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Abstract

Understanding of complex trophic interactions in ecosystems requires correct descriptions of the rate at which predators
consume a variety of different prey species. Field and laboratory data on multispecies communities are rarely sufficient and
usually cannot provide an unambiguous test for the theory. As a result, the conventional way of constructing a multi-prey
functional response is speculative, and often based on assumptions that are difficult to verify. Predator responses allowing
for prey selectivity and active switching are thought to be more biologically relevant compared to the standard proportion-
based consumption. However, here we argue that the functional responses with switching may not be applicable to
communities with a broad spectrum of resource types. We formulate a set of general rules that a biologically sound
parameterization of a predator functional response should satisfy, and show that all existing formulations for the
multispecies response with prey selectivity and switching fail to do so. Finally, we propose a universal framework for
parameterization of a multi-prey functional response by combining patterns of food selectivity and proportion-based
feeding.
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Introduction

Population dynamics of multi-species communities is a major
challenge in contemporary ecology [1-5]. In particular, param-
eterization of the functional response of a generalist predator
feeding on multiple resources has been a focus of ecological
literature for a few decades already and various approaches have
been suggested [6-12]. It has previously been shown that different
forms of the response can result in different predictions for the
dynamics of the community [8], [13], [14]; therefore, an
understanding of this issue is central to community and food
web ecology. However, while the dynamics of few-species systems
(n<3) have by now been studied almost comprehensively (but see
[15], [16]), good understanding of multi-species systems (that can
include hundreds or even thousands of species) 1s still lacking.

Parameterization of a predator functional response for an
arbitrary number of food sources can be derived using various
theoretical approaches. For instance, it can utilize the optimal
foraging theory framework [8], [10], [17-22]; it can be based on
specific biological traits such as the predator’s memory [23] or
simply use common-sense reasoning [11], [12], [14], [24-26].
Empirical verification of different parameterizations, however,
remains a considerable challenge: although experimental data on
feeding of predator/consumers on multiple resources are abun-
dant both in marine and terrestrial ecology [27-34], laboratory
experiments and field observations are mostly limited to the case
where the predator has the choice of only a few varieties of food
(n<4). On the other hand, ecosystems often contain a large
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number of species belonging to the same trophic level. Moreover,
even within a single prey population individuals can largely differ
in terms of size/age and behavior (e.g. [35]) so that, from the
predator’s point of view, they are likely to be different food
sources. There can be also a pronounced variation in terms of the
parasite load that organisms carry and predation can heavily
depend on the degree of infectivity of prey [36]. Thus, in real
ecosystems there can be hundreds or thousands of food sources
which are, from the predator’s perspective, either similar or
distinctly different.

Construction of a multi-prey functional response in the presence
of a large variety of resources is not straightforward, as it always
requires some hypotheses about the predator foraging behavior
that can be species-specific and are very difficult or even
impossible to test experimentally (cf. [11]). This uncertainty has
resulted in a broad variety of different mathematical formulations
of functional response, each them having some rationale behind
the equations; see [8] and [11] for a review. The type of response
which is regarded as simplest is the so-called proportion-based
consumption where individual predators pick up the prey items
randomly and thus the food intake rate is determined by the
relative frequency of the prey species in the community [11], [37],
[38]. However, the proportion-based response is often thought to
miss the complexity of foraging behavior [6], [8]. Eventually, more
sophisticated parameterizations were developed to describe food
intake by animals with complex foraging strategies, e.g. exhibiting
food selectivity and active switching. In this case, a predator can
‘switch’ towards a more energetically profitable food source,
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ignoring perhaps more abundant but less beneficial prey items
[21], [27], [29], [33], [39-41]. A widespread opinion is that
predator responses allowing for switching are more relevant than
proportion-based ones because they enhance the stability of food
webs and promote biodiversity [9], [14], [18], [42], [43].

