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1  |  INTRODUC TION

Generalist predators have the ability to feed on a variety of prey, yet 
they often focus on one or a few prey species at a time (Cock, 1978). 
When the primary prey depletes or an alternative flourishes, these 
predators can shift their focus (Cornell, 1976). Interestingly, these 
“switching generalists” frequently consume prey species dispropor-
tionately to their relative abundances (Allen, 1988; Gendron, 1987; 
Greenwood & Elton, 1979). This flexible behaviour is known as prey 

switching, a form of adaptive feeding (Murdoch, 1969). Here, we ex-
plore the influence of prey switching on the predator's feeding rate 
across different prey species (i.e. ‘functional response’), as well as on 
diet composition. Our focus is on situations where prey switching is 
driven by behavioural plasticity rather than ecological constraints or 
natural selection.

In assessing the consequences of prey switching on species 
interactions, biodiversity, and ecosystem functioning, it becomes 
crucial to understand how varying prey and predator abundances 
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Abstract
1. Many generalist predators, including fish, insects and mammals, temporarily focus 

on their search behaviour and can switch between prey species. Flexible and rapid 
behavioural plasticity enables a predator to forage optimally, as guided by search 
image formation and prey switching in response to changing prey abundances.

2. More than half a century of studies have used Holling type III functional response 
to model the impact of this feeding behaviour on population dynamics, yet a 
mechanistic understanding for the pathway between individual behaviour and 
feeding rates remains poorly understood.

3. To understand this common feeding behaviour, we developed three mechanistic 
models using first-principles to provide direct derivations for the relationship 
between observed individual behaviour and feeding rates.

4. The derived models yield three novel, generalised functional responses for 
predators characterised by prey switching and mutually exclusive feeding (i.e. 
feeding is limited to one prey species at a time). We show how these functional 
responses act as Holling type III response, and how they can be used to predict 
predators' diet compositions.

5. Our results demonstrate that several behavioural forms of prey switching, 
as displayed in a wide range of predator species, consistently produce type III 
conforming functional responses.
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impact predation rates (Abrams, 2010; Abrams & Matsuda, 2004). 
The key to this understanding is the functional response, which 
describes the predation rate between a specific predator and prey 
species in relation to their population abundances (Solomon, 1949). 
The functional response is unique to each predator–prey pair and 
is influenced by various behavioural and physiological character-
istic, such as the prey's anti-predatory adaptations, the predator's 
diet preferences, attack and capture efficiency, and satiation level 
(DeLong, 2021). Commonly defined as the per capita rate of prey 
capture by an ‘average’ predator, functional response serves as an 
idealised model for an individual predator, incorporating information 
about the time the predator is expected to spend actively searching 
for a given prey species. During other activities, such as handling 
captured prey or seeking alternative prey species, active search of 
the focal prey is temporarily halted and curtailing the functional re-
sponse towards that prey.

Holling (1959a, 1959b) classified functional responses based on 
the way predation rates change with increasing prey abundance. The 
three response types are: type I, a linear increase in predation rate; 
type II, saturating at high prey abundances due to the predator's 
limited handling capacity of captured prey (Holling, 1959b; Metz 
& Diekmann, 1986); and type III, an ‘S’-shaped curve. Holling type 
III response has long been attributed to learning behaviour or prey 
switching, supported by experiments involving predators preying on 
two prey species (Holling, 1959a, 1959b; Murdoch, 1969). The intui-
tive idea is that when a prey becomes scarce, the predator switches 
to more abundant prey, resulting in the scarce prey being captured 
at a disproportionally lower rate.

Predator search behaviours are typically categorised as special-
ist, feeding exclusively on one prey species, or generalist, with sev-
eral prey in their diet (e.g. Ali & Agrawal, 2012; Ceia & Ramos, 2015). 
Generalist predators can exhibit markedly different search be-
haviours depending on whether they feed on several prey species 
simultaneously or specialise on one prey species at a time. The lat-
ter scenario with prey switching implies that feeding on different 
prey species is mutually exclusive and the predator is alternating 
between them (Cornell, 1976). This mutually exclusive feeding can 
emerge from ecological constraints like spatial heterogeneity of 
prey species, where prey switching corresponds to moving between 
different patches (Holt, 1984). Yet, even when predators can po-
tentially feed on several prey species simultaneously, focusing on a 
smaller subset might be advantageous due to varying anti-predator 
responses, physiological characteristics, and limitations in the pred-
ator's information processing (Cornell, 1976; Dukas, 2002).

In situations where prey possess distinct characteristics like com-
plex camouflage patterns, using a fixed search behaviour for all prey 
can lead to suboptimal predation success. To overcome this, pred-
ators can adjust their search behaviour for different prey species 
(Ishii & Shimada, 2010), resulting in improved detection of preferred 
prey (Dukas, 2002; Punzalan et al., 2005). Such selective search be-
haviour for cryptic prey is called a ‘search image’ (Dawkins, 1971; 
Tinbergen, 1960). Search image inherently implies a trade-off be-
tween predation successes of preferred and non-preferred prey 

species (Garay et al., 2018), with the extreme case corresponding 
to mutually exclusive feeding, which is the focus of this study. A 
predator with an extreme search image may intentionally ignore po-
tential non-preferred prey encounters, yet this behaviour could still 
yield higher net energy intake than opportunistic random search-
ing without a search image (Garay et al., 2018). Such a search image 
can be formed rapidly and its maintenance requires constant rein-
forcement; otherwise the search image is disrupted (Dawkins, 1971; 
Ishii & Shimada, 2010). Numerous experiments on fish and birds 
have shown how successive encounters with the same prey spe-
cies lead to significant improvements in feeding success, whereas 
delays in encounters impair these gains (Coolen et al., 2003; Croy 
& Hughes, 1991; Langley et al., 1996; Pietrewicz & Kamil, 1979). 
Prey encounter delays also affect predator satiation level, such 
that adjustments to feeding behaviour can be triggered by starva-
tion. In an experiment, predatory mosquitofish (Gambusia) actively 
preferred feeding on smaller and more profitable prey, while only 
starved mosquitofish also fed on large prey, indicating that selective 
feeding was predominantly influenced by satiation level (Bence & 
Murdoch, 1986). Plastic search image formation is observed in var-
ious animals, including mammals and insects (for a review, see Ishii 
& Shimada, 2010).

