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abstract: Many potential mechanisms promote species coexis-
tence, but we know little about their relative importance. To com-
pare multiple mechanisms, we modeled a two-trophic planktonic
food web based on mechanistic species interactions and empiri-
cally measured species traits. We simulated thousands of possi-
ble communities under realistic and altered interaction strengths
to assess the relative importance of three potential drivers of phy-
toplankton and zooplankton species richness: resource-mediated
coexistence mechanisms, predator-prey interactions, and trait trade-
offs. Next, we computed niche and fitness differences of competing
zooplankton to obtain a deeper understanding of how these mech-
anisms determine species richness. We found that predator-prey
interactions were the most important driver of phytoplankton and
zooplankton species richness and that large zooplankton fitness
differences were associated with low species richness, but zoo-
plankton niche differences were not associated with species rich-
ness. However, for many communities we could not apply modern
coexistence theory to compute niche and fitness differences of zoo-
plankton because of conceptual issues with the invasion growth
rates arising from trophic interactions. We therefore need to ex-
pand modern coexistence theory to fully investigate multitrophic-
level communities.

Keywords: species richness, coexistence, ecological modeling, com-
munity assembly, food web.

Introduction

When Hutchinson coined the term “paradox of the plank-
ton,” he was emphasizing that plankton all seem to be-
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long to the same niche, at least to a naive observer, yet
hundreds of plankton species appear to coexist (Hutchin-
son 1959). But 60 years of research has produced a long
list of the different limiting factors that could promote
stable coexistence in plankton communities and the di-
versity of primary producers in general. For example, dif-
ferent species may be limited by different resources, such
as light, nitrogen, or phosphorus (Litchman et al. 2007;
Litchman and Klausmeier 2008; Edwards et al. 2011; Kraft
et al. 2015). Alternatively, different species could be lim-
ited by different predators or pathogens (Janzen 1970; Olff
and Ritchie 1998; Bagchi et al. 2014; Becerra 2015; Ehrlich
et al. 2020) or could adopt different strategies for dealing
with generalist enemies, as in the growth-defense trade-
off (Finkel et al. 2010; Lind et al. 2013; Branco et al. 2020).
Finally, some mechanisms depend on external environ-
mental fluctuations (Litchman 2003; Letten et al. 2018;
Ellner et al. 2019; Zepeda and Martorell 2019) or internally
generated biotic fluctuations (Huisman et al. 2006); a well-
known example is the gleaner-opportunist trade-off (Litch-
man and Klausmeier 2001; Kiørboe et al. 2018). In a sense,
we now may have too many explanations for diversity
rather than too few, as we know little about the relative
importance of all of these mechanisms (Shoemaker et al.
2020a).

Modern coexistence theory is a general framework de-
signed to quantify and compare the strength of multiple
mechanisms maintaining species richness (Chesson 2000;
Carroll et al. 2011; Barabás et al. 2018; Ellner et al. 2019;
Spaak and De Laender 2020; Spaak et al. 2021c). How-
ever, modern coexistence theory predominantly focuses
on species within a single trophic level, either competing
hicago. All rights reserved. Published by The University of Chicago Press for
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for abiotic resources or modeled with phenomenological
interactions (Narwani et al. 2013; Godoy and Levine 2014;
Germain et al. 2016). While some theoretical work ex-
ists on competition for biotic resources, typically modeled
with logistic growth rates (Chesson 1990; Chesson and
Kuang 2008; Letten et al. 2017), these biotic resources never
have interactions with other resources or compete among
themselves for resources at a lower trophic level. Addition-
ally, modern coexistence theory is often applied to models
with phenomenological species interactions (Germain et al.
2016; Chesson 2018; Pérez-Ramos et al. 2019; but see Let-
ten and Stouffer 2019; Shoemaker et al. 2020a; Spaak and
De Laender 2021; Spaak et al. 2021a). Consequentially,
we have only limited understanding of the drivers and
mechanisms of species coexistence in communities with
multiple trophic levels and mechanistic species interac-
tions (Godoy et al. 2018).

Originally, modern coexistence theory was developed to
better understand the importance of fluctuation-dependent
coexistence mechanisms (Chesson 1994; Chesson and
Huntly 1997). It distinguishes fluctuation-dependent from
fluctuation-independent mechanisms and further decom-
poses the fluctuation-dependent mechanisms into storage
effect, relative nonlinearity, and growth-density covariance
(Chesson 2003; Barabás et al. 2018) or other components
of interest (Ellner et al. 2019). However, empirical appli-
cations of modern coexistence theory investigating both
fluctuation-dependent and fluctuation-independent mecha-
nismstendtoshowthatfluctuation-independentmechanisms
are stronger than fluctuation-dependent mechanisms (Chu
and Adler 2015; Zepeda and Martorell 2019; Shoemaker
et al. 2020b). Further decomposition of the fluctuation-
independent term into contributions from specific biolog-
ical mechanisms, such as resource-mediated (Tilman et al.
1982) or predator-mediated (Chesson and Kuang 2008)
niche differences, would be informative but is possible only
when competition is modeled mechanistically rather than
phenomenologically.

In this article, we investigate the relative importance of
resource- and predator-mediated coexistence mechanisms
for phytoplankton and zooplankton species richness in an
empirically parameterized model for an aquatic food web
consisting of nutrients, phytoplankton, and zooplankton.
We then ask whether modern coexistence theory—specif-
ically the quantification of niche and fitness differences—
helps us to understand our results or leads to additional
insights that we would not otherwise have obtained. We
chose planktonic food webs for our model system because
the mechanisms of how phytoplankton compete for re-
sources and how zooplankton graze on phytoplankton are
well understood and have been studied and modeled for
many decades (e.g., Tilman et al. 1982; Brun et al. 2017).
Additionally, the models can be parameterized empirically
using databases of measured phytoplankton and zooplank-
ton traits. Using these trait databases, we can generate a
species pool consisting of many thousands of hypothetical
phytoplankton and zooplankton species and then search for
generalities as opposed to special cases (Litchman and Klaus-
meier 2008; Litchman et al. 2013). Understanding planktonic
food webs is also practically important, as they form the basis
of every aquatic food web and are responsible for roughly
50% of the world’s primary production (Field 1998).