In spite of considerable work done on food selectivity and
switching (see the references above), several new parameterizations
of the predator functional response have recently been suggested
[12-14], [23], [43] as part of the attempt to explain the patterns of
biodiversity in complex communities, in terms of top-down control
by predators, such as zooplankton in plankton ecosystems [44],
[45]. This situation is somewhat worrying as it considerably
increases the uncertainty in the choice of the theoretical/modeling
framework. It seems obvious that one can construct infinitely
many different mathematical functions or their combinations to
describe a predator response, each of them having some rationale,
however, unless a set of biologically sound criteria is developed, it
is not immediately clear which parameterization is better than the
others and why. The main goals of this paper are to perform a
critical analysis of the predator functional responses found in the
literature and to formulate a set of general, basic criteria or rules
which a predator functional response should satisfy, whether it
includes switching or not. We apply these basic rules to the existing
functional responses and show that, whereas most of the
proportion-based functional response formulations satisty these
rules, the admittedly ‘more advanced’ functional responses with
food selectivity and switching often fail to do so. Furthermore, we
demonstrate that the existing formulations of the functional
response may result in unrealistic predictions, in particular when
they are used to relate the biodiversity and ecosystems’ produc-
tivity.

A point that we want to make in this paper is that, in spite of
their apparent biological relevance, functional responses with food
selectivity has their own limitations. Predator switching between
two or more prey species is only possible when the prey species
are, from the perception of the predator, sufficiently different.
Indeed, if the predator cannot detect any difference between
different types of prey, there is no reason for switching; therefore,
predator feeding on similar prey species has to follow the
proportion-based consumption. In the following, we refer to the
prey species that may be undistinguishable from the predator’s
point of view as species with similar life traits. Ultimately, one may
consider a hypothetical situation where individuals of the same
prey species are marked with different markers in order to split the
prey population into several groups: in the case where the markers
are unperceivable to the predator, its choice of prey items is going
to be perfectly random and hence has to follow the proportionate
rule.

Correspondingly, we argue that using a predator response with
switching in communities with a large number of prey species can
be conceptually wrong. Consider a plankton system as a paradigm
of a multi-species community. Plankton communities often consist
of hundreds, even thousands of species [46-50], with many of
them having similar life traits. This means that the spectrum of
food resources that a given zooplankton species feeds on is likely to
include very different prey species as well as similar species. An
appropriate parameterization of the zooplankton (predator)
response should be then of a transitional type, i.e. allowing for
selectivity and switching when feeding on significantly different
species, but turning to a proportionate response when feeding
occurs on similar species. The same holds true for modeling
trophic interaction in some other systems with high biodiversity
such as insect communities [51] or coral reef ecosystems [52].
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The paper is structured as follows. In Section 2, we introduce a
set of rules that the multi-prey functional response of a predator
should satisfy. In Section 3, we carefully examine the existing
formulations of a multi-prey functional response and show that
none of them satisfies these rules. In Section 4, we show how the
drawbacks of the previous formulations of functional responses can
be amended, resulting in a transitional parameterization of the
predator’s intake rate which describes consumption of prey with
both close and distinctly different life history traits. In Section 4,
we discuss the implications of our findings; in particular, we show
how are results may contribute to the recent efforts in the literature
to relate the biodiversity and productivity of ecosystems.

Results

Basic rules for a multi-prey functional response

Throughout this paper, we assume that the predator functional
response is prey-dependent. A known alternative is the ratio-
dependent response that takes into account interference between
predators [53], [54]. However, inter-predator interference is likely
to become important only when the predator population density is
very high. Considering the plankton community as a paradigm of
a multispecies system, phytoplankton (i.e. prey) outbreaks are well
known and relatively frequent phenomena, cf. “red tides” and
“green tides” as well as seasonal phytoplankton blooming [47]. On
the contrary, mesozooplankton (predator) outbreaks up to the
densities where the presence of other foragers could strongly affect
individual intake rate are very rare (e.g. [55]). We therefore restrict
our analysis to the cases when the predator density is not very high
without any substantial loss of generality.

We consider that the single resource functional response (i.e. in
the absence of all other resources) is described by the function
JoiP), where P; is the density of resource . Function fy(F) therefore
describes the per capita rate of increase of a given ‘consumer’
species when it feeds on the resource ¢ only. This rate of increase
can be affected by the presence of other resources. Correspond-
ingly, we denote the multiple resource functional response
(describing the intake rate of resource i in the presence of other

resources) by f; (f)) , where P= (P1,P2, ..., Py).

In the below, we will refer to the consumer species as predator
and to the resource species as prey. We shall introduce several
criteria or rules that are meant to account for biologically
reasonable properties of the predator functional response and to
avoid artificial or unrealistic behavior. In order to reveal any
potential artifacts, we apply a special test: we consider a thought
experiment where the given prey species is split into several groups
or subpopulations in such a way that an observer can distinguish
between the groups but the predator cannot. In reality, such
splitting could be done by using certain chemical markers or
radioactive tracers. The idea of this thought experiment is that,
since all those groups consist of essentially the same prey species, a
‘good’ functional response should be stable with respect to such
splitting while a ‘bad’ one would not.