A mechanistic understanding of the functional response requires 
a dynamic model that incorporates the behavioural properties of 
both predator and prey species that can affect the predation rate 
(Metz & Diekmann, 1986). We understand mechanistic modelling as 
a method to describe how individual-level observations translate to 
population-level dynamics. We consider a model ‘mechanistic’ when 
its parameters have a clear-cut interpretations in terms of individual 
behaviour (Geritz & Kisdi, 2012). This approach provides a mecha-
nistic understanding of population dynamics based on elementary 
individual interactions, rather than density-dependent relationships 
alone. For switching predators that focus on one preferred prey at a 
time, the functional response depends on the proportion of time the 
predator allocates to feeding that prey.

The existing formulations of Holling's type III response have 
often lacked mechanistic depth, stemming from missing linkage 
between assumptions about individual-level processes (which are 
density-independent) and observed population-level dynamics 
(which exhibit nonlinear density-dependence; Baudrot et al., 2016; 
Real, 1977). Therefore, while justifications for Holling's type III re-
sponse are intuitively sound, current formulations often struggle to 
provide a comprehensive mechanistic explanation for the parame-
ters in the equation for Holling type III response (Uszko et al., 2020).

To address this gap, van Leeuwen et al. (2007, 2013) proposed 
a mechanistic derivation of functional responses based on the un-
derlying processes of prey-switching feeding behaviour. Using this 
approach, van Leeuwen et al. (2007, 2013) developed a model that 
accounted for the dietary history of a generalist predator when si-
multaneously feeding on different prey species. The predator was 
most efficient in consuming prey which it successfully attacked 
previously, reflecting a form of learning behaviour. This behaviour 
resulted in Holling type III conforming functional response (van 
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    |  3LEHTINEN et al.

Leeuwen et al., 2007, 2013). However, type III response has never 
been derived mechanistically based on mutually exclusive feeding.

In this study, we explore adaptive feeding behaviour when feed-
ing on distinct prey species is mutually exclusive. We consider three 
feeding scenarios inspired by typical observations of search image 
formation; first, when prey switching is independent of dietary his-
tory; second, when only predators experiencing a delay between 
successive prey encounters are prone to prey switching; and third, 
when these predators with prey encounter delays act as temporal 
generalists and revert to specialised feeding upon satiation. We 
derive three mechanistic functional responses and investigate how 
they mirror Holling type III response characteristics. Finally, we ex-
amine how varying relative prey abundances and the number of prey 
species affects the predator's diet composition.

2  |  METHODS

Prey switching manifests in various ways across animal species (Ishii 
& Shimada, 2010). We develop three distinct population dynamics 
models, henceforth referred to as M1, M2, and M3, each governed 
by unique sets of rules for predator feeding behaviour and thereby 
leading to differing functional responses. All models share the fea-
ture that a predator's adaptive feeding behaviour is guided by prey 
abundances, alongside potential genetic diet preferences, wherein 
switching is more likely towards abundant prey.

In M1, prey switching can occur whenever a predator is search-
ing for prey. Switching mechanism activates upon sensing a nearby 
prey, even though an immediate attack is not possible. Subsequently, 
the predator continues in actively searching an opportunity to at-
tack prey of this particular species. Thus, the predator's decision to 
switch its prey focus is predominantly influenced by the abundance 
of alternative prey species, impacting their likelihood of being de-
tected, rather than the scarcity of the currently focused prey.

In M2, prey switching is restricted to predators that have had a 
sufficient delay in prey encounters. After such an encounter delay, 
the predator maintains focusing on the current prey species; how-
ever, if an opportunity arises by sensing the presence of another 
prey species, the predator may switch its focus. The predator's pri-
mary objective is to maintain the current search image, but should 
it prove unfruitful, it recognises the necessity of switching to avert 
starvation. This transition involves a swift change of search image 
akin to what is observed in numerous bird species (Dawkins, 1971; 
Langley et al., 1996). Importantly, this shift is rooted in the predator's 
existing memory of efficiently capturing other prey in its diet rather 
than in an extensive learning phase.

In M3, the predator's search image is disrupted after a delay in 
prey encounters, prompting it to seek any available prey with re-
duced capture efficiency. Such a temporal generalist forms its 
search image based on the next prey capture and proceeds preying 
on them. For example, in blue jays there was a 25% lower capture 
efficiency in the generalist state compared to when a specific search 
image was formed (Dukas & Kamil, 2001).

The model differences arise from the manner of search image 
formation, which is swift in M1 and M2. In M1, this occurs regard-
less of the time since the last prey encounter, whereas such a delay 
is a prerequisite for switching in M2 and M3. In M3, prey switch-
ing is further linked to learning behaviour, maximising capture effi-
ciency towards any prey type after the second successive encounter. 
Though these model nuances might seem subtle, they yield notably 
distinct functional responses and feeding patterns.

We mechanistically derive functional responses using the model-
ling approach outlined by Metz & Diekmann, 1986. We begin by clas-
sifying a number of states to predator individuals and the manner of 
transitions between them. Individual states (i-states) refer to temporal 
conditions of an individual, reflecting behavioural differences and dic-
tating which interactions it can undergo (e.g. searching or handling). 
Physiologically distinct individuals are considered different species 
or functional guilds. As such, individual differences arising from mor-
phological properties, such as size, belong outside our definition of 
i-state. This ‘bottom-up’ approach deviates from phenomenological 
modelling, wherein all individuals of a species are treated identically, 
and bookkeeping is solely concerned in species' total population 
abundances but neglecting internal subpopulation compositions.

The ensemble of i-states, coupled with individual interactions, 
constitute the descriptive individual-behaviour model. We use 
this information to derive a dynamical model of ordinary differen-
tial equations for the population abundance changes within these 
i-states. Transitions between i-states are triggered by biological pro-
cesses, either through interactions with others (second-order, e.g. a 
successful prey capture followed by transition to the handling state) 
or self-initiated processes (first-order, e.g. finishing handling a cap-
tured prey the consecutive transition back to the searching state).

Here, we utilise the standard timescale argument (Auger & 
Poggiale, 1996; Metz & Diekmann, 1986), which involves dividing 
population dynamics into fast and slow timescales. The focus is on 
the transitions among i-states on the short timescale, where relative 
changes in total population abundances are negligible. Thus, we can 
ignore details related to, for example predator birth, growth or mor-
tality, enabling a focused analysis of behavioural factors relevant to 
feeding.

