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Abstract

Ecological communities are often characterised by many species occupying the same trophic level
and competing over a small number of vital resources. The mechanisms maintaining high biodi-
versity in such systems are still poorly understood. Here, we revisit the role of prey selectivity by
generalist predators in promoting biodiversity. We consider a generic tri-trophic food web, con-
sisting of a single limiting resource, a large number of primary producers and a generalist preda-
tor. We suggest a framework to describe the predator functional response, combining food
selectivity for distinctly different functional prey groups with proportion-based consumption of
similar prey species. Our simulations reveal that intermediate levels of prey selectivity can explain
a high species richness, functional biodiversity, and variability among prey species. In contrast,
perfect food selectivity or purely proportion-based food consumption leads to a collapse of prey
functional biodiversity. Our results are in agreement with empirical phytoplankton rank-abun-

dance curves in lakes.
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INTRODUCTION

Revealing the mechanisms which account for the high biodi-
versity observed in nature remains one of the most crucial
ecological challenges (Tilman 1982; Kondoh 2003; Ives & Car-
penter 2007). Several mechanisms have been suggested to
resolve the famous ‘paradox of plankton’ — the coexistence of
many phytoplankton species competing over a few vital
resources in an apparently homogeneous environment
(Hutchinson 1961). These include spatial and temporal hetero-
geneity of the environment, environmental fluctuations, non-
equilibrium intrinsic dynamics, and non-competitive interac-
tions with other species (Huisman ef a/. 2001; Amarasekare
2003; Scheffer et al. 2003; Roy & Chattopadhyay 2007; Rya-
bov & Blasius 2011).

A body of empirical evidence suggests that predation pres-
sure on competing species occupying the same trophic level
can play an important role in promoting biodiversity (Risch
& Carroll 1982; Proulx et al. 1996; Koen-Alonso & Yodzis
2005). These observations, however, are not fully reflected in
ecological theory. Most conceptual models assume that food
consumption is non-selective and determined by the relative
abundances of prey species, in which case one predator can
mediate the coexistence of maximally two prey species sharing
a single resource (Holt er al. 1994; Leibold 1996). Even in
complex 3D ocean marine ecosystem models which incorpo-
rate both spatial and temporal heterogeneity, the number of
locally coexisting phytoplankton species under proportion-
based grazing by zooplankton typically does not exceed three
(Follows et al. 2007).

This discrepancy can be resolved by assuming food selectiv-
ity, or active switching, between multiple prey species (Mur-
doch 1969). Prey selectivity means that a predator can

adaptively adjust its preference for more abundant or more
profitable prey, which can arise due to several generic mecha-
nisms. For instance, the consumption of a particular type of
prey might require specific strategies or some acclimation time
to produce specific digestion ferments (Murdoch 1969; Allen
1988; Kierboe et al. 1996; Gentleman et al. 2003; Loecuille
2010). Prey selectivity can enhance species coexistence and
food web stability (Roughgarden & Feldman 1975; Hutson
1984; Kondoh 2003; Prowe et al. 2012a,b) since the predation
pressure on highly abundant competitors disproportionally
increases with their population density, thus providing a vir-
tual refuge for weaker competitors (Hamback 1998; Abrams
& Matsuda 2003).

The concept of prey selectivity has been experimentally
established for rather small communities and it is not immedi-
ately obvious how to scale it up to diverse communities with
hundreds of interacting species. The key problem is an appro-
priate description of the multi-prey functional response of a
generalist predator exhibiting food selectivity behaviour
(Gentleman et al. 2003). A thorough analysis shows that most
functional forms which have been proposed in the literature
may not be applicable when the number of resources is large
(Morozov & Petrovskii 2013). These standard formulations of
the functional response assume that the ability of a predator
to distinguish between different prey species is independent of
the overall number of species. In contrast, here we propose
that prey species form functional groups. A predator can only
distinguish the species between groups, but has a limited abil-
ity to distinguish the species within a group since they are
morphologically close. Consequently, the rate at which a prey
species is consumed is determined not only by the relative
abundance (proportion) of this particular species, but also by
the relative abundances of conspecifics with close life traits.
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To capture this mechanism we implement a transitional type
of functional response with imperfect prey selectivity, which
combines food selectivity of distinctly different prey species
and proportion-based consumption of similar prey (van Leeu-
wen et al. 2013; Morozov & Petrovskii 2013). The implemen-
tation of this idea has profound consequences for the prey
community composition and can resolve discrepancies
between ecological theory and field observations.

We assess the role of imperfect prey selectivity in a generic
tri-trophic planktonic system, consisting of a single limiting
resource, a large number of primary producers and a general-
ist predator. Using this system as a paradigm of multi-species
communities, we show that imperfect food selectivity allows
the maintenance of realistic biodiversity patterns and ecosys-
tem functions, which would not be observable in the context
of proportion-based consumption. In particular, we show that
an intermediate imperfectness in prey selectivity (1) leads to
maximal species richness in the prey guild; (2) is crucial for
providing high functional biodiversity (whereas perfect selec-
tivity results in the survival of a single prey group with low
resource requirements); (3) gives rise to an irregular structure
in the biomass distribution across life traits of prey; (4) has a
strong impact on the relaxation time of the community; (5)
leads to hump-shaped diversity-productivity relationships, and
(6) is able to produce rank-abundance distributions that con-
form to empirical observations. Our proposed framework is
general and should be applicable a wide range of prey—preda-
tor systems.

METHODS

Functional response of a generalist predator with imperfect
selectivity

Consider a generalist predator feeding on a number of prey

species i = 1, ..., n with densities P;. The standard approach
to quantify the predator intake rate of prey P; suggests that

) aip;P;
f iPiLi (1)
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where p; describes the predator preference, «; is the attack rate,
and /; the handling time for prey species i. This functional
response can be obtained in various ecological scenarios
(Koen-Alonso & Yodzis 2005). Most studies assume a constant
value of p; for each prey species, independent of the abundance
of the others. In this case expression (1) yields the so-called
proportion-based functional response (Gentleman et al. 2003).
However, in general p; can be functions of prey densities.