We begin with the rule that is known in the ecological literature
as the consistency requirement condition [23], [56]. Here we use it
in the following form:

Rule (i). A bwlogically reasonable parameterization for the multi-prey

Junctional response f,(l_s) should be applicable to the case where all the
resources have similar properties.

Here “similar properties” means that, ultimately, different
resources may be indistinguishable from each other. Following the
idea of our thought experiment, let us consider that a single prey
species is divided arbitrarily into N groups. Obviously, each of
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these groups has exactly the same parameters and hence their
consumption by the predator ought to be described by the same
function. In this case, the following identity should apply:

J%i(P):Zﬁ<p)’ P:ZPf' (1)

In other words, for a sound functional response splitting the
same species into several groups and summing back the
consumption rates should give the same consumption rate as for
the single species with the overall density P. Note that it does not
matter whether the prey species in different groups is actually the
same or only “similar” as long as the predator cannot spot the
difference. Therefore, Rule (i) should apply as well in the situation,
where the prey species are morphologically different but from the
predator perception they are similar as potential food resources.

Rule (i) addresses the case of feeding on a single prey species or
on several prey species with similar traits. Generally speaking, the
presence of alternative resources with distinctly different traits can
change the situation. However, similarly to the above, the
predator’s food consumption of a given resource (prey) should
still be stable with respect to its division. Hence we arrive at the
following rule:

Rule (ii). Parameterization f; (I_" should remain valid when resource i
us split into m groups in the presence of other resources.

Rule (ii) therefore gives an extension of Rule (i). As we will show
below, this extension is nontrivial and goes beyond the basic
consistency requirement condition. Splitting the ith resource into
m groups can reflect some actual intraspecific variation of certain
life traits but it can just as well be a part of the thought experiment.
In order to obtain a mathematical formulation of Rule (i1), we
denote the resource partition in the system before splitting asP,
and after splitting as f”, with P;; being the density of each group of
resource ¢ The total intake rate of resource i (now consisting of m
groups) should then satisfy the following equation:

7(B) =2 5u(P), @
i=
or, equivalently,

m
Si(P1Pyy . Pi . Py) = [ij(P1,Py,. . Pi,Po,. . Pin, ... Py)
j=1

Therefore, splitting the ith prey species into m groups — now in
the presence of alternative prey species — and summing back the
consumption rates over the groups should give the original
consumption rate for the resource P;. We want to emphasize that
satisfaction of the logical consistency requirement as given by Rule
(i) does not, in general, guarantee satisfaction of Rule (ii). In
Section 3 we will show an example of such situation.

Rule (iii). Predation on any two species with close lfe traits cannot
change the ratio of their population densities, which will therefore remain
constant over time.

Indeed, consider the situation when a predatory species feeds on
two prey species with close life traits. For the sake of simplicity we
assume that there is only one predator. (Following the same
approach as above, ultimately, we can consider the population of

PLOS ONE | www.plosone.org

Constructing Multi-Prey Functional Response

the same prey species with population density P split into two
groups with densities P; and P, respectively.) In this case, the
predator cannot distinguish between the groups and hence it is
bound to proportionate consumption. Correspondingly, the initial
ratio of P; and P» should remain the same over time, ie. P;/
Py=const, which we can write as

d (P PP, —P\P . .
( I)ZMQO < P2P1*P1P2’z0, (3)

di\P, P2

The temporal dynamics of each of these species can be
described by the following equation which is a standard equation
in food web models (e.g. [57] also see Eqs.6-8 below):

B b)) —1(P) 2. )

where 7; and y; (:=1,2) are the growth and mortality rates of prey
and ( is the density of predator. Equation (4) accounts for the fact
that the change in the prey density is due to growth, mortality and
predation. Since the two prey species are assumed to have similar
traits, their per capita growth rates and mortalities have close
values, 1.e. n=r, and p;=uy. Using (4), we then can re-write
condition (3) as

Pof; (ﬁ) —Pifs (P) ~0. (5)

Equation (5) thus gives a mathematical expression of Rule (iii).