To investigate the relative importance of resource- versus
predator-mediated coexistence mechanisms for these sim-
ulated communities, we manipulated species traits and
observed the resulting changes in phytoplankton and zoo-
plankton species richness. Intuitively, if predator-mediated
coexistence mechanisms are driving species richness, then
changes to traits governing predator-mediated coexistence
mechanisms should strongly affect species richness. Con-
versely, if changes to traits driving predation have no ef-
fect on species richness, we will conclude that predator-
mediated coexistence mechanisms are not driving species
richness. Specifically, we manipulated traits in two ways.
First, we (independently) altered the underlying mean
and variance of all 15 trait distributions (nine phytoplank-
ton traits, four zooplankton traits, and two joint traits)
to understand how these traits individually influenced
species richness. Second, we altered all of the 42 possi-
ble trait-trait correlations (36 phytoplankton traits, six zoo-
plankton traits, and no joint traits) to understand which
trade-offs are most important for coexistence. Because
several traits and trait correlations are critical to resource-
and/or predator-mediated coexistence mechanisms, this
allowed us to explore the importance of some coexistence
mechanisms for species richness (for specific expectations,
see tables 1, S1). We found in these two trait manipula-
tions that species richness was primarily driven by the tro-
phic interaction between phytoplankton and zooplankton.
Competition of phytoplankton for nutrients was less im-
portant for phytoplankton species richness. Finally, when
we applied methods from modern coexistence theory to
gain a more general understanding of the drivers of spe-
cies richness, we found that in many cases we could not
compute invasion growth rates even in two-species com-
munities. Often, one of two coexisting zooplankton spe-
cies could not survive without its “competitor” zooplankton,
a phenomenon known from obligatory mutualists but new
to competitive interactions. This led to an unexpected third
objective: under which conditions can the methods of mod-
ern coexistence theory be applied to multitrophic commu-
nities? We found that even for simple communities con-
sisting of two phytoplankton and two zooplankton species,
modern coexistence theory is often not be applicable because



Coexistence in Two-Trophic Plankton Food Web E3
invasion growth rates of the zooplankton species are not
always defined.
Methods

Growth Dynamics

We modeled an aquatic food web with two trophic lev-
els, phytoplankton and zooplankton (fig. 1). We did not
consider higher trophic levels because we lacked empir-
ical data for their parametrization. We use superscript
“P” for phytoplankton-related terms and a superscript “Z”
for zooplankton-related terms. Additionally, a subscript i
indicates the identity of a focal phytoplankton species, n
is a summation index of phytoplankton species, and j indi-
cates the identity of a zooplankton species. Notation for the
model is defined in the text and summarized in table 1.

We assume that phytoplankton compete for the essen-
tial resources nitrogen, phosphorus, and light, all of which
influence their growth (Tilman et al. 1982; Huisman and
Weissing 1994). The equations for these three essential re-
sources are, respectively,
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where GP
iN, GP

iP, and GP
iL correspond to the growth rate of

the phytoplankton if they were limited by nitrogen, phos-
phorus, or light. The terms GP

iN(RN) and GP
iP(RP) are Holl-

ing type 2 responses to the resource concentration of
nitrogen (RN; mmol L21) and phosphorus (RP) with half-
saturation constant kP

iN (mmol L21) and kP
iP, respectively.

Similarly, light-limited growth at depth s (m) is a Holling

ð3Þ

ð4Þ
Table 1: Summary of model notation and allometric scalings of plankton traits (Finkel et al. 2010; Brun et al. 2017; Ehrlich et al. 2020)
Variable
 Description
 Unit
 Allometric scaling
Environment:

d
 Dilution rate
 day21
 . . .

SN, SP
 Resource supply
 mmol L21
 . . .

I
 Incoming light
 mmol quanta m22 s21
 . . .

zm
 Epilimnion depth
 m
 . . .
Phytoplankton traits:

mP
i
 Maximum growth rate
 day21
 ∼ (VP

i )
2:25

:5

kP
iP, kP

iN
 Half-saturation constant for N and P
 mmol L21
 ∼ (VP
i )
ciP, ciN
 Resource uptake
 mmol cell21 day21
 ∼ (VP
i )

:667
ai
 Absorption coefficient
 mm2 cell21
 ∼ (VP)
:77
kP
iL
 Half-saturation constant for light
 mmol quanta m22 s21
 i

∼ (VP)
2:08
wP
i
 Nutritional value of phytoplankton
 mmol cell21
 i

∼ (VP)
:80
eP
i
 Edibility of phytoplankton
 1
 i

P 2:21
Zooplankton traits:

∼ (Vi )
mZ
j
 Maximum growth rate
 day21
 . . .
cZ
j
 Clearance rate
 mL h21 ind21
 ∼ (VZ

j )
1:0
mZ
j
 Mortality rate
 day21
 ∼ (VZ

j )
:092
kZ
j
 Half-saturation constant for nutrients
 mmol R ind21 h21
∼ (VZ)
1:0

(mZ)
1:0
Joint traits:
 j j
hji
 Handling time
 h cell21 ind
 ∼ (VP
i )

1:0
(VZ

j )
2:61
sji
 Selectivity
 1
 See text

Other variables:
NP
i
 Phytoplankton density
 cells mL21
 . . .
VP
i
 Phytoplankton biovolume
 mm3
 . . .
NZ
j
 Zooplankton density
 ind L21
 . . .
VZ
j
 Zooplankton size
 mg C
 . . .
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type 2 response to the light availability I(s), which de-
pends exponentially on the depth s and the light absorp-
tion coefficient ai of species i (mm2 cell21). The overall
light-limited growth is the integral over the total mixing
depth or epilimnion depth zm (Huisman and Weissing 1994).
The term I(0) is the incoming light intensity at surface level
(mmol quanta m22 s21). The actual growth rate of the phy-
toplankton GP

i is the minimum of these three resource-
specific growth rates multiplied by the maximum growth
rate mP

i (day21).
The resource dynamics are given by

dRN

dt
p d(SN 2 RN) 2

X
n

cnNGP
nNP

n , ð6Þ

dRP

dt
p d(SP 2 RP) 2

X
n

cnPGP
nNP

n, ð7Þ

where the first term corresponds to the influx of new nu-
trients and the second term corresponds to the uptake
of resources by phytoplankton. The term d is the dilution
rate of the system (day21), SN and SP are the incoming re-
source concentrations of nitrogen and phosphorus (mmol L21),
cnN and cnP are the maximal resource uptake traits for ni-
trogen and phosphorus (mmol cell21 day21), and NP

n is the
density of phytoplankton (cells mL21). The phytoplank-
ton consume only the resources used directly for growth;
we exclude any internal storage of resources, or, equiva-
lently, we assume that the internal resource dynamics of
the phytoplankton are fast, so that internal resource store
is a function of the current nutrient uptake rate. There is
no corresponding equation for light dynamics, as light is
not stored in the water like nitrogen and phosphorus re-
sources are. Rather, the current light level depends on the
incoming light intensity I(0) and the depth of the water
column (Huisman and Weissing 1994); this is captured in
equation (4).