An increasing body of empirical and theoretical evidence
suggests that many predators (e.g. zooplankton, fish, birds)
exhibit pronounced food selectivity towards more abundant
prey (Greenwood and Elton, 1979; Allen 1988; Hughes &
Croy 1993; Kierboe et al. 1996; Strom & Loukos 1998; Elliott
2006; Bond 2007; Saha et al. 2010; Smout et al. 2010). Such
frequency-dependent predation can be modelled according to
the idea of Koen-Alonso & Yodzis (2005): the predator pref-
erence dynamically changes to increase the intake of more
abundant species so that the preference for prey species i is
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proportional to its relative biomass

n;Pi
p; = 2
TSP, (2)
J

where the m; describe the density-independent preferences of
the predator for prey species i. We will refer to approach (1,2)
as the perfect prey selectivity of the predator.

Nonetheless, perfect selectivity is an unrealistic assumption
in communities with a broad resource spectrum (Morozov &
Petrovskii 2013). Perfect selectivity implies that the predator
needs a unique strategy for every single prey species it catches,
which reduces its ability to consume any other prey species.
As a consequence perfect prey selectivity yields a strong dilu-
tion effect, i.e. the reduction in feeding rates with prey rich-
ness. Assume for simplicity that all prey are characterised by
the same values a, /i, and 1 and the total prey biomass P is
uniformly distributed among »n species, so that P; = P/n. In
the case of perfect prey selectivity (2) we obtain p; = 1/n and
the total intake rate

. : aP/n
f= Zifi = m 3)

equals the intake rate of a predator which either feeds on 1/n
of the prey population or has an n times lower attack rate
(see further detail in online Appendix S6).

In reality, the possible number of predator hunting strate-
gies will typically be much smaller than the number of poten-
tial prey. To overcome these problems, we propose that the
preference to feed on a particular species should depend on
the relative abundance of closely related species. Namely, we
define the dynamic preference for prey species i as

> nEib;
J
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Here, the weight coefficients g;€[0, 1] describe the pairwise
similarities between prey species i and j in terms of the preda-
tor’s ability to consume prey j when it searches for prey i. The
similarity is close to one if feeding on this species requires the
same strategy and it is close to zero if feeding requires dis-
tinctly different strategies. We also postulate that ¢; = 1. Sub-
stituting (4) into (1) we obtain the functional response with
imperfect prey selectivity.

This framework of imperfect prey selectivity interpolates the
previous two functional responses: If all prey species are simi-
lar (g; = 1) then p; =1 and we obtain the proportion-based
response. In contrast, when the consumption of each single
prey species requires a unique strategy, then g; = 0(i # j), the
p; are given by (2), and we obtain a perfect switching
response. In between these two extreme scenarios imperfect
prey selectivity (4) yields a transitional functional response. A
nearly identical functional response was mechanistically
derived by van Leeuwen et al. (2013) under the assumption
that a predator prefers to feed on species which are similar to
previously consumed prey. If the handling times are indepen-
dent from previous prey, this response corresponds to (1) and
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(4) for the case that the density-independent preferences are
proportional to the attack rates, n; ~ «;.

The similarity of prey species, g;, can correlate with any
morphological or biological trait of the prey. We, therefore,
associate every prey species with its position in trait space and
define the similarity ¢; as a decaying function of the difference
in life traits. In the main text we assume that the similarity
decays exponentially with the trait difference as

oy = enp( - M) (5)

(¢

where H; is a life trait (specified below) and the key parameter
o characterises the degree of imperfectness in the food selec-
tivity of the predator. In the extreme case of o; =0, all
g; = 0(i # j), and for large o;(c > 1), we find that all g; — 1.
Note that our main results are generally independent of the
shape of the decaying function in (5), for instance, we obtain
similar findings when the ¢; are described by a Gaussian func-
tion of the trait differences (see Appendix S5).

The food web model

We consider a standard tri-trophic food chain in which a gen-
eralist predator of density Z feeds on a number of prey spe-

cies with densities P{j = 1, ..., n), which in turn compete for
a single limiting resource of density N

dN
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Here, Ny is the equilibrium concentration of the resource in
the absence of prey, D is the resource supply rate, o is the
amount of the limiting nutrient consumed to produce a unit
of prey biomass, m is the prey mortality rate, r; the growth
rate of prey j, 0 is the food efficiency and m is the mortality
of the predator.

The growth rate of each prey species j is described by stan-
dard Monod kinetics (Monod 1950)

HN) = gl 9)

where p is the maximal growth rate and H, is the half-satura-
tion constant. From the condition r(/N) = m; we obtain the
critical resource requirement R; for a monoculture of prey
species J, growing in the absence of the predator (Tilman
1982)

R = H—" (10)
W —m

The critical resource requirements are an important physio-
logical characteristic: different functional groups typically pos-
sess different resource requirements (Litchman et al. 2007). In
the case of phytoplankton, cell size — one of the most impor-
tant morphological characteristics — correlates with species
competitive ability for resource acquisition (Edwards ez al.
2011). Consequently, it is reasonable to assume that species

which occupy close ecological niches also possess close
resource requirements, which is expressed in our model by the
assumption that the similarity of prey species is associated
with their half-saturation constants, H;.

The predator ingestion rate is given by the functional
response of imperfect prey selectivity, eqns (1), (4) and (5). In
addition, we assume a linear trade-off between the predator
attack rate ¢ and the resource requirements H; of the prey
(i.e. prey species may invest either in resource uptake effi-
ciency or in predator defence).

We parameterise the model to represent a typical plankton
community, where N is associated to nitrogen, P; correspond
to the densities of phytoplankton species and Z to that of a
zooplankton predator (see Table 1 in Appendix S1). We
assume that the critical resource requirements R; of prey spe-
cies are uniformly randomly distributed within the
range[R;. . R ] if the number of the prey species is > 10;
otherwise, to minimise the role of random choice for small
prey communities, the R; are distributed equidistantly. To
achieve a consecutive colonisation of the system, prey species
with randomly chosen R* are subsequently introduced with
small initial density at random time instances during the first
25% of the total simulation time. Every simulation is based
on a new set of traits. Further model details are found in
Appendix S1.