In a more general case of N species with close traits (or by
splitting the whole population into N parts), we can easily derive a
condition analogous to (5) for any pair of P; and P, 1= i, j=N.
Expression (5) should therefore hold for all prey species that are
different but have close life traits; in particular, when 7=7 and
W= L.

Rule (iv). The total predicted biomass of prey and/or predalor in
generic food chain models should not be sensitive to the way i which the species
are divided into groups.

Let us consider a generic food web consisting of a large number
of competing prey species. A standard model is given by the
following equations (cf. [12], [57], [58]):

where JV; is the density of the limiting nutrients; P; are the densities
of prey (e.g. phytoplankton), =1, ..., n (n>>1); Z is the density of
predator (e.g. zooplankton). For the sake of simplicity we consider
that there is only one predator. Parameter 6 is the food utilization
coefficient, ¢ is the mortality of the predator, r; and g are the
growth rate and mortality of the prey species ¢, respectively, and D,
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details, see the text and the online appendix in Material S1.
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Table 1. Results of testing the existing multi-prey predator’s functional responses against the set of the basic Rules (i)-(vi). For

g"mzp,Pm

Functional Rule Rule Rule Rule (vi) (Holling type for a single
response, reference Parameterization (i) (ii) (iii) Rule (iv)  Rule (v) resource)
[12], [14] and [64] 0iP? NO NO NO NO NO Type Il
fimax K3 piPit 2 piF}
[26] piP? NO NO NO NO YES Type Il (sigmoid)
Smax 7 ZP P
[24] pi P! NO NO NO NO NO Type | (can be extended to type II)
[62] p: P! P NO NO NO NO NO Type | (can be extended to type II)
giy i(y=>1)
(Z ﬂiP/)
1
[65] (generalized 7 NO NO NO NO NO Type Il
. i Pi (piPi)"
formulation) Zmax =
K+ E ¢;Pi > (piP)"
[63] Pi(140:P;) NO NO NO NO YES Type Il for Kd<1, otherwise type Il
Smax g S P (14 0Py
This paper, see also [71] YES NO NO NO YES Types |, I, Il (Depending on F)
8max F Z piPi
: 7
[23] Pip; Y peiP; YES YES YES YES Supp. onstrains Type Il
Zmax J required on &;
S piPi <K+ = ﬂf"ﬂf)
! J
This paper, Eqs.(12), Pip; Y &iP; YES YES YES YES YES Types |, I, Il (Depending on F)
(15-16) U o P
Sma B TP, (Z pi )
M pP, 2 0P YES YES YES  Not YES Type Il
] applicable

doi:10.1371/journal.pone.0074586.t001

characterizes the rate of replenishment rate of nutrients (e.g. due to
vertical diffusion in the water column).

A common sense expectation is that that the stationary total
amount of prey P and predator { (determining ecosystem
productivity) as obtained from (6)—(8) or any similar generic food
chain model should not be sensitive with respect to the way we
subdivide the prey species into subpopulations or groups. Indeed,
such division can be purely conventional or even arbitrary (cf. the
thought experiment above) and hence it should not determine the
essential system properties. In particular, if we increase the
number z by splitting each prey species ¢ in to m; groups with the
same life traits, this should not affect the total biomass of the given
trophic level. Violation of Rule (1v) can result in an artificial bias in
the relation between productivity and biodiversity which 1is
predicted by some models; see examples in Section 5.

Rule (v).  The total food intake rate should be an increasing function of
densities of each of the resources. Mathematically this condition can be
expressed as

aip, Zﬁ(?) >0. 9)

Functional responses satistying this condition are known in the
literature as optimal functional responses. A functional response
which does not satisty Rule (v) is called suboptimal. Only an
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optimal functional response can have a solid ecological and
evolutionary rationale [8], [11], [59]. Indeed, a suboptimal
response effectively assumes that an extra food may act as a
poison. A drop in the overall intake rate when a resource becomes
more abundant can hardly have a solid theoretical justification
and should be considered as a mathematical artifact [11], [59].
Rule (vi). Use of Holling type 111 to describe pairwise predator-prey
interactions should be avoided unless it is carefully documented and justified.
For a given predator species, one should verify which type of
response (according to the well-known Holling classification) takes
place for feeding on a single food source. In particular, it has been
argued [6], [39], [41] that a sigmoid functional response known as
Holling type III may be a fingerprint of active switching: the intake
of a given resource by the predator can drop quickly at small
resource densities as a result of the predator switching to an
alternative prey species, even if the latter is not considered
explicitly. However, in the case where we explicitly describe a/l the
possible resources in the system, the use of a sigmoid parameter-
ization may not always be justified. A potential problem may occur
in the case where the densities of all resources attain low values:
since there are not any alternative resources, a simultaneous sharp

drop in all f,(i’) would then be a model artefact. Therefore,

unless there is a clear argument supporting the use of Holling type
III, Holling type II should be used.
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Critical analysis of the existing formulations of the multi-
prey functional response with switching