We address a general case with n different prey species with pop-
ulation abundances Ni, i = 1, 2, … , n, that are fed on by a predator 
species with abundance P. We further divide predators into different 
subpopulations based on their i-states. In each model, we denote the 
abundances of predators focusing their search or handling captured 
prey of species i  by P(s)

i
 and P(h)

i
, respectively. A predator searching 

for prey species i  captures them at the rate � i and has the mean han-
dling time hi per captured prey item. Therefore, a predator handling 
a prey item of type i  finishes the process and transitions into the 
searching state at the per capita rate 1∕hi. Both the capture rate and 
handling time by the predator are expected to depend allometrically 
on the prey's body size or their body-size ratio, but species-specific 
parametrisations are beyond the scope of this study. Further mod-
el-specific details are presented in the subsequent subsections. For 
an overview of all notations used in this study, see Table 1.
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4  |    LEHTINEN et al.

The functional response of a predator to the prey species i , de-
noted Fi

(
N1,N2, … ,Nn

)
, is derived using the model's subpopulation 

equilibria for the i-states in which prey capture occurs. Commonly 
in the literature, this is the ‘searching state’, but for some of our 
models prey capture of a given prey species is associated with more 
than one i-state. Functional response to the prey species i  is then 
attained by taking the average of all i-states in which the predator 
captures those prey, weighted by their prey capture rates. For ex-
ample, if the predator captures a prey species i  only when focusing 
their search for that prey and with the rate � i, then the functional re-
sponse equals Fi

(
N1,N2, … ,Nn

)
= � iNiP̂

(s)

i
∕P, where P̂

(s)

i
 is the short 

timescale subpopulation equilibrium of those searching predators. 
This is how the functional response of Equation 3 is derived in our 
first modelling approach M1; the scenarios in which the predator 
captures a specific prey in several i-states are derived in the latter 
models M2 and M3 (Equations 7 and 12, respectively).

For each functional response, we explore the conditions on the 
predator behaviour under which it acts as Holling type II or III re-
sponse (Holling, 1959b). In particular, we provide the general condi-
tions that are independent of any fixed parameter values, but rather 
our results depend only on their relative values and the number of 
prey species in the predator's diet.

To investigate similarities with Holling's functional responses, 
recall that a type III response is characterised by an S-shaped curve. 
Any saturating functional response is a concave function for high prey 
abundances, and a type III response specifically involves an inflec-
tion point where the curve shifts from convex to concave. Using this 

insight, to determine if a functional response conforms to type III re-
sponse, it suffices to investigate if it is a convex function for small prey 
abundances (van Leeuwen et al., 2007). Mathematically, this condition 
states that a functional response Fi corresponds to a Holling type III 
response if 𝜕2Fi

(
N1 ,N2 , … ,Nn

)
∕ 𝜕N2

i
> 0 evaluated at Ni ≈ 0, and a 

type II response otherwise. To compare our results with those of van 
Leeuwen et al. (2007, 2013) in the most transparent fashion, we ex-
plore the same three cases of prey abundances: first, if abundances 
of prey species j = i are constant; second, if the total abundance of all 
prey species is constant, Ntotal =

∑n

j=1
Nj; and third, if abundances of 

prey species j = i are relative to that of prey species i , Nj = bjNi. For 
each numerical example on the functional response shapes and the 
diet compositions, we extract the parameter values from van Leeuwen 
et al. (2007, 2013) whenever applicable. Notably, these parameter val-
ues are neither based on empirical observations nor are they intended 
to represent any particular species or ecosystem, but they are chosen 
with the aim of illustrating the overall nature our key findings.

We also investigate the relationship between diet breadth (i.e. 
the number of prey species in the predator's diet) and diet composi-
tion. In the spirit of (van Leeuwen et al., 2007), we use a functional 
response, Fi, to quantify the relative representation of the focal prey 
in the diet composition. Without loss of generality, we consider prey 
species 1 as the focal prey and the alternative prey are each intro-
duced by artificially partitioning the population of prey species 2, 
N2, into equally sized compartments. Hence, the proportion of the 
focal prey remains unchanged in the presence of any arbitrary n − 1 
number of alternative prey species. Let � describe the proportion of 

Symbol Definition Unit

Ni Prey species i No. of individuals/volume

P
(s)

i
Predators searching for prey i  (temporal 

specialist)
No. of individuals/volume

P
(h)

i
Predators handling a prey item of species i No. of individuals/volume

� i Capture rate of prey i Volume × time−1

hi Mean handling time of a prey i Time

Specific to M1

ai Diet switch rate towards prey i  for searching 
predators

Volume × time−1

Specific to M2

P
(c)

i
Predators searching for prey i  while hungry 

(temporal specialist)
No. of individuals/volume

ai Diet switch rate towards prey i  for hungry 
predators

Volume × time−1

ci Mean time of losing search image of prey i  after 
no capture

Time

Specific to M3

P(c) Hungry predators searching for any prey 
(temporal generalist)

No. of individuals/volume

ci Mean time of losing search image of prey i  after 
no capture

Time

�i Scalar trade-off in capture rate of prey i  for 
temporal generalists

—

TA B L E  1  List of notations used in 
Models 1, 2 and 3.
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    |  5LEHTINEN et al.

the focal prey, � = N1 ∕
(
N1 + N2

)
. The total proportion of alternative 

prey is 1 − � and it comprises n − 1 species with identical properties, 
each of which has the proportion (1 − �)∕ (n − 1). Then, the propor-
tion of the focal prey in the diet composition as dependent on the 
relative abundance and the diet breadth is

Whenever 𝜙(𝜂) > 𝜂 (𝜙(𝜂) < 𝜂), the focal prey is over-represented (un-
der-represented) in the diet as it is being fed at a rate that is dispropor-
tionally greater (lower) than its relative abundance. The diet switching 
point, �(�∗) = �∗, is the critical proportion of the focal prey at which it 
switches from being under- to over-represented in the predator's diet.

To provide further information about the relationship between diet 
switching and diet breadth, we categorise diet switching into two classes: 
‘accelerated’ if 𝜂∗ < 1∕n, and conversely ‘delayed’ if 𝜂∗ > 1∕n. This defi-
nition seamlessly links disproportionally high feeding on the focal prey 
with the number of prey species in the predator's diet, providing addi-
tional insight about when the predator switches to predominantly feed 
on the focal prey. In particular, it informs whether the focal prey should 

be most prevalent to trigger switching. An accelerated diet switch can be 
understood as the focal prey being the predator's genetically preferred 
source of food, while a delayed diet switch signifies the focal prey act-
ing as a substitute when the preferred food becomes rare. Given our 
assumption that non-focal prey have the same proportions, an acceler-
ated (delayed) diet switch implies that the focal prey is the least (most) 
abundant species when the switch occurs. To illustrate, if �∗ = 0.20 in the 
presence of three prey species, the switch is accelerated as it happens 
when the focal prey comprises 20% of the total, while each of the two 
non-focal prey make up 40%. Similarly, maintaining the same diet switch 
point value in the context of six prey species results in delayed switching. 
This is due to the fact that the focal prey is most abundant, accounting 
for 20%, while each of the five non-focal prey contribute 16% each.