The zooplankton consume the phytoplankton. Each
zooplankton has a clearance rate cZ

j , which describes the
rate at which it searches for phytoplankton (mL h21 ind21).
Zooplankton select for phytoplankton on the basis of their
size, described by a selectivity coefficient sji (dimensionless).
Zooplankton j therefore encounter a phytoplankton i at
rate cZ

j sjiNP
i , which are handled in time hji (h cell21 ind).

Additionally, certain phytoplankton are defended, making
them less edible and harder to digest, represented by di-
mensionless edibility coefficient eP

i (Ehrlich et al. 2020).
A zooplankton consumes phytoplankton at rate (Branco
et al. 2020)

CZ
ji(NP

i ) p eP
i

cZ
j sjiNP

i

1 1
P

ncZ
j hjnsjnNP

n

: ð8Þ
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Figure 1: Each phytoplankton species consumes three essential resources: light, phosphorus, and nitrogen. Their growth rates saturate in
resource availability (Holling type 2). The growth rates of the phytoplankton are governed by resource uptake traits (ai, ciN, and ciP), half-
saturation constants (kiL, kiP, and kiN), and their maximum growth rates mP

i . The consumption of phytoplankton is governed by their edibility
eP
i , the zooplankton’s clearance rate cZ

j , the handling time hji, and the selectivity sji, which depend on the identity of both each phytoplankton
and each zooplankton species. Given this consumption, the zooplankton growth rate is governed by the resource concentration of the phy-
toplankton wP

i , the half-saturation constant kZ
j , and the maximum growth rate mZ

j of the zooplankton. Finally, each zooplankton has a mor-
tality rate mj.
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The dynamics of phytoplankton are given by

dNP
i

dt
p NP

i GP
i 2

X
j

CZ
ji(NP

i )NZ
j 2 dNP

i , ð9Þ

where the three terms stand for growth, grazing, and di-
lution of the system.

Zooplankton take up resources via consumption, so re-
source uptake depends on the nutritional value wP

n of the
phytoplankton (mmol R cell21). The term wP

n denotes the
general nutritional value of the phytoplankton, and we do
not distinguish between phosphorus, nitrogen, or other po-
tentially limiting resources. We assume that the nutritional
value of phytoplankton does not depend on external nutri-
ent concentrations, as the stoichiometry of the phytoplank-
ton is approximately constant. Rather, external nutrient con-
centrations only affect phytoplankton growth rates. The
zooplankton growth rate is a Holling type 2 response to
the nutrient intake, which is given by the amount of phy-
toplankton consumed (CZ

jn(NP
n)) multiplied by the nutrient

concentration wP
n (mmol cell21) of said phytoplankton spe-

cies, that is,

dNZ
j

dt
p mZ

j NZ
j

P
nwP

nCZ
jn(NP

n)
kZ
j 1

P
nwP

nCZ
jn(NP

n)
2mZ

j NZ
j , ð10Þ

where NZ
j is the density of zooplankton (ind L21), mZ

j is the
maximum growth rate of zooplankton (day21), kZ

j is the
half-saturation constant for zooplankton growth (mmol
R ind21 h21), and mZ

j is the mortality rate of zooplankton
j (day21).
Allometric Scaling and Parameter Definitions

The nine phytoplankton traits (mP
i , ciN, ciP, kP

iN, kP
iP, kP

iL, ai,
wP

i , eP
i ) and the four zooplankton traits (mZ

j , mZ
j , cZ

j , kZ
j )

were randomly drawn from a multivariate lognormal dis-
tribution fitted to empirical data. All of the multivariate
lognormal distributions were fitted to empirical data from
the literature (Uye 1982; Agustí 1991; Edwards et al. 2012,
2015; Brun et al. 2017; Ehrlich et al. 2020). For each trait T,
we first fitted a lognormal distribution to the empirically
measured data, fitting mean mT and standard deviation jT,
that is, log(T) ∼ N (mT , jT) (figs. S9, S10, diagonal). Unfor-
tunately, the datasets did not contain sufficient data points
to empirically estimate many of the correlations between
the log distribution of the traits.

Therefore, we estimated the correlation of the lognor-
mal trait distributions using allometric scaling. Importantly,
where empirical data on the trade-offs were available, the
estimates through allometric scaling aligned well with the
empirically measured trade-offs. We compiled allometric
scaling parameters for each of the traits (Litchman et al.
2007; Finkel et al. 2010; Brun et al. 2017; Ehrlich et al.
2020), that is, log(T) ∼ bT log(V), where V is the volume
of the phytoplankton or zooplankton. We then computed
the correlation between two traits T1 and T2 as

r(log(T1), log(T2)) p bT1bT2

j2
V

jT1jT2

, ð11Þ

where jV is the standard deviation of log(V).
Given the correlation matrix r of log plankton traits,

we computed the covariance matrix o p jrjT , where j

is the vector of standard deviations of the log trait dis-
tributions. The log plankton traits were assumed to have
a multivariate normal distribution with mean mT and co-
variance matrix o. We used one multivariate normal dis-
tribution for the log of the nine phytoplankton traits (mP

i ,
ciN, ciP, kP

iN, kP
iP, kP

iL, ai, wP
i , eP

i ) and another for the four zoo-
plankton traits (mZ

j , mZ
j , cZ

j , kZ
j ). For the half-saturation con-

stant kZ
j we found that kZ

j p qZ
j m

Z
j , where qZ

j is the minimal
resource concentration of zooplankton j (mmol R mg C21;
see sec. S2 of the supplemental PDF).