As a part of our critical analysis we have considered several
multi-prey functional responses for a predator with food selectivity
and switching which we found in the literature [8], [11-14], [23—
26], [34], [60-65]. We have checked whether Rules (1)—(vi) are
satisfied. Our results are summarized in Table 1 and details can be
found in the online appendix; see Material S1. Rather surprising-
ly, none of the existing multi-prey functional responses with
switching behavior satisfies all basic Rules (i)—(vi) indicating that
those parameterizations may have some hidden caveats. In
particular, most parameterizations (except for the one by [23]
which we will analyse separately, see below) fail to account for the
situation where species possess close life traits. Splitting a single
population into groups and summing them back gives the initial
functional response only in the absence of other resources; in
particular, it does not work in the case of two distinctly different
prey species.

Interestingly, the functional responses with proportion-based
consumption ([11] see Table 1) satisfy all the basic rules (except
Rule (iv) since in this case we do not have the possibility of
coexistence of more than two species due to competitive exclusion)
and hence are able to correctly describe consumption of prey
species with similar traits. However, they fail to take into account
switching.

Rule (vi) (Holling type for a single resource) is not satisfied for
the parameterization suggested by [26]. Their parameterization is
essentially of Holling type III and describes feeding of herbivorous
zooplankton; however, this seems to be at odds with many field
and laboratory studies. Indeed, a large number of laboratory
experiments prove non-sigmoid Holling types I or II functional
responses for zooplankton grazers [38], [66-68]. This is particu-
larly true for the most efficient zooplankton grazers
zooplankton- which usually exhibit non-sigmoidal Holling types I
and II responses [69], [70]. Assuming a sigmoid response for
zooplankton grazers can therefore result in a substantial under-
estimation of the intake rate at low overall biomasses of
phytoplankton in models.

micro-

Recently, a new parameterization of the functional response was
proposed in [23]. It was derived based on the biologically
reasonable assumption that the predator possesses memory of
the quality of the prey consumed previously, which defines its
choice of the next prey item. Correspondingly, their parameter-
ization seems to be more advanced compared to the previous
attempts; indeed, as it is shown in Table 1, it satisfies Rules (i-iv)
and (vi). However, optimality remains a problem: it is readily seen
(see Material S1 for details) that Rule (v) does not hold unless some
special constraints on the food similarity parameters ¢; are
introduced. In particular, for two distinctly different species (say,
species 1 and species 2), the optimal intake is only possible for &;5,>
max (€29, €;7)/2. The applicability of the parameterization given in
[23] is therefore restricted to communities with special properties.

Moreover, a biologically meaningful functional response with
food selectivity should account for the food selectivity, which is a
function of relative proportions of food densities [11] Mathemat-
ically, in case of a very low or a very high relative proportion of
resources, it means that

Ji(P1,Py)P; P;

——————0 for —

Ji(P1,P2)P; P;

It is readily seen (see the online appendix for details) that, for the
functional response proposed in [23], we obtain that, for P,/ P;—0,
SiP/ (f; P) — €12/ ;. Apparently, it can only be consistent with food

selectivity or switching if &,<<é¢;; see Eq.(11). However, this

50, i#j (11)
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clearly disagrees with the condition on the food similarity
coeflicients needed for optimality, see the previous paragraph, as
the latter implies that &9/&;>1/2. Therefore, for the functional
response in [23], optimality and food selectivity appear to be
mutually exclusive, at least in the range of large or small values of
the prey population density. As a result, under the optimality
condition, their parameterization of the functional response
describes a proportionate resource consumption with no selectiv-
ity, except for relatively close values of P; and P».