3  |  THEORY AND RESULTS

3.1  |  Model 1

In M1, we assume that a searching predator can switch between 
several prey species but can only feed on one at a time. Following 
the capture and handling of a prey, the predator resumes focused 
searching for prey of the same species but may also switch to 

another type. Notably, this mutually exclusive feeding behaviour sets 
our model derivation apart from that of van Leeuwen et al. (2007, 
2013), where the assumption was that the searching predator feeds 
simultaneously on different prey species. Top panel of Figure 1 
illustrates the individual-level transitions behind our derivation of 
M1. We neglect any possible effect of dietary history, resulting in 
equal per capita rate of switching to any specific prey regardless of 
the current focus. Furthermore, the predator may switch even to a 
prey that is distinctively of poorer quality or lower abundance. This 
potential for switching persists regardless of the currently focused 
prey's characteristics. In our later models, we introduce constraints 
to limit the incidence of switching.

When a predator currently focusing its search for prey species i  
switches to species j, it retains searching but simply has a different 
focus. The population level rate at which a predator switches the 
focus to prey species j is proportional to its abundance Nj and to the 
predator's per capita switching rate aj towards that species. On the 
population-level, the transition from a searching state of prey spe-
cies i  to species j occurs at the rate ajNj. This combines both the rate 
at which a predator senses the presence of a prey individual and the 
probability of switching based on that information.

The dynamical model for the change of predator population 
abundances in these i-states is described by

The resulting functional response of the predator to the prey species i  
equals to the population-level capture rate of that prey divided by the 
overall predator population P,

where P̂
(s)

i
 is the subpopulation equilibrium of the predators focusing 

their search for that prey. For further details of the dynamical sys-
tem and the derivation of the functional response, see Appendix A. 
In the simplest case with only one prey present, the functional re-
sponse reduces to the standard form of Holling type II response, 
F = �N∕(1 + �hN).

We now explore the three cases of prey abundances, as out-
lined in section “Methods”, to see when the functional response of 
Equation 3 acts as Holling type II or type III response (Figure 2, top 
row). First, when prey species j = i are present with constant abun-
dances, the functional response is a convex function of prey species 
i  at zero abundance given that the predator has positive switching 
rate to it, ai > 0, and also to at least one other prey species, aj > 0 . 
Therefore, the above functional response displays type III behaviour 
whenever the predator exercises prey switching (Figure 2, dashed 
line). This results applies even when handling times are arbitrarily 

(1)

�(�)=

F1

⎛
⎜⎜⎜⎜⎝

prey 1

⏞⏞⏞
� ,

prey 2 to n;n−1 copies

⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
(1−�)∕(n−1), … , (1−�)∕(n−1)

⎞
⎟⎟⎟⎟⎠∑n

j=1
Fj(�, (1−�)∕(n−1), … , (1−�)∕(n−1))

.

(2)Ṗ
(s)

i
=+

prey switching

⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞

aiNi

∑
j=i

P
(s)

j
−P

(s)

i

∑
j=i

ajNj −

prey capture

⏞⏞⏞

� iNiP
(s)

i
+

finish handling

⏞⏞⏞

h−1
i
P
(h)

i

Ṗ
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6  |    LEHTINEN et al.

small, hi ≈ 0 for all i , demonstrating that the sigmoidal, type III curve 
is an integral characteristic of the functional response of Equation 3.

Second, when the total abundance of all prey is constant, the func-
tional response is a convex function of prey species i  at zero abundance 
under the same condition as in the first case, and hence results in type 
III behaviour (Figure 2, dot-dashed line). Third, if the abundances of 
prey species j = i are relative to that of prey species i , the functional 
response is a concave function of prey species i  at zero abundance, and 
hence conforms to type II response (Figure 2, solid line).

We now investigate the role of diet breadth and relative prey 
abundances for feeding on the focal prey, species 1, assuming with-
out the loss of generality that alternative prey have identical char-
acteristics as species 2. Using the functional response of Equation 3 
and the relative prey abundances, we solve the focal prey's propor-
tion in the predator's diet composition, which gives

From this expression, we see that diet broadening via increasing 
the number of prey species, n, contributes to decreasing the term 
a2�2(n−1)−1(1−�)2 in the denominator. This leads to increasing the 
overall expression of Equation 4 and hence more pronounced feed-
ing on the focal prey (Figure 3, top row). Diet broadening from two to 
three (four) prey species leads up to 100% (200%) relative increase in 
feeding on the focal prey (Figure 4, top row). This result shows that 

even if the relative abundance of the focal prey would be fixed, the 
feeding rate on that prey can dramatically change when increasing the 
number of alternative prey species.

Biologically, this result can be explained by deconstructing the 
chain of transitions behind prey switching and capture events. Recall 
that the predator focuses on one prey species at a time, and that 
prey switching rates are directly proportional to their abundances. 
When artificially partitioning non-focal prey into smaller popula-
tion compartments, the focal prey's abundance remains unaffected, 
thereby maintaining an unaltered prey capture and switching rate 
towards the focal prey unlike for the non-focal prey. In the simplest 
case of broadening the diet from two to three prey species, these 
rates are halved. Switching and consecutively capturing a non-focal 
prey constitutes to a second-order interaction, which leads to the 
overall rate being only one quarter of the original.

Specifically, at each point of the interaction chain in the above ex-
ample, diet broadening lowers the probability of capturing a non-focal 
prey. For a predator currently focusing its search for prey species 2, the 
probability that the next event is capturing a prey of that type, instead 
of switching to prey species 1, is �2N2 ∕

(
�2N2 + a1N1

)
. When broaden-

ing the diet to three prey species and halving the abundance of species 
2, this probability becomes 0.5�2N2 ∕

(
0.5�2N2 + a1N1 + a3N3

)
, where 

in the denominator the last term corresponds to switching to prey 
species 3. This further simplifies into �2N2 ∕

(
�2N2 + 2a1N1 + a2N2

)
,  

which is always lower than in the case of two prey species. 

(4)�(�) =
a1�1�

2

a2�2(n−1)−1(1−�)2 + a1�1�2
.

