size-specific temperature responses. The effects of size- 
specific thermal tolerances on phytoplankton abundance and commu
nity structure under global warming scenarios are the object of our next 
study. Another caveat could be associated to the absence of allometric 
relationships in relation to light harvesting abilities. Previous light 
fluctuation experiments suggested that size-based competition for light 
can impact on phytoplankton species diversity (Litchman, 1998; Flöder 
et al., 2002). Analogously, chemostat competition experiments showed 
that phytoplankton shifted from competing for nutrient to competing for 
light as nutrient levels increased (Burson et al., 2018). Although con
ducted in the absence of grazing, these chemostat experiments suggested 
that resource co-limitations may have an impact on phytoplankton 
coexistence. The analysis of the effects produced by additional allome
tric relationships on phytoplankton coexistence goes beyond the scope 
of our study but constitutes interesting avenues for future research.

Our model is not spatially resolved and does not include dispersal 
processes, but spatial variation of environmental conditions and 
dispersal processes can affect the coexistence of different phytoplankton 

types. An idealized phytoplankton-zooplankton diffusion model 
(Behrenfeld et al., 2022) showed that competition for nutrient between 
phytoplankton cells of different sizes can be weakened when the 
phytoplankton community is spatially distributed, thus sustaining size 
diversity over a broad range of nutrient concentrations. Immigration of 
new types is an additional mechanism commonly able to sustain species 
diversity in simulated plankton communities (Acevedo-Trejos et al., 
2016). Using data from a three-year study on a system of 34 inter
connected, neighbouring ponds, Cottenie et al. (2001, 2003) found ev
idence of a metacommunity structure across the multiple ponds. Despite 
sharing the same water source, the ponds differed substantially in 
zooplankton community structure, indicating sustained diversity within 
the metacommunity. Building on the concept of metacommunities, 
Leibold and Norberg (2004) used theoretical arguments to suggest that 
the connectivity through dispersal of local communities embedded 
within metacommunities can enhance the diversity of such systems and 
thus their capacity to adapt to environmental change. The dispersal of 
zooplankton can also vary the grazer-mediated coexistence of phyto
plankton cells by generating or eliminating grazer-free refugia 
(Limberger and Wickham, 2011). Note that also the ecological trade-off 
we considered can differ between local and regional scales when 
dispersal processes play an important role in influencing diversity pat
terns (Kneitel and Chase, 2004). Finally, a data analysis of phyto
plankton metacommunities from >800 lake ecosystems in Finland 
emphasized the strong effect that spatial variations in nutrient concen
trations may have in shaping phytoplankton diversity patterns (Weigel 
et al., 2023). Including all these many additional features in a model is 
neither a practical nor a desirable approach. As any other mathematical 
modelling endeavour, our study is grounded on a theoretical context and 
based on hypothetical “what if” scenarios. Thus, within the context 

Fig. 7. Coexistence (A) and exclusion time scale (B) at varying (±50 %) allometric relationships and for different grazing scenarios. The black lines inside the box 
plots and the widths of the whiskers represent, respectively, the median (50 % percentile) and the interquartile range (25 % and 75 % percentiles) of the results 
obtained with the three mixing frequencies (constant, medium, and high). These results were generated under the eutrophic nutrient regime at 15 μmol N L-1.
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defined by our assumptions, our results highlight the synergistic effects 
that resource availability and grazing have on the diversity of lake 
phytoplankton. We argue that these aspects cannot be ignored by future 
modelling studies focused on real-world predictions.

5. Conclusions

In summary, we investigated the role of different nutrient regimes, 
grazing strategy, and allometric relationships, on the coexistence of 
phytoplankton size classes. We found that grazing does not play a 
relevant role under oligotrophic conditions. With low nutrient concen
trations, the exclusion mechanisms were dominated by nutrient 
competition. In contrast, under eutrophic and hypertrophic conditions, 
the generalist grazing strategy supported higher coexistence and longer 
exclusion time scale for different phytoplankton cell sizes. Additionally, 
such support depended on the specific allometric relationships consid
ered for growth and grazing, as these relationships affected trophic 
couplings between phytoplankton and zooplankton. Our study demon
strated how the grazer-mediated coexistence of phytoplankton com
munities depended on the interactions between grazing strategies and 
allometric relationships for growth and grazing. In theory, our results 
could be extended to other aquatic environments (e.g., marine envi
ronments). However, caveats could not be ignored regarding the phys
ical assumption considered here (the slab physics, valid primarily for 
vertically mixed and closed systems) and the characteristics of nutrient 
availability and grazing pressure, which may be system-specific. For 
example, the different compositions of the zooplankton communities 
could generate contrasting top-down pressures in marine and freshwater 
systems, with relevant implications for the structure of phytoplankton 
communities (Sommer and Sommer, 2006). The size-based modelling 
framework introduced here, represent a flexible approach for studying 
interactive mechanisms in shaping community structures of phyto
plankton and can be easily extended to include the impacts of additional 
factors like temperature.
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