The fact that there is no switching for small and large ratios of
resource densities can have a major effect on model predictions. In
particular, the per capita mortality due to predation on a species
with very small density £; will remain non-zero as in the classical
proportion-based consumption [11], [14] whereas in the case of
(11) the rare species will be released from predation. At the same
time, we want to mention it here that the fact that a functional
response does not satisfy condition (11) does not necessarily mean
that the corresponding parameterization is totally irrelevant or
unrealistic. However, its switching properties do become restrict-
ed, especially in the important case where the density of one
resource is much larger or smaller compared to the others. We
therefore conclude that the problem of finding an appropriate
parameterization for the predator multispecies response remains
open. We address it in the next section.

Transitional multi-species functional response combining
switching with proportion-based feeding

We shall now make an attempt to derive a universal, transitional
functional response combining the features of both active and
passive feeding. In doing this, we also aim to demonstrate that it is
possible to construct a multispecies response that satisfies all Rules
(i-vi), i.e. the constraints given by the rules are not mutually
exclusive. As a starting point, we use the generic family of multi-
prey responses as given in [11], [13], which has the following form:

5(B)=a(B)r(Son) 1)

where o; have the meaning of food preferences (which can be
either constant or certain functions of 13), 2o =1,and Fis a
function which describes the total consumption of all resources
(e.g. Holling type II);p; are positive parameters (having the
meaning of weights, however the sum of p; can be different from
1).

Depending on the choice of o;, response (12) can attain different
properties. In particular, it describes the proportion-based
consumption if we choose

a,-(ﬁ>=£"TI?H (13)

(cf. [11]), and it can allow for switching if we choose «;
differently. For instance, it is readily seen that the functional
response with switching used in [71] (which is essentially a
generalization of the previous results by [11] and [24]) coincides
with (12) if we choose

ai<ﬁ)=zpii)},,y>l (14)
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Here we suggest the following parameterization of o;

Pipj Z SUPJ
P

’ J

where g; are coefficients describing similarities between different
types of food.

As we have argued above, for similar resources, i.e. for prey
species with close life traits, consumption should be proportion-
based (13), whereas for substantially distinct food sources the
preference should be described by selectivity. In order to quantify
closeness of different food sources in terms of the ability of the
predator to distinguish between those sources, we introduce a
certain parameter ®. This parameter describes a relevant species
trait, for instance, the body size of prey, the defensive ability of
prey, the body shape, mobility of organism, etc. (In a more general
case ® can be a vector taking into account many different traits.)
Thus, similar types of food sources ¢ and j should have close values
w; and ; whereas distinct resources should have substantially
different values.

Our main hypothesis here is that the food similarity coefficients
are functions of their closeness so that for close prey species &;
>>0 and ¢; =0 for distinctly different prey species. For the sake of
simplicity and to lessen the number of parameters, we consider
that w; = p;, thus assuming that similarity between food sources is
sufficiently taken into account by the weights p;. For the functions
&; one can use, for instance, the Gaussian distribution.

_ (Pi - ﬂj)2
26,‘2 ’

o=l

&jj = &p; €XP 20_1_2

—— (16)

where &, is the normalizing coefficient (because the sum of ¢; over
7 should be equal to unity) and ¢ is a parameter which depends on
the sensitivity of the predator.

Now we demonstrate how the transitional parameterization
(12), (15) and (16) works for the two important limiting cases.

Case A: all prey species are similar. Different prey species are not
distinguished by the predator. In this case for all prey species we
have p;~p = const and ¢;= & = const. From (12), (15-16), after some
standard calculations we obtain:

fi(ﬁ):zp}f S op ). (17)
P\

Equation (17) means that close species are consumed according
to the proportion-based relation, which is exactly what should
intuitively be expected. Note that even in the presence of other,
distinctly different resources (i.e. in the case when not all p are
equal) those prey species that have the same p will be consumed
according to the proportion-based law. In other words, the relative
ratio of consumption rates will be given by

£i(P)

f<f’) =F;forp,-=pj. (18)
J

Case B: distinctly different species. For a distinct set of resources
quantified by py, po, ..., pu, respectively, o; can be considered as
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very small compared to the distances between the species, i.e. g;
<< p,. In this case, the kernel (16) approaches the Dirac delta

function centered at p; and summation Zsifpf give P, so that

J
(12), (15-16) turns into
=t ,DIP 12 . .
fi (P) = gmax—zF ZpiPi which clearly describes a
Z piP; i
1
response with switching. Thus, we have prey switching by the
predator in the case of feeding on distinctly different resources.
Finally, it is easy to check that the functional response (12), (15—
16) satisfies all the basic rules introduced in Section 2. Rules (i) and
(ii) are satisfied by construction of f,—(f’); Rule (i) is satisfied
because for close species the consumption is described by the
proportion-based formulation (13), for which this rule holds. The
other rules are also satisfied, in particular, the a universal,
transitional functional response is suggested optimal (in the sense
of Rule (v)) since the overall summation of (12) will give the
resultant function / which we assume to be an increasing function
of the food density.