RESULTS

Figure 1 shows the simulated abundance distributions of the
prey guild for different numbers n of prey species that have
subsequently been introduced into the system. A first insight
on the relative abundances is provided by the equilibrium
rank-abundance curves (McGill et al. 2007), constructed for
the cases of perfect (¢ = 0) and imperfect (¢ = 0.1) prey selec-
tivity (Fig. la and b). The rank-abundance distributions
reveal the typical community patterns of a small number of
dominant prey species coexisting with a large number of rare
species (see Fig. S3 in the online Appendix S4 for an example
of empirical data). In particular, the width of the rank-abun-
dance curve indicates the realised prey species richness. Since
some of the n introduced prey species cannot survive the inva-
sion process (i.e. their abundance decreases exponentially to
extremely low values) this realised species richness is less than
n. Nevertheless, for both selectivity scenarios the realised spe-
cies richness increases with n and can reach high values. In
contrast, in the absence of prey selectivity (i.e. proportion-
based feeding response, ¢ > 1) we find that the maximal pos-
sible number of coexisting prey species is limited to two (cf.
Leibold 1996). Thus, the coexistence of a large number of
prey species can be mediated by prey selectivity of the general-
ist predator.

A drastic difference between perfect and imperfect prey
selectivity becomes apparent from the trait-abundance curves,
which show the correlation between species abundances and
their life trait, R* (Fig. 1, bottom). For the case of perfect
prey selectivity (o = 0), with increasing number n of intro-
duced species the trait-abundance distribution is shifted to the
left and ultimately only species with low R* values survive
(Fig 1c). Thus, although the total number of coexisting spe-
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(a) Perfect prey selectivity,
prey similarity o = 0

(b) Imperfect prey selectivity,
prey similarity o = 0.1
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Figure 1 Long-term density distributions of primary producers (P;) in the
food web model. The figure shows the equilibrium density of each species
sorted by species rank (i.e. the rank-abundance curve, top panel) and as a
function of its R* value (i.e. the trait-abundance curve, bottom panel).
Only the species with a final biomass > 10> of the most abundant species
are shown. Left column: perfect prey selectivity (o = 0), right column:
imperfect prey selectivity (¢ = 0.1). Different colours indicate the number
n of species that have subsequently been introduced into the system (i.e.
the number of invasion attempts). Parameter values are provided in
Appendix SI.

cies formally increases, the functional biodiversity of this
assemblage collapses: all surviving species are functionally
close to each other and in fact form a single functional group.
In contrast, in the case of imperfect prey selectivity (¢ = 0.1)
increasing n does not affect the trait range of predator-medi-
ated coexisting competitors, and therefore it does not reduce
the functional biodiversity (Fig. 1d). Furthermore, in this case
the distribution of species abundances appears to be irregular,
which means that the relative abundance of a prey species is
weakly correlated with its R* value. We observe this irregular
pattern even after very long simulation times under stationary
conditions. In contrast, in the case of perfect prey selectivity,
the trait-abundance distribution is highly regular and the
relative prey species abundance sharply drops for higher R*
values if the community is large enough (Fig. lc¢).

Another difference between the cases of perfect and imper-
fect prey selectivity is related to the system relaxation time,
i.e. the typical time scale for species to reach equilibrium
densities. Species densities approach equilibria much faster
for perfect selectivity than for imperfect selectivity. In fact,
the relaxation times in these two cases differ by more than
1-2 orders of magnitude. In our model the community with
c =0 requires ~ 0.5-3 years to reach an equilibrium,
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Figure 2 Realised biodiversity of the prey guild. The figure shows the
effective species richness (top panel) and the functional biodiversity by
Rao’s entropy (bottom panel) as functions of the number of introduced
species n (left column) and the degree of prey selectivity o by the
predator (right column). Model parameters are as in Fig. 1.

whereas for o = 0.1 it can take more than 10-100 years.
Furthermore, for imperfect selectivity the relaxation time
essentially increases with the number of competitors, and the
characteristic time scale for species extinction increases with
the realised biodiversity (see Appendix S2 for further
details).

To quantify the diversity and functionality of the prey com-
munity (Mouchet et al. 2010) we calculate the effective
number of species as the exponential of the Shannon—Wiener
index, and the functional biodiversity as Rao’s entropy (see
Appendix S3 for details). Both for perfect (¢ = 0) and imper-
fect (o > 0) prey selectivity the effective number of coexisting
competitors increases with the number n of introduced prey
species (Fig. 2a). This increase in realised species richness
shows no signs of saturation with further introductions and it
is most pronounced for intermediate levels of prey selectivity
(o = 0.05). In contrast, the indices of functional biodiversity
(Fig. 2¢) increase with n only for small communities until all
open ecological niches are occupied. When this threshold is
reached (at about n =~ 10 with further species introductions
the reaction of the functional biodiversity depends on the
degree of prey selectivity: For perfect selectivity (o = 0) the
functional biodiversity starts to drop with n, whereas for
imperfect selectivity (o > 0) it reaches a maximum level and
becomes independent of n. This difference in the functional
diversity for ¢ = 0 and ¢ > 0 formally reflects the structure of
the trait-abundance curves shown in Fig. Ic and d. For
perfect prey selectivity the addition of new species leads to a
collapse of functional diversity. In contrast, the assumption of
imperfect prey selectivity leads to a rather intuitive result:
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adding new species, which are similar to the resident species
does not affect ecosystem functioning.