The joint traits hji and sji were defined via the body
sizes of the phytoplankton and zooplankton species. Em-
pirical data show that the handling time hji and the selec-
tivity sji depended on the traits of both species in a
phytoplankton-zooplankton pair and therefore could not
be determined with the above-described method. Empiri-
cally, the handling time decreases with zooplankton size
and increases with phytoplankton size and was defined
as log(hji) p ah 1 1:0 log(VP

i ) 2 0:61 log(VZ
j ) (Uye 1982;

Branco et al. 2020). Selectivity sji was a decreasing function
of the difference between phytoplankton size and preference
of size by zooplankton. We set the size preference of the
zooplankton to Vpref p mVP

i
=mVZ

j
≈ 322 mL=2:61#106 mL ≈

1=203; that is, a zooplankton of mean size would prefer
phytoplankton of mean size. This is close to the empirical
measurement in the copepod Acartia tonsa, which has a size
preference of 1=403 (Berggreen et al. 1988). Given this, we de-
fined the relative selectivity of zooplankton to be

s0ji p exp

�
2

(VP
i 2 VprefV

Z
j )

2

2j2
s

�
, ð12Þ

where js is the selectivity breadth, which was set to
ffiffiffiffiffiffi
0:5

p
in

accordance with the theoretical estimates of Branco et al.
(2020). We then normalized these relative selectivities such
that their total for each zooplankton is 1, that is, sji p
s0ji=

P
ns0ji.
Simulations

To assess the relative importance of trophic interactions,
resource competition, and trait trade-offs for phytoplank-
ton and zooplankton species richness, we conducted sim-
ulations that mimic community assembly in which each
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year one new phytoplankton and zooplankton species try
to invade. To do so we first generated 1,000 species pools
each consisting of 20 phytoplankton and 20 zooplankton
species. For each species pool, we started community as-
sembly with one randomly chosen phytoplankton species
at its monoculture equilibrium density and one randomly
chosen zooplankton species at low density. We then sim-
ulated the community dynamics over time for one year,
removed any species that became extinct (below 0.01%
of total community biomass), and then introduced one
new phytoplankton and zooplankton species at low den-
sity. All simulations were performed in Python 3.8.5, and
all scripts are available in Zenodo (https://doi.org/10.5281
/zenodo.7462012; Spaak 2022). Our analyses are based on
the resulting species richness after 20 years (longer times
did not increase species richness; supplemental PDF, sec. S1;
fig. S1). Strictly speaking, we assessed co-occurrence rather
than coexistence, as we simply observed the presence of spe-
cies at the end of the simulation. We assessed co-occurrence
because the invasion approach typically used in modern co-
existence theory to assess coexistence was not feasible, as
often the subcommunities with one species removed did
not form a stable equilibrium, so that computing invasion
growth rates was not possible (see “Niche and Fitness Dif-
ferences” below).

We assessed the importance of the drivers of species
richness by simulating community assemblies of plank-
ton with altered traits. Specifically, we independently al-
tered the mean mT, the standard deviation jT, or the corre-
lation r(T1,T2) of the multivariate log distribution of the
traits. Generally, increasing or decreasing the mean mT of
a trait can affect the strength of the mechanism governed
by the specific trait (e.g., resource competition for resource
uptake traits or predator-mediated effects for the attack rate).
For example, decreasing the mean of the half-saturation
constant for nitrogen growth kP

iN will make all species more
nitrogen adapted, hence making nitrogen competition less
important. Increasing the standard deviation jT of a trait
increases the variation of that trait across species, potentially
increasing fitness differences (e.g., in the case of mP

i , mP
j , and

mP
j ) but also potentially creating new niches (e.g., in the

case of sji). For example, increasing the standard deviation
of edibility eP

i will increase the difference between the most
edible and least edible species but might also increase the
strength of growth-defense trade-offs. Altering the corre-
lation between two traits will affect the strength of the cor-
responding trade-off. However, we want to emphasize that
we did not have a priori expectations about how all of the
trait changes would affect phytoplankton or zooplankton
species richness. Instead, we explored all of the possibili-
ties to ensure we found the correlations with the strongest
effects (e.g., r(wP

i , mP
i )) as well as those that differ from our
expectations (e.g., r(cP
iN, cP

iP)). For an overview of all ex-
pectations and the underlying intuition, see tables S1–S3.

We increased or decreased mT by 1 standard deviation
jT, and we increased or decreased the standard deviation
jT by a factor of 4 (corresponding to a change in variance
by a factor of 2). With these altered traits, we performed the
same community assembly process (fig. S2). We investi-
gated the effect of the standard deviation of the handling
time hjn by setting h0

jn p
ffiffiffi
l

p
(hjn 2 mhjn) 1 mhjn, where l is

the factor by which we increased or decreased the stan-
dard deviation and mhjn is the mean of the handling time.
We investigated the effect of the standard deviation of the
selectivity by setting j 0

s p ljs. Because the total selectivity
of a zooplankton must sum to 1 (

P
nsjn p 1), we did not

investigate the effect of mean selectivity on phytoplankton
and zooplankton species richness.

We investigated the effect of trait trade-offs by alter-
ing the correlation r(T1,T2) between two traits. However,
the correlation r(T1,T3) and the correlation r(T2,T3)
set a constraint for the correlation r(T1,T2), such that
we could not choose the correlation freely in the interval
[21, 1]. More generally, the resulting correlation matrix
r must be semipositive definite. We simulated communities
with the minimal and maximal possible value for correlation
r(Ti,Tj), which depended on the specific traits involved.
Niche and Fitness Differences

To better understand how the mechanisms affected co-
existence, we computed niche and fitness differences for
zooplankton species competing for phytoplankton using
the method of Spaak et al. (2021c). They define niche and
fitness differences on the basis of the intrinsic, the invasion,
and the no-niche growth rates. These were defined as the
growth rates of the zooplankton “invading” three different
scenarios. The intrinsic growth rate, denoted mj, describes
the growth rate of a zooplankton invading an empty com-
munity, where no zooplankton are present and phyto-
plankton are at their equilibrium. Note that the intrinsic
growth rate mj is lower than the maximal growth rate mZ

j ,
as mZ

j is the growth rate when resource abundance for the
zooplankton is infinite. The invasion growth rate rj is the
growth rate of a zooplankton invading a community with
the competitor zooplankton at their equilibrium densities
and phytoplankton at their corresponding densities. Finally,
the no-niche growth rate hj is the growth rate of the zoo-
plankton invading a community with itself as a resident,
but at a density equivalent to the combined equilibrium
density of its competitors.