F I G U R E  1  Diagrams depicting the 
three behavioural models developed 
here. Nodes represent different predator 
states, characterised by current activity 
and focused prey (subindex). Solid 
arrows indicate second-order state 
transitions that depend on the predator's 
per capita rates and prey abundances. 
Dashed arrows indicate first-order state 
transitions that depend on the mean 
handling time of a prey item (hi) or the 
mean time of becoming hungry after 
handling (ci).
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    |  7LEHTINEN et al.

Similarly, for a predator searching for prey species 1, the probabil-
ity of switching to prey species 2 is a2N2 ∕

(
�1N1 + a2N2

)
, which via 

diet broadening decreases into a2N2 ∕
(
2�1N1 + a2N2

)
. Conversely, 

the probability of capturing prey species 1 remains unchanged at 
�1N1 ∕

(
�1N1 + a2N2

)
= �1N1 ∕

(
�1N1 + 0.5a2N2 + 0.5a3N3

)
. In con-

clusion, diet broadening amplifies feeding on the focal prey species 1.
Next, we use the functional response of Equation 3 to solve the 

critical proportion of the focal prey associated with diet switching, 
which results in

The above diet switching point always decreases with diet broadening, 
such that higher count of prey species in the overall diet accelerates 
the switch to the focal prey being over-represented. Accelerated diet 
switch occurs whenever a1𝛽1 > a2𝛽2, otherwise diet switch is delayed.

3.2  |  Model 2

In M2, we extend M1 to encompass the influence of dietary history, 
achieved by limiting prey switching to situations involving delays in 

prey encounters. We regard prey switching as an option a preda-
tor might employ when it becomes hungry or the focused prey ap-
pears difficult to find. The center panel of Figure 1 illustrates the 
 individual-level transitions behind our derivation of M2.

Suppose that ci is the mean delay in prey captures after which 
a searching, satiated predator becomes hungry. A searching pred-
ator focusing on prey i  transitions to the hungry state at the per 
capita rate 1∕ci, and these predators' population abundance is de-
noted by P(c)

i
. A hungry predator resumes searching for its focused 

prey and maintains the same capture success. However, it is also 
prone to prey switching. If the predator captures the focused 
prey i  while hungry, it transitions to the handling state and this 
satiated predator is no longer prone to switching. A hungry pred-
ator switches its focus on another prey species j at the per capita 
rate aj, similarly as in M1. Following such a switch, the predator 
remains hungry but now focuses its search on a different prey 
foci, signifying that it has sensed the presence of prey species j 
but has not yet captured one. Further back-and-forth switching 
may occur between different prey focuses until an actual prey 
capture occurs.

The dynamical model for the change of predator population 
abundances in these i-states is described by

(5)�∗ =
a2�2

a1�1(n − 1) + a2�2
.

F I G U R E  2  The three functional 
responses to the focal prey 

(
F1

)
 when 

a second prey species is present. All 
functional responses are Holling type 
III conforming when the second prey's 
abundance is constant, N2 = 2, or when 
the total abundance of both prey is 
constant, N1 + N2 = 15. Parameters: 
�1 = 1, �2 = 0.4 , h1 = h2 = 0.5, a1 = 1

, a2 = 2, �1 = �2 = 0.5, c1 = c2 = 10

. (Left column) The dotted meshes 
represent functional response values 
for varying prey abundances, while the 
lines represent three special cases. (Right 
column) Mappings of the plots into two 
dimensions for small prey abundances.
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8  |    LEHTINEN et al.

The resulting functional response of the predator to the prey 
species i  equals to the population-level capture rate of that prey 
species divided by the overall predator population P. Unlike in the 
functional response of Equation 3 for M1, here the predator cap-
tures the prey species i  in two i-states: the searching state and the 
hungry state. Therefore, the functional response is the sum of the 
capture rates in both of these states,

(6)

Ṗ
(s)

i
=−

become hungry

⏞⏞⏞

c−1
i
P
(s)

i
−

prey capture

⏞⏞⏞

� iNiP
(s)

i
+

finish handling

⏞⏞⏞

h−1
i
P
(h)

i

Ṗ
(c)

i
= + c−1

i
P
(s)

i
� iNiP

(c)

i
+

prey switching

⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞

aiNi

∑
j=i

P
(c)

j
−P

(c)

i

∑
j=i

ajNj

Ṗ
(h)

i
= +� iNi

(
P
(s)

i
+P

(c)

i

)
− h−1

i
P
(h)

i
.

F I G U R E  3  The role of diet breadth and relative abundances on feeding the focal prey. Intersections with the diagonal line correspond to 
diet switching points. The panels represent different parametrisation cases of predation ratios between the focal and alternative prey, �,  
while coloured lines represent additional parametrisation cases of adaptive feeding behaviour: prey switching rate, a (Models 1 & 2), and 
mean delay in prey captures after which switching can occur, c (Model 3). Solid, dashed and dotted lines represent diet breadth of two, three, 
and four prey species, respectively. Parameters: � = �1 ∕�2, a = a1 ∕a2, c = c1 ∕c2, where a2 = �2 = c2 = 1.
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    |  9LEHTINEN et al.

where ̂P
(s)

i
 and ̂P

(c)

i
 are the subpopulation equilibria of the searching and 

hungry predators. For further details of the dynamical system and the 
derivation of the functional response, see Appendix B. In the simplest 

case with only one prey being present, the functional response re-
duces to the standard Holling type II form, F = �N∕(1 + �hN).

We now explore the three cases of prey abundances to see 
when the functional response of Equation 7 conforms to Holling 
type III response (Figure 2, center row). In the two cases of when 
the abundances of prey species j = i or the total abundance of all 
prey is constant, the functional response of Equation 7 conforms 

(7)

Fi
�
N1,N2, … ,Nn

�
= � iNi

P̂
(s)

i
+ P̂

(c)

i

P
=

ai� i
�
1 + ci� iNi

�
N2
i∑n

j=1
ajNj

�
1 + cj� jNj

��
1 + � jhjNj

� ,

F I G U R E  4  Relative increases in feeding on the focal prey due to diet broadening. In all three models, this effect is amplified under 
relatively small focal prey abundances. The panels represent the same parametrisation cases as described in Figure 3. Dashed (dotted) lines 
represent relative changes in feeding on the focal prey in cases of three (four) prey species when compared against the case with only two 
prey species. Parameters: � = �1 ∕�2, a = a1 ∕a2, c = c1 ∕c2, where a2 = �2 = c2 = 1.
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10  |    LEHTINEN et al.

to type III response (Figure 2, dashed and dot-dashed lines). This is 
similar as with the functional response of Equation 3 corresponding 
to M1.