The resulting community biodiversity strongly depends on
the degree of imperfectness in prey selectivity, o. For instance,
the shift from ¢ = 0.1 to ¢ = 0.05 can triple the effective species
richness (Fig. 2a). In Fig. 2b and d we show the effective spe-
cies number and functional biodiversity as functions of &. In
both cases we find a hump-shaped relationship, with a maximal
diversity at an intermediate level of prey selectivity (o ~ 0.1).
For a further increase of o both diversity indexes decline
rapidly, which corresponds to the small prey diversity in the
limit of a proportion-based feeding response. Finally, as
described above, the effective species number increases with # in
the whole range of o (see Fig. 2b), but the functional diversity
gradually decreases with n at small o (the range of high prey
selectivity) and is independent of n for large o (Fig. 2d).

To assess the role of imperfectness in prey selectivity for
diversity-productivity relationships, we explore the effect of
eutrophication (an increase of Ngy) on the effective species
number and functional biodiversity of the prey guild. For the
scenario of imperfect prey selectivity (¢ = 0.1), both biodiver-
sity characteristics exhibit a hump-shaped dependence on the
resource supply (solid curves in Fig. 3). In accordance with
the theory of apparent resource competition (Leibold 1996) we
obtain the dominance of good nutrient competitors at low
concentrations of the supplied resource, the dominance of
better defended prey with high resource requirements at high
Ny (i.e. the dominance of prey with large resource require-
ments and low attack rates from predators due to the built-in
trade-off), and the maximal biodiversity at intermediate N,
when both the resource and predator limitations play a role
(see Appendix S4 for corresponding trait-abundance curves).
This hump-shaped relationship is lost with perfect prey selec-
tivity (o =0), where both biodiversity measures increase
monotonically with N, (dashed curves in Fig. 3). Thereby,
similar to Fig. 2, the functional diversity is greatly reduced
with the introduction of new prey species for (o = 0), but it is
retained for imperfect prey selectivity.

To study the influence of the prey community diversity
more systematically, in Fig. 4 we investigate the ambient
resource concentrations and the total biomass accumulated in
each trophic level in dependence of the number of introduced
prey species n. Assuming perfect prey selectivity (c = 0) we
find that an increase in n leads to a drastic decrease in preda-
tor density, whereas the overall prey density increases (blue
curves, see also Prowe et al. 2012b) — which leads us to the
counterintuitive conclusion that an abundant and diverse prey
community might favour predator extinction (Fig. 4a). This
peculiar behaviour does not occur in the more realistic sce-
nario of imperfect food selectivity. In this case (¢ > 0), the
realised biomasses vary with the number of introduced prey
only for small community sizes, when all prey species are well
distinguishable and the predator must choose between these
prey types. As soon as all functional niches are occupied (for
the given parameters at about n =~ 10, further species intro-
ductions do not change the overall prey and predator
biomass, or the resource concentration. In particular, in this
case a large prey community does not drive the predator
towards extinction.
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Figure 3 Effect of nutrient enrichment on biodiversity. (a) Effective
species number and (B) functional biodiversity by Rao’s entropy in
dependence of the nutrient supply N, for the case of perfect prey
selectivity (o = 0, dashed curves) and imperfect prey selectivity (o = 0.1.,
solid curves). Different colours indicate the number of introduced species
n =20 (orange), n = 100 (green) and n = 200 (blue). Model parameters
are as in Fig. 1.

The mechanism for the discrepancy between the scenarios
of perfect and imperfect prey selectivity can be related to the
structure of the intake rate (1). Perfect selectivity assumes that
the preference for each prey species is proportional to its rela-
tive abundance, see (2). However, the accumulated biomass
per species decreases with the number of species in the system,
so, in the case of perfect selectivity the intake rate vanishes
for diverse prey communities (see eqn (3) and Appendix S6).
As a consequence, with increasing prey diversity, the system
undergoes a transition from a predator driven community to
a community shaped by competition for the limiting resource,
in which prey species with the lowest resource requirements
dominate (see Fig Ic). In contrast, the scenario of imperfect
switching assumes that the preference p; for a particular prey
species i depends on the total abundance of the whole func-
tional group, which in turn is only weakly related to the over-
all biodiversity, provided that all ecological niches are
occupied. Thus, in the case of imperfect prey selectivity, the
intake rate does not vanish with increasing prey biodiversity,
and the same mechanism mediating the coexistence of a few
prey species is retained for dozens of species.

© 2015 John Wiley & Sons Ltd/CNRS
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Figure 4 Effect of the number of introduced species n on the total
predator biomass Z (top panel), the total biomass of primary producers
2 P; (middle panel), and the resource concentration N, for different levels
of prey selectivity, ¢ = 0 (blue), o = 0.5 (green) and o = 0.1 (orange).
Model parameters are as in Fig. 1.

DISCUSSION

We have introduced a functional response with imperfect prey
selectivity by a generalist predator feeding on multiple prey.
The main novelty here is that the preference for a certain prey
species depends not only on the relative abundance of this
prey but also on the abundances of other functionally close
species. Thus, our approach combines patterns of selectivity
for distinctly different prey species with patterns of propor-
tion-based consumption within a group of prey with close life
traits. Implementation of the new functional response in a
generic food web model reveals important consequences for
ecosystems functioning. It provides a straightforward solution
to the famous paradox of plankton — the possibility of coexis-
tence of a large number of species in an apparently homoge-
neous environment — and at the same time it is free from
several biological artefacts inherent to the perfect switching
scenario.

Our model can explain the high biodiversity observed in
communities of species competing over a limited number of
resources. The maximal effective species richness and func-
tional diversity is reached for an intermediate level of prey
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selectivity. In this range of imperfect prey selectivity our
model is able to reproduce the characteristic shape that is
observed in empirical abundance distributions (see online
Appendix S4). Compare, for example our simulated rank-
abundance curves (Fig. 1b and Fig. S2) with Fig. S3, which
shows a typical rank-abundance distribution of a phytoplank-
ton community in Lake Lugano (Pomati et al. 2011). In con-
trast, we were not able to match empirical abundance
distributions with perfect prey selectivity: the simulated rank-
abundance curves are always either flat or concave and do
not show a group of highly abundant species (Fig. la,
Fig. S2).