We computed niche and fitness differences only for the
zooplankton species, not for phytoplankton. We could not
compute the niche and fitness differences for competing

https://doi.org/10.5281/zenodo.7462012
https://doi.org/10.5281/zenodo.7462012
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phytoplankton, as this would have required setting the zoo-
plankton densities at equilibrium for a given density of phy-
toplankton NP

i (Spaak and De Laender 2020). However, the
growth rate of zooplankton is independent of zooplankton
density, and hence such an equilibrium of zooplankton is
not defined in general. To compute the niche and fitness dif-
ferences for the zooplankton species, we considered the phy-
toplankton species as resources.

Given these growth rates, we defined niche and fitness
differences of zooplankton as

N j p
rj 2 hj

mj 2 hj

,

F j p
2hj

mj 2 hj

:

ð13Þ

Importantly, these definitions of niche and fitness differ-
ences depend on the invasion growth rate and can there-
fore be computed only for communities in which both
species in monoculture reach a stable, nonzero equilibrium
density.

Results

In simulations with unaltered trait distributions (i.e., the
distributions estimated from empirical measurements),
phytoplankton species richness ranged from 1 to 5 with
an average of 2.4, and zooplankton species richness ranged
from 0 to 5 with an average of 2.2 (fig. 2). Phytoplank-
ton and zooplankton richness were strongly correlated
(r p 0:71); roughly 50% of communities had equal phy-
toplankton and zooplankton species richness, and zoo-
plankton richness exceeded phytoplankton richness in
only 15% of the communities.

Generally, phytoplankton and zooplankton species rich-
ness responded very similarly to changes in trait distri-
bution. Simulations with altered trait distribution showed
that changes in the mean or variance of many trait distri-
butions had little or no effect on phytoplankton or zoo-
plankton species richness (figs. 2A, 2B, 2D, 2E, S2). Traits
associated with species growth rates (mP, mZ, and mZ) were
unimportant for phytoplankton or zooplankton species
richness (fig. 2A, 2D). Similarly, phytoplankton resource
uptake traits (cn, cp, and a) as well as half-saturation con-
stants for these resources (kn, kp, and kl) had only minor
effects on phytoplankton or zooplankton species richness.
When these traits had very large values, species richness of
zooplankton declined (fig. 2E), likely because many zoo-
plankton species did not have enough phytoplankton to
consume, as high resource uptake as well as a high half-
saturation constant implies lower equilibrium densities of
phytoplankton.

Changes in traits regulating the phytoplankton-
zooplankton interactions had the strongest effect on phy-
toplankton and zooplankton species richness (fig. 2C, 2F).
This matches findings from observational data in a temper-
ate lake (Merkli 2021). The effects of these trait changes on
species richness are likely due to a combination of the fol-
lowing three explanations.

First, the trait changes affected the amount of resources
taken up by zooplankton. If this amount was to low—for
example, because consuming one phytoplankton cell takes
too long (high handling time hji, brown line, fig. 2C, 2F)—
then zooplankton starved and species richness dropped.
Conversely, if this amount increased, then more zooplank-
ton had sufficient food to survive. This is a possible ex-
planation for the effects of handling time hji and edibility
eP
i on phytoplankton and zooplankton species richness.

However, this explanation ignores competition between zoo-
plankton and leads to the prediction that the trait changes
monotonically affect species richness.

Second, the trait changes affected the underlying trait
trade-offs and allowed the creation of superspecies. This
may explain why changes in three of the traits showed a
unimodal effect on zooplankton species richness (nutri-
tional value wP

i , half-saturation constant kZ
j , and clearance

rate cZ
j ; fig. S3C, S3F). For example, the positive correlation

between half-saturation constant kZ
j and clearance rate cZ

j

created a gleaner-opportunist trade-off. However, if all
species had increased clearance rates, then growth was
limited not by the amount of phytoplankton consumed
(which was driven by the clearance rate) but only by the
half-saturation constant, which effectively destroyed the
trade-off.

Third, phytoplankton species richness follows zoo-
plankton species richness because phytoplankton richness
is maintained by the trophic interaction with zooplankton.
Consequentially, a decline in zooplankton species richness
decreases the stabilizing effect of zooplankton on phyto-
plankton, and their richness declines as well (fig. S6). This
explains why resource competition traits had little effect
on phytoplankton richness as well as the strong corre-
lation between phytoplankton and zooplankton species
richness. It also explains why effects of trait changes more
strongly affected zooplankton richness than phytoplank-
ton richness.

The effects of altered trait correlations (fig. 3) were
consistent with the effects of changes in trait means. First,
many trait correlations had no strong effect on species
phytoplankton and zooplankton richness (fig. S5). Sec-
ond, many of the trait correlations that had a strong effect
on phytoplankton and zooplankton richness were linked
to the trophic interactions between phytoplankton and
zooplankton. Third, zooplankton species richness was more
sensitive than phytoplankton species richness to changes
in trait correlations (compare fig. 3B with 3F and 3C with
3G).
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Six of the 10 trade-offs with the strongest effect can
be categorized as gleaner-opportunist trade-offs—that
is, one species benefits from high resource availabilities
and the other from low resource availabilities (fig. 3A,
3E). Two of these trade-offs are competition for nitrogen
(green line in fig. 3) and phosphorus (brown line in fig. 3),
and the other four concerned the trophic interactions. The
other trade-offs all concerned the nutritional value wP

i of
the phytoplankton. Two of these are conceptually similar
to a growth-defense trade-off (fig. 3B, 3F). Low nutritional
Figure 2: We changed the means of growth traits (A, D), resource traits (B, E ), and species interaction traits (C, F ) and investigated their
effect on phytoplankton (A–C) and zooplankton (D–F) species richness. The mean values of the growth traits (A, D) and of the traits
governing the competition of phytoplankton for resources (B, E) had little effect on species richness; conversely, altering the traits governing
the interaction between phytoplankton and zooplankton (C, F) had a strong effect on species richness. In all panels, the black vertical line
indicates the empirical values of the traits, and the red horizontal lines show the mean (solid) and 99% confidence interval (dashed) of the
respective values for communities generated with the empirical trait values.
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value wP
i does not provide immediate protection against

predation; however, it limits the growth rates of the pred-
ator and therefore protects against future predation. Both
high intrinsic growth rate mP

i and low half-saturation con-
stant kP

i contribute to high growth rates, so these trade-offs
are therefore similar to the familiar growth-defense trade-
offs. However, the growth-defense trade-off between edi-
bility eP

i and intrinsic growth rate mP
i did not have a strong

effect on phytoplankton and zooplankton species richness.
The last two are trade-offs between high-quality food