In the third case if the abundances of prey species j are relative 
to that of prey species i , the functional response conforms to type 
III response if

High ci values indicate stronger resilience against starvation, where-
upon prey switching is limited to situations when the focal prey abun-
dance is low. Consequently, this pattern gives rise to the ‘S’-shape of 
the type III response. Noteworthy, however, is that this shape can be 
remarkably difficult to detect from the figure alone (Figure 2, solid 
line). The ‘S’-shape becomes evident when ci value is vastly greater 
than other parameters, or when non-focal prey abundances are sub-
stantially smaller compared to the focal prey. Conversely, low ci values 
prompt the predator to switch away from the focal prey even when its 
abundance is relatively high. From the above equation, it can be ob-
served that combination of low ci and high cj values hinders the emer-
gence of Holling type III behaviour. Strong resilience against starvation 
while feeding on non-focal prey (high cj) makes switching to the focal 
prey less likely.

We now investigate the role of diet breadth and relative prey 
abundances for the feeding on the focal prey. The focal prey's pro-
portion in the diet is

From this expression, we see that diet broadening contributes 
to more pronounced feeding on the focal prey (Figure 3, centre 
row). Diet broadening from two to three (four) prey species leads 
up to 167% (350%) relative increase in feeding on the focal prey 
(Figure 4, centre row). Therefore, even when the focal prey's relative 
abundance remains unchanged, varying the number of prey species 
available for the predator can have a significant impact on the diet 
composition.

The underlying biological mechanism driving this outcome mir-
rors that of M1. Specifically, the sequence of successive interactions 
that the predator must engage in with the same prey species be-
comes less likely as the non-focal prey are partitioned into smaller 
compartments. However, M2 introduces an additional layer to this 
interaction by imposing the constraint that prey switching behaviour 
is confined to hungry predators. To elaborate, the potential for a 
predator to switch feeding on a non-focal prey necessitates a suffi-
cient delay in capturing the focal prey. After this delay, the predator 
retains the ability to capture the focal prey which would obviate the 
need for switching. Consequently, in M2 the window of opportu-
nity for prey switching towards rarer prey narrows significantly as 
the relative differences between prey abundances increase. This 

explains why diet broadening yields more pronounced relative in-
creases in feeding on the focal prey in comparison to M1.

The critical proportion of the focal prey associated with diet 
switching is

The above diet switching point always decreases with diet 
broadening. Accelerated diet switch occurs whenever 
n <

(
a1c1𝛽

2
1
− a2c2𝛽

2
j

)
∕
(
a2𝛽2 − a1𝛽1

)
, otherwise diet switch is 

delayed.

3.3  |  Model 3

In M3, we consider an alternative to M2 by assuming that hungry 
predators can feed simultaneously on different prey. After capturing 
a prey while hungry, the predator focuses on that prey species until 
a delay in prey captures renews the hunger. This temporal general-
ist behaviour is traded off for capture efficiency, potentially leading 
to lower net energy intake, but in this way the predator might avert 
starvation. Thus, in this model predators exhibit characteristics of 
both temporal specialists and generalists, as they alternate between 
these two behaviour modes as influenced by their satiation level. 
Hungry predator's ability to capture prey of any species effectively 
replaces prey switching rate ai of M1 and M2, causing switching to 
occur via direct confrontation with prey rather than sensing its vi-
cinity. The bottom panel of Figure 1 illustrates the individual-level 
transitions behind our derivation of M3.

The population abundance of predators in the hungry i-state is 
P(c), in which state prey capture of species i  is traded off by a dimen-
sionless scaling parameter �i ∈

[
0, 1

]
, yielding the per capita capture 

rate �i� i. The parameter �i thus describes the degree to which pre-
dation efficiency is decreased without a search image.

The dynamical model for the change of predator population 
abundances in these i-states is described by

The resulting functional response of the predator to the prey spe-
cies i  equals the capture rate of that prey species divided by the overall 
predator population P. The predator captures the prey species i  in two 
different i-states: searching state and the hungry state corresponding 
to simultaneous feeding. Therefore, the functional response is given by

(8)ci >

ai𝛽 ihi +
∑
j= i

ajb
2
j

�
cj + hj

�
𝛽 j

𝛽 i

�
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j= i

ajbj

� .

(9)�(�) =
a1�1�
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    |  11LEHTINEN et al.

where P̂
(s)

i
 and P̂

(c)
 are the subpopulation equilibria, respectively, of 

the searching and hungry, temporal generalist predators. For further 
details of the dynamical system and the derivation of the functional 
response, see Appendix C.

We could say that a predator is unequipped for simultaneous 
feeding if 

∑n

j=1
𝜔j < 1. Conversely, a predator thrives in simultane-

ous feeding if 
∑n

j=1
�j ≥ 1. This simple definition, however, fails to ac-

count for the overall performance that also depends on prey capture 
rates and prey abundances, but it can provide a useful premise when 
considering its parametrisation. The simplest parametrisation as-
sumes equally divided attention between all prey species, �i ≡ 1∕n , 
in which case temporal generalist's predation efficiency decreases 
linearly with diet broadness.

In the simplest case of only one prey being present, the above 
functional response reduces into F = ��N(1 + c�N)∕ (1 + ��N(h + c(1 + �hN))).  
Note that in the absence of other prey species, the scalar term � 
for the prey capture rate in the hungry state, can no longer be rea-
sonably interpreted as the trade-off factor associated with temporal 
generalist behaviour. Instead, in the case of a single prey, it could 
be better understood as the predator's decreased prey capture suc-
cess while hungry or near starvation. Additionally, this functional re-
sponse never reduces to the standard Holling type II form, unlike the 
other two functional responses we derived earlier (Equations 3 and 
7). Even in the absence of alternative prey species, Equation 12 is a 
convex function conforming to type III behaviour if c > 𝜔h∕(1 − 𝜔).  
Indeed, this can be explained as the predator losing their learned 
skills in prey capture after sufficient delay in prey captures. If the 
predation efficiency's trade-off is too crude in that unlearned state, 
it leads to type III response at low prey abundances. Therefore, 
Holling type III behaviour is possible already in the absence of al-
ternative prey, which as far as we are aware, has never before been 
presented with mechanistic underpinning.