Our study provides a new solution to the long-standing eco-
logical enigma of why plankton communities are never at
equilibrium (Scheffer et al. 2003). We show that the assump-
tion of imperfect predator switching results in extremely long
times required to achieve equilibrium: non-equilibrium pat-
terns are found even after more than 100 years of simulation
time under stationary environmental conditions. The enlarged
relaxation times can be explained by our key assumption that
grazing depends on the total abundance of functionally close
prey. Thus, density fluctuations within a functional prey
group can compensate each other as they are added up in the
grazing rate. Thereby, the feedback between abundance fluctu-
ations and species specific grazing pressure is suppressed and
all fluctuations decay extremely slowly, which can strongly
limit our ability to observe ecological equilibria in realistic
conditions.

We have shown that the assumption of perfect selectivity,
which has been widely used to explain prey biodiversity, leads
to a number of artefacts. In particular, increasing prey diver-
sity n leads to a collapse of prey functional biodiversity
(Fig. 1c) and to a decrease in the predator biomass with a
simultaneous increase in the total prey biomass (Fig. 4). We
have demonstrated that these effects mechanistically originate
in a severe dilution effect, i.e. the reduction in feeding rates
with increasing number of prey species (2). In contrast, these
artefacts disappear with imperfect selectivity. In this case,
increasing prey diversity n increases or has no effect on the
functional biodiversity (Fig. 1c). The decay of predator bio-
mass with increasing prey biomass arises only for small n
where some ecological niches are available (Fig. 4). As soon
as all ecological niches are occupied, any further increase in n
does not affect the total prey and predator biomass. These
findings are in agreement with experimental results (Loreau &
Hector 2001) which show a saturation of productivity with
increasing consumer richness.

Our results are in good agreement with keystone predation
competition theory (Leibold 1996). Assuming a trade-off
between prey resource requirements and vulnerability to pre-
dation, we find that with increasing nutrient loads the domi-
nance of good nutrient competitors is replaced with the
dominance of predator resistant prey species (Fig. S2). The
transition in the prey assemblage can result in a hump-shaped
diversity-productivity relationship, with a maximal biodiver-
sity at an intermediate nutrient load (Fig. 3) — in accord to
empirical observations (Chase & Leibold 2003).

We intentionally kept the model simple to identify the main
mechanism of species coexistence. In particular, we varied only
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two traits of the prey species: half-saturation constants vs.
attack rates, we restricted the analysis to equilibrium situations
and we did not consider the case of multiple predator species.
While our findings are fairly robust, we found that the way we
link the pairwise prey similarities €; with species traits may play
an important role. To test this we first assigned prey similarities
in a random way, resulting in less diverse prey communities as
the consumption of similar prey species with essentially differ-
ent traits becomes density proportional and the outcome fol-
lows the keystone predation model. Second, we examined
another generic case, when the prey similarities g; in eqn (5)
decay as a Gaussian function (see Appendix S5). Our main find-
ings were unaffected, however, the competing species appear to
form clusters of functionally similar prey species in niche space.
Namely, the distribution of species over the trait axis is not
homogenous as in Fig. 1d, but instead approaches a function
with strong peaks at singular values of R*, separated by almost
empty ranges in which all competitors become extinct. Such
clustering can provide a possible explanation for the non-homo-
geneous distribution of species in life traits that has been
observed in empirical studies (e.g. Havlicek & Carpenter 2001;
Litchman er al. 2009). The emergence of species clustering was
previously found in other models using a non-local competition
kernel (Roughgarden 1998; Scheffer & van Nes 2006). Our
work emphasises a strong sensitivity of this phenomenon on the
particular choice of this function (cf. Pigolotti et al. 2007).
Notwithstanding, the other our conclusions are largely indepen-
dent from the specific analytic form, and the associated ecologi-
cal assumptions, of the used functional response. We have
obtained qualitatively the same results with the functional
response by Morozov & Petrovskii (2013) and with different
parameterisations of our functional response (Appendix S7).
Overall, revealing the ‘true’ multi-prey functional response of
a generalist predator remains a challenge. Even though active
predator switching is well documented in natural ecosystems
(Murdoch 1969; Gentleman et al. 2003), empirical support for
imperfect switching is hard to come by. There is ample evidence
that switching is related to a learning effect, search image for-
mation or behavioural changes in foraging mode that increase
the rate of encounter of certain prey species at the expense of
encounters with others (Allen 1988; Loeuille 2010). Thereby
predators frequently select for prey that are different in more or
less continuous life traits, such as body size, colour, mobility, or
habitat choice (Hughes & Croy 1993; Elliott 2006; Bond 2007;
Saha et al. 2010; Klecka & Boukal 2012) — corresponding to
our formulation of prey similarity in trait space, Eq (5). In this
generic situation imperfect selection will result from any proxi-
mate mechanism that will cause a predator to select prey only
within a degree of uncertainty in trait space, as expressed by
our imperfectness parameter 6. For instance, many predators
cannot easily distinguish close colours or shapes (Allen 1988;
Bond 2007) or focus on prey from a narrow size range (Elliott
2006; Saha et al. 2010) so that the discovery or intake rate will
be disproportionally higher for prey with close traits to the pre-
ferred prey, even if they are rare. As shown in our model simu-
lations this effect has drastic consequences on a community
level already when the level of imperfectness o is very small.
Thus, our model results should be relevant for a wide range of

ecological situations where predators can select for prey from a
continuous spectrum of life traits.