Discussion

The choice of parameterization for the predator functional
response is a key issue for modelling food web dynamics. It has
attracted considerable attention recently, in particular because of
the attempts to relate patterns of biodiversity in complex
communities with ecosystem productivity/biomass [12], [44],
[453], [72]. In a recent simulation study, Prowe et al. (see [12],
[14]) showed the existence of a strong positive correlation between
the species richness and the biomass of primary producers in
ecosystems with top-up control. In [14] it was found that the total

biomass of primary producers ZPi in complex multi-species

planktonic ecosystems exhibits a rapid increase in response to an
increase in the species richness 7. This was observed both in a non-
spatial and 3-D spatial models (see fig 4 and fig 8 in the cited
paper). For example, transition from 4 to 20 primary producers
would result in an increase in the total biomass approximately by a
factor of 3.5. Moreover, a severe drop in the nutrient level was
reported as a consequence of an increase in the system richness.
However, a close inspection of the predator functional response
used in [14] shows that it is not stable with respect to species sub-
division; in particular, Rule (iv) above is not satisfied. A several-
fold time increase in the total biomass could be observed if a single
phytoplankton species is split into several groups that are
indistinguishable to consumers (see the description of the thought
experiment in Section 2). Our analysis based on the basic food
chain model (6)-(8) (see Material SI) can easily explain the
findings in [14]. Indeed, one can see that ZP[ocn within a

certain range of 7z (see (S9) and (S9') in Material S1). Analysis of
the expression for the level of the limiting nutrient N shows (see
(S8) in Material S1) that it is a decreasing function of species
richness n. Correspondingly, one can observe a similar increase in
biodiversity and transmission to oligotophic conditions (a severe
drop in N) not by increasing the species richness but by just
splitting a single phytoplankton species into n groups. It indicates
that the findings [14] can be specific to their choice of the
functional response, effectively being a model artefact.
Therefore, one should be very careful when choosing a
parameterization of the functional response of a generalist
predator in multi-species models as it may affect the model
predictions. We should mention here that, even in the simple case
where the predator consumes only one type of resource, variation
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in the mathematical formulation of the functional response can
affect the model properties significantly [73-75], a phenomenon
known as structural sensitivity of biological models [75], [76].
Considering predation on multiple resources makes food web
models even more sensitive to the choice of functional response
parameterization [13], [8], [64]). However, unlike the case of a
single-prey functional response, the conventional way to choose
the parameterization of a multi-prey functional response is mostly
theoretical [11], [59], mainly due to limited empirical data.

In this paper, we endeavour to make the process of selection of
the functional response more rational by introducing certain basic
rules (see Section 2) specifically designed in order to avoid model
artefacts. In particular, we argue that, in truly multi-species
systems (such as plankton communities [46]; [48]), insect
communities [51] or coral reef ecosystems [52], one can hardly
reduce the biological rationale behind the functional response to
the case of clearly different resources allowing for food selectivity
of the predator. In the cases where a consumer has to choose
between hundreds or even thousands of different food sources, the
predator will often be unable to distinguish between prey species
with close life traits. Hence it will show switching only between
distinctly different food sources but has to employ proportion-
based feeding on close food sources. Surprisingly, this argument
seems to have been somewhat ignored in the derivation of the
most of the recently proposed functional responses (but see [23]).

We propose a novel theoretical framework for construction of a
transitional multi-prey functional response (12), (15) and (16)
which combines food selectivity and switching with proportional-
based consumption. We quantify the entire spectrum of different
resources according to their relative closeness to each other, 1.c.
food resources with close types are (virtually) undistinguishable by
the predator. Introducing similarity of the resources has an
advantage over the previous formulations as it allows us to
combine switching for distinct types of food with proportion-based
consumption for similar types into a single mathematical
expression. The new multi-prey functional response (12), (15)
and (16) satisfies Rules (i)—(vi). Note that our approach can be
readily extended to the case of a continuous spectrum of resources
(as can arise, for instance, when one takes into account an
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