for zooplankton (i.e. high nutritional value wP
i ) and high-

quantity food for zooplankton, either high abundance
R

Figure 3: We changed the trade-offs (correlation matrix) between traits and investigated the effects on phytoplankton (A–D) and zooplank-
ton (E–H ) species richness. The trade-offs with the strongest effects are grouped into gleaner-opportunist (A, E), growth-defense (B, F ), and
superresource (C, G) trade-offs. Resource competition trade-offs had no strong effect on phytoplankton or zooplankton species richness
(D, H ). In all panels, the red horizontal lines show the mean (solid) and 99% confidence interval (dashed) of the respective values for com-
munities generated with the empirical trait values. The correlation cannot be chosen freely for each trade-off; rather, the maximal and min-
imal possible values for each trait pair are determined by the requirement that the entire trait correlation matrix must be positive definite
(see “Methods”). This figure shows only 16 of the possible 42 trait correlations. We chose all of the trait correlations with the strongest
effects (A–C) as well as the resource trait correlations because of a priori expectations (see table S2). For an overview of all traits, we refer
the reader to figure S5.
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because of low absorption rates aP
i or high edibility eP

i .
Reducing the strength of this trade-off will create phyto-
plankton having both high quality and high quantity.
Zooplankton species that consume these abundant high-
quality phytoplankton will have a competitive advantage
over zooplankton consuming low-quality and low-quantity
phytoplankton, and that competitive advantage will de-
crease zooplankton richness.

Interestingly, none of the six possible resource trade-
offs had a strong effect on phytoplankton and zooplank-
ton species richness (fig. 3D, 3H). This supports our hy-
pothesis that differences among phytoplankton species in
resource requirements or response to limiting resources are
not important drivers of phytoplankton and zooplankton
species richness in this community.
Niche and Fitness Differences

Changes in fitness differences were the underlying cause
for the change in zooplankton species richness for most
changes in trait distributions (fig. 4D). The trait changes that
lead to starving zooplankton (increasing half-saturation
constant kZ, increasing handling time hjp, decreasing re-
source availability RP, and decreasing clearance rate cZ)
all increased fitness differences between the competing zoo-
plankton (figs. S3, S4). The closer a zooplankton was to the
starvation boundary, the lower its fitness and the stronger
fitness differences became, explaining the decrease in zoo-
plankton species richness. Similarly, relaxing gleaner-
opportunist trade-offs created superspecies with increased
fitness (fig. 3E); the growth-defense trade-offs and the
quality-quantity trade-offs create superresources, and zoo-
plankton consuming these superresources had a fitness
advantage (fig. 3F, 3G). Niche differences between zoo-
plankton were not correlated with zooplankton species
richness (fig. 4C). Similarly, niche and fitness differences
between competing zooplankton were not strongly asso-
ciated with phytoplankton species richness.

We often observed negative niche differences for one
of the two competing zooplankton species, despite the
two species coexisting (fig. 4A, 4C). This is possible in
the case of an asymmetric species interaction (i.e., spe-
cies 1 positively affects species 2 while species 2 negatively
affects species 1). In this case, species 2 has N 2 1 1, indi-
cating facilitation (Spaak et al. 2021c); conversely, species 1
must have N 1 ! 1, as it is not facilitated. Additionally, as
shown by Spaak and De Laender (2020), we must have
j1 2N 2jpj1 2N 1j, which yields N 1 ! 0. This is consis-
tent with the typical interpretation of negative niche dif-
ferences that interspecific interactions are stronger than
intraspecific interactions (Ke and Letten 2018), although
in this case only for species 1.
However, the relevance of these findings is not entirely
clear because we were able to compute niche and fitness
differences only for a small fraction of all assembled com-
munities (∼10%). For the remaining 90% of the communi-
ties, we encountered different conceptual and computational
challenges in calculating niche and fitness differences, as
we describe below. To compute niche and fitness differ-
ences, one has to numerically solve the equation j(mi 2
ri)=(mi 2 hi(cij))j p j(mj 2 rj)=(mj 2 hj(1=cji))j for cij, which
is guaranteed to have a solution if mi, ri, and hi(cij) are well
defined and hi(cij) depends continuously on cij (Spaak and
De Laender 2020).

In roughly 50% of communities, one of the two zoo-
plankton was not able to persist at all in the absence of
the other zooplankton, which implies that ri is not defined
for one of the two species. This occurred when the two
zooplankton behaved similarly to obligatory mutualists.
As an illustrative example, consider a large and a small
zooplankton that predominantly feed on a large or a small
phytoplankton species, respectively (fig. 5B). In the ab-
sence of any zooplankton, suppose that the smaller phyto-
plankton has an advantage in competition for the abiotic
resources and competitively excludes the larger phyto-
plankton species. If the larger zooplankton is an ineffi-
cient predator of the small phytoplankton and therefore
cannot invade a community where only small phytoplank-
ton are present, it will not have a monoculture equilib-
rium density. Consequently, we cannot compute an inva-
sion growth rate of the smaller zooplankton invading the
larger zooplankton in monoculture, and computation of
niche and fitness differences is not possible.

Nonetheless, the two zooplankton might be able to co-
exist. The smaller zooplankton will predominantly con-
sume the smaller phytoplankton. If we first introduce the
smaller zooplankton it will decrease the density of the
smaller phytoplankton and reduce its competitive strength.
The larger phytoplankton will invade and persist in the
presence of the smaller zooplankton. Then the larger zoo-
plankton will have a prey to consume and may be able to
invade. Even though all species interactions result from
resource competition, this scenario resembles the cases of
obligatory mutualism or keystone species and cannot be
analyzed using any of the existing definitions of niche
and fitness differences (Spaak and De Laender 2020;
Spaak et al. 2021c).