Our theoretical results suggest that we may need to rethink
the role of generalist predators in maintaining diversity. Fur-
ther progress will ultimately depend on testing our predictions
in natural communities. One crucial step in this direction will
be the direct evaluation of the multi-species functional
response in empirical studies or in laboratory experiments,
which would require the precise measurement of predation
rates for different combinations of prey frequencies. Ideally
such experiments would be designed to allow a control of trait
similarity (e.g. by different prey selections from a continuous
spectrum of life traits, as described above) or imperfectness of
prey selectivity (e.g. by manipulating the predator’s search
image formation or prey detection ability). In the least, such
experiments should involve three prey species, but more infor-
mative results could be achieved with larger prey communities
of more than 10 species, which would allow to observe rank-
abundances curves, biomass distributions across life-history
traits of prey and variability among prey. The combination of
such empirical investigations with theoretical studies could
provide us with the crucial information needed to advance
our understanding about the role of imperfect prey selectivity
for promoting biodiversity and irregularity in food webs.
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Appendix 1. Model parameters and simulation details.

Numerical simulations of food web model
(see equations (6)-(8) in the main text) were
conducted for parameters describing the
dynamics of a typical plankton community. See
Table 1 for the parameter values and possible
ranges.

In simulations of the model with a large
number of prey species (n>10) the values of H;

were randomly drawn from a uniform
distribution within the interval [0.1, 1].
Otherwise, in simulations with a smaller

number of phytoplankton species (n <10), the
H; were equidistantly distributed within this
interval to avoid the undesirable situation of
grouping the H; by random initial choice. Our
model results are generally preserved if we
distribute the H; equidistantly in all simulations
(also for n>10), however the number of
surviving species then increases. We assumed a
linear trade-off between the predator attack
rate on species i, a;, and the resource
requirement of this species, characterized by its
half-saturation constants H; (see (10) main text)

a; = Amax — (H; — Hmin)%'

max min
with @y = 0.1, aypin = 0.01, Hype = 1.0,
H,in = 0.1. Thus, the vulnerability of
phytoplankton species increases with
decreasing resource requirements. For the sake
of simplicity, we further assumed that the
handling time of the predator is constant for all
species: h = 1 day.

To find an equilibrium state, we have
conducted numerical simulations of the model
for 200,000 simulation days for imperfect
predator selectivity (¢ > 0) and 20,000 days
for perfect predator selectivity (o = 0). The

difference in the simulation time was caused by
the different rates of approach to an
equilibrium state: In comparison with perfect
prey selectivity, imperfect selectivity leads to
much slower relaxation processes (see
Appendix 2).

The phytoplankton (prey) species were
introduced successively into the system during
the first 25% of the whole simulation time at
random time instances with an initial density
that was randomly drawn from a uniform
distribution in the range from 0 to 0.01 ug C/I.
For comparison, we have also performed
simulations where all species were introduced
simultaneously at the start of the simulation,
t = 0. Both simulations showed similar results;
however, the number of surviving species was
sometimes 50% greater when the species were
introduced subsequently. Thus, the final
abundance distribution is sensitive to the
history of community assembly (cf. Fukami and
Morin 2003).

Modelling the dynamics of more than 100
species for such long simulation times is
extremely time demanding, and to simulate
results for a given combination of the model
parameters we used only one set of randomly
chosen species traits. To avoid the bias caused
by the trait selection we used independent sets
of species traits for different parameter
combinations. For instance, every data point on
every line in Fig. 2 corresponds to a simulation
with independent sets of H;, a;, different
invasion times and invasion sequences. This
results in somewhat irregular patterns in this
and similar figures. In spite of this irregularity,
the general pattern is clearly visible, and we are



confident that adding more simulations will not
change the general results.

The obtained set of equations was solved
using the MATLAB 2011 routine ode45 with
relative and absolute accuracy equal to 10720,
During the simulation time, we tracked the
abundances of all species independent of their

Tablel Model parameters

biomass. Thus, any species could reinvade the
system if, for instance, this species could not
survive in the initial community, but could
survive after invasion of other competitors. To
plot rank-abundance and trait-abundance
curves we used only the species with a final
biomass that was greater than 10~> of the most
abundant species biomass.

Parameter Value Units Meaning Reference
Nutrient
D 0.1 day? Nutrient supply (exchange) rate  [3]
Equilibrium nutrient
25 (1...100 I[N/ 3
No ( ) i mol N/ concentration Bl
Phytoplankton
Half-saturation  constant for
H 0.1.1 i mol N/I, nutrient [3]
U 1 day? Maximal growth rate [11]
Amount of nitrogen consumed to
1/7 IN I 1
@ / imol N/ umol C produce 1 umol C [10]
m 0.1 day? Background mortality [6,7]
Zooplankton
6 0.25 Assimilation efficiency [7]
my 0.075 day? Zooplankton mortality [6]
a; 0.1..0.01 (umol C day)? Zooplankton attack rate [3, 6, 7]
n; 1 Density-independent preference
h 1 day Zooplankton handling time [6]

Appendix 2. Computation of the relaxation time of the system

The relaxation time characterizes the time
scale at which a system approaches an
equilibrium state. To find the relaxation time
we assumed that the absolute difference
between the species density N; and the final

density Nifin ultimately decays exponentially
IN(8) = N/™|~Be /",

where T is the characteristic relaxation time.
We determined 7 as the best-fit parameter in
the range where the deviation from the final
density decreases from 107* to 1077 g C/I
(see Fig. S1A). The relaxation time was
measured for each competitor separately (Fig.
S1B and C). The overall relaxation time of the

system was estimated as the average relaxation
time of all competitors.

Assuming imperfect prey selectivity of the
predator, we find that the relaxation time
becomes several orders of magnitude larger
compared to the scenario with perfect prey
selectivity (Fig. S1B and C). This finding is robust
within a wide range of species parameters.
Furthermore, the relaxation time, and therefore
also the extinction time, increases largely with
the number of prey species n (see different
colors in Fig S1 B and C). For instance, modelling
the dynamics of 1000 prey species we were
unable to approach an ecological equilibrium
even after 500 years of simulation time.
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predator selectivity is perfect, 0 = 0 (B) and imperfect, 0 = 0.1 (C). Different
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3. Defining biodiversity indexes

To assess the effective number of species
we use the classical Shannon—Wiener entropy

H= _Zpilnpi'
7

where p; is the relative abundance of species i.
The effective number of species in the system is
given by

Nesr = exp(H).