We now explore the three cases when alternative prey species 
are present to see under which conditions the functional response 
of Equation 12 conforms to Holling type III response (the bottom 
row of Figure 2). First, when any prey species j = i are present with 
constant abundances, the functional response conforms to type III 
response if

Second, when the total abundance of all prey abundances is con-
stant, the functional response conforms to type III response if

Third, if the abundances of prey species j = i are relative to that 
of prey species i , the functional response conforms to type III re-
sponse if

In conclusion, the functional response of Equation 12 can act as 
Holling type III response for all three cases of prey abundances. This 
occurs if either ci is sufficiently large, such that the predator remains 
satiated for a long time after a prey capture; or if �i is sufficiently 
small, such that the generalist behaviour is strongly traded off for 
capture efficiency.

We now investigate the role of diet breadth and relative prey 
abundances for the feeding on the focal prey. Assume that the 
trade-off of prey capture in the temporal generalist state is the same 
for all prey species, �i ≡ �. The focal prey's proportion in the diet is

From this expression, we see that diet broadening contributes to 
more pronounced feeding on the focal prey (Figure 3, bottom row). 
Diet broadening from two to three (four) prey species leads up to 
33% (50%) relative increase in feeding on the focal prey (Figure 4, 
bottom row). This effect is considerably smaller than in M1 and M2, 
in which the relative increase is up to 200% and 350%, respectively.

The underlying mechanism driving this outcome remains con-
sistent with that of M1 and M2. However, the main biological dis-
tinction that sets M3 apart is the predator's simultaneous feeding 
ability of all prey while hungry, rather than having to first switch a 
specific prey before being able to capture them. This streamlining 
of consecutive interactions causes the relative changes in feeding 
patterns to be substantially smaller than in M1 and M2. We predict 
that variations in the number of available prey species will result in 
more pronounced alterations in the diet composition when feeding 
is mutually exclusive rather than simultaneous.

The critical proportion of the focal prey associated with diet 
switching is

It corresponds to an admissible population proportion, that is �∗ ∈
[
0, 1

]
 , 

if c1 >
(
𝛽2 − 𝛽1

)
∕𝛽2

1
 and c2 > (1 − n)

(
𝛽2 + 𝛽1

)
∕𝛽2

2
. Whenever these 

conditions are satisfied, diet switching point decreases with diet 
broadening, otherwise the focal prey is always over-represented in 
the predator's diet composition. The bottom row of Figure 3 demon-
strate this result, in which diet switch only occurs for sufficiently 
high values of c1 and/or �1. Accelerated diet switch occurs whenever 
n <

(
c1𝛽

2
1
− c2𝛽

2
2

)
∕
(
𝛽2 − 𝛽1

)
, otherwise diet switch is delayed.

4  |  DISCUSSION

In this study, we utilised mechanistic modelling to explore the impact of 
a predator's adaptive feeding behaviour on functional response and diet 
composition. Specifically, we focused on prey switching, a phenomenon 
linked to search image formation and mutually exclusive feeding behaviour 

(13)ci >
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𝜔j − 1 −

∑
j=1𝜔j𝛽 j

�
Ntotal −

∑
k=i,jNk

��
hj + cj

�
1 + 𝛽 jhj

�
Ntotal −

∑
k=i,jNk

���� .

(15)
ci >

𝛽 ihi𝜔i +
∑

j=ibj𝛽 j𝜔j

�
cj + hj

�

𝛽 i
�
1 − 𝜔i

� .

(16)

�(�) =
�1�

(
1 + c1�1�

)

�2(n−1)−1(1 − �)
(
1 + c2�2(n−1)−1(1 − �)

)
+ �1�

(
1 + c1�1�

) .

(17)�∗ =
�1(1 − n) + �2

(
n − 1 + c2�2

)

c1�
2
1
(n − 1) + c2�2

.

 13652435, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2435.14475 by U

niversity O
f Jyväskylä L

ibrary, W
iley O

nline L
ibrary on [18/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



12  |    LEHTINEN et al.

(Ishii & Shimada, 2010). We developed three models based on different 
patterns of search behaviour in switching generalists, including when 
delays between successive prey encounters have to precede switching 
(Figure 1). Our analysis revealed that predator's diet diversity, quantified 
by the number of prey species fed on, positively correlated with the focal 
prey's proportion in the predator's diet. Furthermore, we derived three 
novel functional responses that all followed a Holling type III pattern 
(Holling, 1959b). Our findings aligned with the hypothesis that prey 
switching as characterised by mutually exclusive feeding is linked to type 
III response, which has been long supported by empirical observations 
and now validated by our mechanistic theory (Murdoch, 1969). Previous 
mechanistic modelling attempts of deriving functional responses for 
adaptive feeding behaviour have been limited to simultaneous search for 
different prey species (van Leeuwen et al., 2007, 2013).

We investigated the impact of diet broadening on feeding to-
wards a focal prey by artificially dividing alternative prey populations 
into smaller compartments with identical characteristics while main-
taining the focal prey unchanged. All our three models predicted 
that introducing additional prey resulted in elevated feeding of the 
focal prey (Figures 3 and 4). Although this finding may overestimate 
the role of diet broadening, it nonetheless provides valuable quali-
tative insight. This phenomenon can be understood by considering 
a scenario in which a predator is currently focusing its searching for 
alternative prey whose population is divided into smaller compart-
ments. As the number of alternative prey populations increases, 
the likelihood of the predator capturing an alternative prey instead 
of switching to the focal prey diminishes. In the limit of infinitely 
many yet arbitrarily rare alternative prey populations, the predator 
switches to the focal prey with certainty.

Despite the shared Holling type III pattern characterising all 
three mechanistic functional responses, the conditions dictating its 
occurrence were model-specific. The simplest model (M1) exhibited 
type III behaviour irrespective of parameter choices, manifesting 
whenever the total prey abundance or that of non-focal prey re-
mained constant. In the more complex model (M2), which restricted 
switching to hungry predators, type III pattern materialised in ways 
analogous to those of M1. While the modifications in M2 may ap-
pear modest, they led to the manifestation of type III pattern also 
when prey abundances were relative to each other. This hinged on 
the predator's resilience to starvation when focusing on the focal 
prey, which hindered (promoted) prey switching under high (low) 
focal prey abundances. Consequently, type III responses appear 
more probable in switching generalists whose feeding behaviour is 
influenced by encounter frequency with the focused prey species, 
rather being entirely random. The third model (M3) deviated from 
M2 by triggering prey switching through direct attacks. In this case, 
the occurrence of type III pattern always depended on the predator's 
capability to endure starvation, regardless of relationships between 
prey abundances. Therefore, for temporal generalists whose search 
image deteriorates swiftly following periods of no prey encounters, 
the functional response is less likely to follow type III pattern.