In roughly 10% of the communities, the phytoplank-
ton on their own were driven by priority effects (i.e., the
phytoplankton community had two distinct stable equi-
libria). In this case the intrinsic growth rate of the zoo-
plankton species is not unique, and different choices of
the intrinsic growth rates would lead to different niche
and fitness differences. In this case one could still define
niche and fitness differences, but they would be nonunique.
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In roughly 10% of the communities, the no-niche growth
rate was discontinuous. Effectively, cij increases the mor-
tality of the phytoplankton; this can change the coexis-
tence state of the two phytoplankton from coexisting to
monodominance of one species. This qualitative change
of the underlying phytoplankton community causes a dis-
continuity of hi(cij).
In roughly 15% of the communities, we observed Al-
lee effects in the zooplankton species (i.e., hi(cij) 1 mi).
This can happen in a similar way as the facilitation be-
tween zooplankton species described above. However, in
this case the zooplankton has stronger predation pres-
sure on the species, which is less favorable for its growth
rate. Mathematically, niche and fitness differences may
Figure 4: Overall, niche differences were not strongly correlated with phytoplankton (A) or zooplankton richness (C). Fitness differences
were strongly correlated with zooplankton richness (D). The correlation between fitness differences and phytoplankton richness (B) likely
stems from the correlation between phytoplankton and zooplankton richness and not from a direct effect of fitness differences on phyto-
plankton richness. Blue circles show average species richness from changes in mean traits (i.e., corresponding to fig. 2C or 2F ) versus the
niche or fitness differences from changes in mean traits (fig. 2H or 2I). Red triangles show the corresponding data for changes in trade-offs
(fig. 3). Lines show the best linear fit based on least R2, with the orange line showing the best linear fit for all data. Dashed lines indicate that
the linear fit was not significant at the P p :01 level.
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still be defined in this case; however, the biological inter-
pretation of niche and fitness differences in the presence
of Allee effects is unclear (Spaak et al. 2021c).

For the remaining 5% of the communities, compu-
tation of niche and fitness differences was conceptually
possible but difficult because of computational limita-
tions. In these cases zooplankton species had no stable
equilibrium density in monoculture but rather fluctuated
periodically. This implies that for each iteration of the
numerical solver of j(mi 2 ri)=(mi 2 hi(cij))j p j(mj 2 rj)=
(mj 2 hj(cji))j, we had to recompute the equilibrium distri-
bution given the new cij. Consequentially, the computation
of niche and fitness differences for these communities was
computationally very expensive and imprecise.
Discussion

We investigated the relative importance of resource- and
predator-mediated coexistence mechanisms on species rich-
ness in phytoplankton-zooplankton communities based on
mechanistic species interactions and empirical trait data
(for an overview of the effects, see table S4). We altered
several parameters of the trait distributions governing
phytoplankton and zooplankton growth and found that
changes in traits associated with the trophic interaction
between phytoplankton and zooplankton had strong ef-
fects on species richness (figs. 2C, 2F, 3A–3C, 3E, 3F).
However, changes in traits related to resource-mediated
coexistence mechanisms had much weaker effects on
species richness. We conclude that phytoplankton and
zooplankton species richness in our model is primarily
determined by predator-mediated coexistence mecha-
nisms. Additionally, by applying the methods of modern
coexistence theory we found that the changes in phyto-
plankton and zooplankton species richness caused by
changes in trait means or correlations were largely driven
by altered fitness differences (fig. 4). However, we also
found that modern coexistence theory often does not ap-
ply to these simple multitrophic communities.

Trade-offs in resource affinities of phytoplankton did
not have a strong effect on species richness of phyto-
plankton or zooplankton in our model (fig. 3D), for
two reasons. First, while the potential benefits of such
trade-offs for species richness are clear (Tilman et al.
1982; Huisman and Weissing 1994; Letten et al. 2017),
those benefits may be quite weak in this complex system,
A: Standard invasion analysis B: Generalized case

Figure 5: The standard community assembly process of a small and a large zooplankton competing for phytoplankton is shown in A. Ini-
tially, both zooplankton species are absent (top), and both have a positive intrinsic growth rate. Either of the two zooplankton will arrive and
successfully invade the empty ecosystem, as both have a positive intrinsic growth rate (blue arrow), leading to an ecosystem in monoculture
(middle). Finally, the other zooplankton species can invade the monoculture of its competitor, as both have a positive invasion growth rate
(purple arrow), leading to coexistence (bottom). As shown in B, however, if we assume that the lower trophic level of phytoplankton cannot
coexist in the absence of zooplankton, only one of the zooplankton (here, the smaller) will have a positive intrinsic growth rate, as the other
zooplankton will (potentially) not have enough food. Consequentially, the larger zooplankton will not be able to survive in monoculture.
The usual invasion analysis for the smaller zooplankton species—which would ask whether it can invade a community dominated by the
larger species—is therefore not possible. However, coexistence might still be possible, as the large zooplankton can invade the monoculture
of the small zooplankton. This is possible because the small zooplankton reduces the competitive ability of the small phytoplankton such
that the small and the large phytoplankton can coexist in the presence of zooplankton.
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which also includes predator-prey dynamics. In our model,
two randomly chosen phytoplankton are unlikely to have
a sufficiently strong trade-off in their resource affinities
to stably coexist. Often, the smaller phytoplankton have
better resource uptake traits and will outcompete its larger
competitor based on resource competition alone (Edwards
et al. 2012; Bernhardt et al. 2020). Second, the relative im-
portance of a certain mechanism may depend on the pres-
ence of other mechanisms (Letten et al. 2018; Zepeda and
Martorell 2019; Shoemaker et al. 2020a). Most work on
resource-mediated niche differences has been done in the
absence of predators. If we exclude predator-mediated co-
existence mechanisms, we do find that resource-mediated
coexistence mechanisms have a small positive effect on spe-
cies richness (supplemental PDF, sec. S1; fig. S7). However,
in the presence of predator-mediated coexistence mecha-
nisms, the positive effect of resource-mediated coexistence
mechanisms on species richness is unimportant. These re-
sults demonstrate that instead of asking whether a mecha-
nism operating in isolation can affect species richness, we
should investigate both the magnitude and the relative im-
portance of different mechanisms operating simultaneously.
Consideration of multiple mechanisms also makes it possi-
ble to study interactions among them. In our model, the ef-
fects of resource partitioning and predation on species
richness were not additive.

We found that zooplankton fitness differences were
correlated with zooplankton richness (fig. 4D) and, to a
lesser extent, with phytoplankton richness (fig. 4B). Con-
versely, zooplankton niche differences were only weakly
correlated with phytoplankton or zooplankton richness.
This differs from earlier findings in phytoplankton or
plant communities, which mostly found that niche differ-
ences were more strongly associated with species rich-
ness (Levine and HilleRisLambers 2009; Adler et al. 2010;
Narwani et al. 2017; Buche et al. 2022). This difference
may stem from many different sources, such as model
complexity, the two trophic levels in our model, or our
inability to compute niche and fitness differences for all
communities (see the next section). Additionally, we used
a different method than in most of the previous work,
which may affect our interpretation of coexistence (Spaak
et al. 2021d).