If the abundances of all competitors are
equal, n.rr gives the overall number of species
(species richness). The effective number of
species approaches one when only one
competitor dominates the system, while the
other species are extremely rare. In general,
Nesr reflects the number of mostly common
species, and therefore it decreases with the
evenness of the species abundance distribution.

To assess the evenness we applied Pielou’s
index (Pielou 1966)

H

] - Hmax’
where H is the Shannon—Wiener entropy and
Hpax =Innis the maximal Shannon entropy
of n species.

The functional biodiversity can be estimated
in a variety of ways (Mouchet et al. 2010). Here,
we calculate the functional biodiversity based
on Rao’s entropy (Botta-Dukat 2005)

Q = X5 Yiciva dijpip))

where d;; is the dissimilarity between the
species [ and species j (d;; = dj; and d;; = 0).

We calculated the interspecific dissimilarity
based on the critical resource requirement RJT“

as
2
R;—R;
dij=1—exp <—%>.

We used this form to obtain the best visual
representation of the functional biodiversity as
a function of species number (see Fig. 2C in the
main text). Here AR = 0.01 umol N/I defines
the characteristic distance between species
within the same functional group. If the
difference R; — R; is less than AR, i.e. the
competitors are similar and belong to the same
functional group, then d;; approaches zero. By
contrast, if the difference between the critical
resource values of the competitors is
sufficiently large, then d;; approaches one.
Thus, the species dissimilarity represents an
inverse quantity to the species similarity, if we
define the similarity by the Gaussian function
(see Appendix 5).

Note that one can use other definitions for
the interspecific dissimilarity, for instance,
based on the Euclidian distance (Botta-Dukat
2005)

dij = (R:< - R;)z.

This mainly affects the results for the model
with perfect prey selectivity. In particular, the
decay of the blue curve in Fig.2C (see the main
text) will be steeper, while the green and
orange curves will remain the same.



Appendix 4. Rank-abundance curves across different levels of

eutrophication

An increase of the nutrient supply
concentration affects the community structure
differently in the model with perfect and
imperfect prey selectivity of the predator
(Fig. S2). Assuming perfect prey selectivity, an
increase of N, leads to an increase of species
richness (Fig. S2A), however, it does not change
the community structure as good nutrient
competitors always dominate (Fig. S2D). Our
simulation shows that Pielou’s evenness
increases abruptly with Ny and levels off at
about N, = 10 (Fig. S2C, blue line).

By contrast, if predator food selectivity is
imperfect, an increase of nutrient loads does
not have a similar strong effect on prey
richness; it rather affects the community
structure. Only for small N, the species richness
increases with nutrient concentrations, as prey
with high resource requirements obtain new
niches (Fig. S2B). A further increase of N, does
not affect species richness, but decreases the
effective species number (Fig. 4A, main text)
because the evenness of species distribution
starts to decrease (Fig. S2C, orange line). The
hump-shaped dependence of species
biodiversity and evenness on the resource
supply reflects the transition in the species
composition shown in Fig. S2E. Namely, at small
N, prey with low resource requirements
dominate (yellow dots), while at high N, prey
with high R* values but low attack rates
dominate (green and blue dots). Both these
configurations lead to low evenness and low
biodiversity. By contrast, at intermediate N all
prey species can coexist (orange dots), resulting
in the maximum of evenness and biodiversity.
Thus, we retrieve the results of the keystone
predation model (Leibold, 1996).

To characterize the community composition
we also calculate the weighted average R*-
value

< R* >= Zi le: ,

which represents the “average” resource
requirement of the community. In the model
with perfect prey selectivity, < R* > reaches
only small values (Fig.S2F, blue curve). By
contrast, assuming imperfect selectivity we find
that < R* > changes in a much wider range,
which reflects the transition from good nutrient
competitors to the predator resistant prey
(Fig.S2F, orange curve).

Compare now the shape of the rank-
abundance curves shown in Fig. S2 A and B with
a typical shape obtained from empirical studies.
An example of field data by Pomati et al. (2011)
on the phytoplankton community in Lake
Lugano is shown in Fig. S3. This example
demonstrates three characteristic segments of
a rank-abundance distribution, exhibited by the
following species groups: 1) the dominant group
of the most abundant species with the smallest
rank, 1) the group of rare species, whose
abundances decay nearly exponentially with the
rank, and Ill) the group of extremely rare
species, whose abundances drop with rank
faster than exponentially. The last two groups
appear in both our models (with or without
perfect prey selectivity, see Fig. S2 A and B).
However, the group of the most abundant
species (segment 1) appears only in the model
with imperfect prey selectivity (see inset in Fig.
S2B), while we could not reproduce this
segment in the model with perfect prey
selectivity: the rank-abundance curve was
always either flat or concave (see inset in
Fig. S2A).
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Appendix 5. Emergence of clusters in niche space

In the main text, we assumed that the
pairwise similarity of prey species g; is an
exponentially decaying function of the
difference between the species half-saturation
constants (Eq (5), main text). Here we briefly
address another biologically possible scenario,
where the ¢;jare described by a Gaussian
function

Hi-Hyf

62

gij =exp| -

The implementation of the Gaussian
function in the food web model does not affect
the main findings of our paper (see Fig. S4). In
particular, imperfect prey selectivity of the
predator still leads to high biodiversity of the
prey community, with a maximum at an
intermediate value of o (compare with Fig. 2B).
Only, the absolute level of biodiversity is
typically smaller than in the model with
exponential similarity decay.

The most striking effect of the change in the
functional form is the emergence of clustering
(limiting similarity) in the trait-abundance
distribution of prey (see Fig. S4). These clusters
of prey species can be clearly seen if the trait
values (resource requirements of prey species)
are equidistantly distributed along the niche
axes and all species start to grow
simultaneously (Fig. S4B). These clusters form
functional groups of prey species, with the
distance between the groups depending on the
parameter o. If prey species belong to different
groups, then the predator can distinguish
between them. Therefore, competition

between these species follows the rules of the
model with perfect prey selectivity and these
species can coexist. By contrast, within every
cluster the prey species are quite similar (as the
Gaussian function decay only quadratically at
the origin). Thus, competition between prey
species from the same group closely follows the
rules of the model with no selectivity. As a
result, only one or two competitors in each
group can ultimately survive. However, this
selection process is extremely slow as these
competitors also possess very close trait values.
Therefore, the appearance of the clusters is a
long-lasting transient process. For instance a
five times increase of the simulation time does
not drastically change the cluster structure
(compare the results after 20,000 and 100,000
simulation days shown in Fig. S3B as the red
and grey dots, respectively).

For a Gaussian similarity decay a clear
cluster structure, however, is a fragile
phenomenon (but see Pigolotti et al. 2007). In
particular it does not appear if we assume that
the prey species invade at random time points
and their resource requirements are randomly
distributed (in fact either of these assumptions
alone is enough to destroy the clear species
lumping). Nevertheless, we still observe the
emergence of limiting similarity of the prey. The
comparison of simulation results after 30,000
and 100,000 days shows that if the resource
requirements of competitors are close then
only one or two species can survive, while
competitors with sufficiently large difference in
resource requirements can coexist (see Fig. S4A,
grey and red dots, respectively). As in the
previous case, this transient process is
extremely slow.
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Fig. S4. Gaussian decay of prey similarity leads to clustering of prey species in niche
space. The plot shows the long-term distribution of primary producers assuming that ¢;;
decays as a Gaussian function with the difference in resource requirements after 30,000
days (grey) and 100,000 days (red). (A) Prey species are introduced at random time
instances and their resource requirements are uniformly distributed. (B) Prey species are
introduced simultaneously att = 0 and their resource requirements are equidistantly
distributed. In both cases the initial biomasses of prey species are random. Model

parameters are as in Table 1 with the exception of Ny = 10 and o0 = 0.05 (A) and o =
0.1 (B).



Appendix 6. Revealing conceptual problems of the multi-prey
functional response with a perfect prey selectivity

The multi-prey functional response (1) with perfect selectivity (2) can be expressed as
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The total intake rate of prey by the predator is the sum of prey specific ingestion rates

f =
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Now we split each species i into a group of m species with identical life traits, so that the values
of a;, h; and n; are the same within each group. For simplicity, we suggest that each species in
group i has the same density p; = P;/m. Then we will have mn species in total. The overall intake

rate is obtained by summing f; over mn species:
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It is possible to show that
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Thus, for the total intake rate after splitting species into subgroups we have:
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The total intake rates (A1) and (A2) are different despite the fact that they describe consumption
of the exactly same prey community. Moreover we find that
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Because the denominator in (A2) is greater than the denominator in (A1). Therefore, an increase
in the number of species leads to a decrease of the overall intake rate.

Note that a similar discrepancy will also hold true if we add new species into the system, which
leads to the redistribution the total prey biomass among a greater number of prey species.

Appendix 7. Using a different multi-prey functional response with

imperfect selectivity

Along with the functional response defined
by (1) and (4), we also investigated the
consequences of other multi-prey functional
responses with imperfect prey selectivity. In
particular, we considered the functional
response suggested by Morozov and Petrovskii
(2013), given by

Pi77izgijpj aiZUij
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© 2 Pm &Py 1+hY amP,
i ] J

f . (A3)

The coefficients €; and n; in (A3) have the
same meaning as those in the main text of the
paper and to be consistent with the simulations
in the main text, we considered the same
expression for the similarity coefficients ¢gj
given by the exponential function (5). The
biological rationale behind the response
defined by (A3) is provided in (Morozov and
Petrovskii, 2013). It meets the all consistency
requirement suggested by Morozov and
Petrovskii (2013). In particular, it can describe
predation on species both with similar and
distinctly different life traits. An important
special feature of the response (A3) is that an
increase of any prey density P; always results in

an elevated total food intake rate Zfi (see

rule v in Morozov and Petrovskii, 2013 ). Thus,
this functional response avoids the so-called
‘poisoning-effect’.

We have performed extensive numerical
simulations of our food web model (6)-(8) with
the functional response given by (A3), using the

same way of introducing prey species into the
system and the same trade-offs at the
resource/prey level. These simulations have
shown that the results obtained with (A3) are
gualitatively similar to those described in the
main text with the functional response (1) and
(4). In particular, we found (i) predator-
mediated coexistence of a large number of prey
computing for a single resource with a similar
shape of rank-abundance curves (see Fig. S5A);
(ii) irregular biomass distributions across life
traits of prey (see Fig. S5B); and (iii) a unimodal-
like structure of the biodiversity curve as
function of similarity parameter o, both in
terms of effective species numbers and
functional biodiversity (not shown for the sake
of brevity). The most notable difference is that
for the same degree the degree of
imperfectness o the functional response (A3)
generally allows the coexistence of more prey
species than the response (1)-(4).

We obtained similar results also for
different parameterizations of the functional
response (1) and (4). For example, we have
tested the scenario that the density-
independent preferences 7n; in (4) are not
constant for all species, but are proportional to
the attack rates, n;~ ai. In this case our
functional response becomes identical to the
response by Leeuwen et al. (2013) for the
special case that the handling times are
independent from previously consumed prey
(T;; = T;). Again, we obtained qualitatively the
same model results.
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Fig. S5. Long-term density distributions of
primary producers (Pj) in the food web model
with the functional response of predator
given by (A3) and (5). The figure shows the
equilibrium density of each species sorted by
species rank (i.e., the rank-abundance curve,
top panel) and as a function of its R* value
(i.e., the trait-abundance curve, bottom
panel). Different colors indicate the number n
of species that have subsequently been
introduced into the system (i.e., the number
of invasion attempts). The imperfect prey
selectivity parameter is ¢ = 0.1, the nutrient
supply concentration is Ny =5 . Other
parameter values are the same as in Fig.1.
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