Our model is based on mechanistic species interac-
tions and empirically measured traits, yet it lacks certain
key features from the natural world. First and foremost,
we did not include any external fluctuations, either ran-
dom or deterministic (e.g., seasonality), and as such we
excluded many potential coexistence mechanisms (Ches-
son 1994; Barabás et al. 2018; Letten et al. 2018; Ellner
et al. 2019; Shoemaker et al. 2020b). Fluctuations would
likely increase species richness and potentially affect the
importance of resource competition. Yet many empirical
studies have shown that fluctuation-dependent mechanisms
appear to be less important than fluctuation-independent
mechanisms for coexistence (Chu and Adler 2015; Letten
et al. 2018; Zepeda and Martorell 2019). Second, phyto-
plankton and zooplankton species richness was gener-
ally low compared with that in natural communities. The
relative importance of different coexistence mechanisms
might depend on species richness. For example, Spaak et al.
(2021a) have shown that increasing species richness in-
creases the importance of fitness differences compared with
niche differences. Third, the trophic structure was sim-
ple and excluded any higher trophic level and any mixo-
trophs. As we found that trophic interactions are the most
relevant factor for phytoplankton and zooplankton spe-
cies richness, it would be interesting to see whether higher
trophic levels are even more important. Fourth, the traits
were measured in laboratory environments and may be
biased toward fast-growing species, which are simple to
grow in culture. Our trait distributions may therefore dif-
fer from trait distributions observed in nature. Unfortu-
nately, we do not have any empirical data to assess how
strongly our empirically measured traits differ.
Implications for Modern Coexistence Theory

We were not able to compute niche and fitness differences
for many of our simulated communities. This is not solely
a limitation of the niche and fitness differences method
we chose to apply but is more generally a conceptual lim-
itation of modern coexistence theory in its current for-
mulation based on invasion growth rates. It is now well
known that invasion analysis can fail (Schreiber 2000;
Barabás et al. 2018), especially in multispecies communi-
ties (Saavedra et al. 2017; Spaak et al. 2021b) or in models
including Allee effects (Schreiber et al. 2019). However,
we were surprised that invasion analysis failed in such
a simple community of two zooplankton species compet-
ing for phytoplankton as a resource. In our model, these
difficulties are a natural consequence of the increased com-
plexity of the underlying community. It is not solely a lim-
itation of the model investigated here; rather, similar issues
are likely to emerge in any community with multiple trophic
levels, whether the model is mechanistic or phenomeno-
logical. For example, Huisman and Olff (1998) and Arsenault
and Owen-Smith (2002) found that small herbivores can per-
sist only in the presence of larger herbivores. Another typical
example are keystone species, where the presence of these
keystone species has large effects on the biodiversity of the
ecosystem (Creed 2000).

Much of the work of modern coexistence theory is based
on invasion growth rates, with the presumption that in-
vasion growth rates are well defined and that their signs
give insight into coexistence (Schreiber 2000; Barabás et al.
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2018; Ellner et al. 2019; Pande et al. 2020; Spaak and
De Laender 2020). However, we observed communities
in which the invasion growth rate is not well defined or
does not exist (fig. 5). These communities behaved simi-
larly to communities driven by Allee effects or communi-
ties driven by obligatory mutualism. It was not previously
recognized that these communities can arise from simple
resource competition, a well-understood mechanism that
is fundamental for coexistence (Chesson 1990; Chesson
and Kuang 2008; Letten et al. 2017; Letten and Stouffer
2019; Spaak et al. 2021a, 2021b).

Schreiber (2000) proposed a generalized version of in-
vasion growth rate analysis. The traditional invasion growth
rate approach tests whether each species can invade the
subcommunity from which it alone is absent (fig. 5A).
In contrast, the generalized invasion analysis investigates
for each possible subcommunity which species can invade
(fig. 5B), as shown by the sign of their invasion growth
rate when introduced into that subcommunity. Recently,
Hofbauer and Schreiber (2022) proved that under certain
assumptions, coexistence is guaranteed if the graph of pos-
sible community transitions is acyclic (e.g., rock-paper-
scissors-type situations are ruled out), and all subcommu-
nities from which any one species has been removed can
be invaded at steady state (which may involve extinction
of additional species). A complete theory is not yet in
hand, as Hofbauer and Schreiber (2022) discuss; for ex-
ample, the current results are not applicable when some
subcommunities have alternate stable states that can be
invaded by different sets of species. Nonetheless, Hofbauer
and Schreiber (2022) already allow the extension to some
situations (such as those in fig. 5B) of the strand of mod-
ern coexistence theory that focuses on calculating invasion
growth rates and decomposing them into contributions
from different coexistence mechanisms (e.g., Chesson 1994,
2003; Ellner et al. 2019). These advances for deterministic
models are complemented by progress on coexistence the-
ory for stochastic models based on invasion analysis (e.g.,
Benaïm and Schreiber 2019; Hening et al. 2021). The the-
ory for stochastic models requires quantitative informa-
tion about invasion growth rates (the Hofbauer criterion;
eq. [3.4] in Benaïm and Schreiber 2019), not just their
signs, but there are reasons to hope that this situation is
temporary (Hofbauer and Schreiber 2022).

These new and more widely applicable approaches to
invasion analysis have not yet percolated across to the
thread of modern coexistence theory where the key con-
cepts are the parallel dichotomies of stabilizing versus
equalizing mechanisms and niche differences versus fit-
ness differences. These ideas were very important con-
ceptually, in particular for clarifying how different biolog-
ical mechanisms can contribute to coexistence in different
ways. But approaches for making them quantitative have
largely been based on pairwise interactions, on phenom-
enological models for species competition, and on the as-
sumption that the traditional invasion analysis completely
characterizes coexistence. Where simple invasion analysis
fails, the available methods to compute niche and fitness
differences (Carroll et al. 2011; Spaak and De Laender
2020; Spaak et al. 2021c) also rarely yield insights, as they
result in N p 1 and F p 5 ∞. Conceptually, it seems
evident that coexisting species must have some degree of
niche differences sufficient to overcome their fitness dif-
ferences, but exactly how to quantify those differences in
situations requiring the generalized version of invasion
analysis remains a challenge, and our results suggest that
such situations may be common in communities with mul-
tiple trophic levels.
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