Earlier approaches to modelling adaptive feeding behaviour by van 
Leeuwen et al. (2007, 2013) employed similar mechanistic modelling 

techniques to derive functional response for generalist predators. 
However, while we assumed mutually exclusive feeding on different 
prey with switching corresponding to search image formation of cryptic 
prey, earlier studies assumed simultaneous feeding on conspicuous prey 
guided by learning behaviour. Specifically, van Leeuwen et al. (2007, 
2013) addressed prey switching based on observations that certain 
predators are more efficient at feeding on prey they had captured previ-
ously. These studies implemented this feature through memory-depen-
dent parameters, specifically predation success and handling efficiency, 
which were assumed to increase with successive encounters involving 
similar prey. Thus, both modelling approaches address adaptive feeding 
behaviour but within distinct ecological contexts.

Despite the differing assumptions about feeding behaviour, these 
two theories yield similar Holling type III conforming functional re-
sponses (Holling, 1959b). To ensure comparability, we used identi-
cal parameter values whenever possible, as done in van Leeuwen 
et al. (2007, 2013). As a result, the functional response shapes are sim-
ilar when varying population abundances (Figure 2). Both formulations 
feature prey abundances in squares 

(
N2
i

)
 in the numerator of the func-

tional response and in squares and linear terms 
(
Ni

)
 in the denominator, 

which appears to be an essential feature for the functional response of 
any switching generalist. Together our mechanistic model theory and 
that of van Leeuwen et al. (2007, 2013) capture a wide range of empir-
ically observed switching generalists' feeding behaviours.

The key qualitative distinctions between these two theories be-
come evident when considering the second-order terms involving two 
distinct prey 

(
NiNj

)
, which are absent in each of our three responses 

but consistently present in those of van Leeuwen et al. (2007, 2013). 
This is to be expected since in our theory, any successive interac-
tions corresponding to prey capture always involve the same spe-
cies. To transition from handling prey of species i  to that of species j,  
predators must traverse a sequence of state transitions that involve 
interactions beyond prey capture itself. These include switching of 
prey focus (M1) or disruption of the search image due to delays in 
prey captures (M2, M3). In contrast, in the theory of van Leeuwen 
et al. (2007, 2013), such intermediate transitions are unnecessary, as 
a generalist predator can immediately move to capture prey of spe-
cies j after finishing handling a prey of species i . This streamlined 
chain of state transitions is likely the main cause for the emergence 
of second-order terms involving distinct prey.

We underline that our functional responses, similarly to those 
of van Leeuwen et al. (2007, 2013), never have the exact form of 
Holling type III response, in which all terms involving prey abun-
dances appear in square terms and is formulated as

Across our three functional responses, prey abundances con-
sistently appear in both linear and square terms (Equations 3 and 
12), with an additional instance where prey abundances feature in 
a third-order term (N3

i
, see Equation 7). Whenever any parameter 

combinations yield these higher-order terms, all lower-order terms 

(18)Fi
�
N1,N2, … ,Nn

�
=

� iN
2
i

1 +
∑n

j=1
� jhjN

2
j

.
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are also present. We suspect that it is impossible to find a clear-cut 
and biologically meaningful mechanistic derivation for the classical 
form of Holling type III response.

Whether the functional responses of the present study or those 
of van Leeuwen et al. (2007, 2013) is a better modelling choice for a 
predator species ultimately hinges on that predator's observed search 
behaviour. The functional responses of van Leeuwen et al. (2007, 
2013) might be more appropriate for predators whose prey share 
similar characteristics, whereupon search image formation is weak 
or undetectable. Conversely, when prey are cryptic rather than con-
spicuous, mutually exclusive feeding is more commonly observed 
(Dawkins, 1971; Ishii & Shimada, 2010; Tinbergen, 1960), and in such 
scenarios our functional responses offer considerably more realistic 
mechanistic underpinning. The subsequent choice between our three 
functional responses (Equations 3, 7 and 12) depends on the finer de-
tails of search image formation, such as predator satiation level.

While both the present study and the works of van Leeuwen 
et al. (2007, 2013) offer a wide range of functional responses orig-
inating from underlying behavioural models of feeding, neither 
of these models have yet undergone wide empirical testing in re-
al-world study systems. While the models meticulously account 
for intricate details about individual behaviour, the gap lies in the 
absence of information about plausible parameter value ranges 
applicable to natural systems. Furthermore, empirical grounding 
for many parameters introduced in this study remains lacking. 
Beyond the mean handling time of prey items and per capita prey 
capture rates, the key model-specific parameters include the per 
capita diet switching rate between prey species, ai (M1 & M2); the 
mean time after which search image is disrupted, ci (M2 & M3); 
and finally the trade-off between temporal generalist and special-
ist feeding efficiency, �i (M3). To assess how our results on the 
Holling type III functional response shapes and diet-switching be-
haviour might manifest in natural settings, it becomes crucial to 
first conduct experiments to estimate these values for potential 
study species. This would ensure that the mechanistically derived 
functional responses realistically capture the individual behaviour 
of the study species.

We assumed that feeding on different prey species is mutually ex-
clusive, it is improbable that a predator's ability to detect and attack 
different prey species adheres to such strict criteria in reality. When 
several prey share similar characteristics, the search image might ex-
tend to groups of similar prey rather than being limited to one only 
(Robledo-Ospina et al., 2022). Although we loosely used the term prey 
‘species’ throughout this study, that term can be also understood as 
a functional guild comprising similar prey. Particularly, if a predator 
feeds on similar prey species at equivalent prey capture rate and pos-
sess identical handling times, then our models can be readily used for 
this purpose. However, if either of these characteristics are expected 
to differ between simultaneously fed prey, then an extension would 
necessitate a mechanistic development based on these assumptions.

In conclusion, we investigated generalist predators switching 
between distinct prey species, based on mutually exclusive feeding 
behaviour, in three intentionally simplistic mechanistically founded 

models. Although these models omit intricate ontogenetic, spatial 
or ecosystem-specific structures in favour of biologically relevant 
generalist predator behavioural traits, they offer a wide applicabil-
ity across taxa. Most notably, our results confirm the long-standing 
hypothesis that Holling type III functional response shape, which 
has been widely employed in ecological models since its concep-
tualisation in late 1950s (Holling, 1959b), can indeed be explained 
by the adaptive feeding behaviour. In the process, however, our re-
sults also propose that the original form of Holling type III response 
is unfortunately erroneous. While it is equally admissible that the 
type-III conforming functional responses developed in this study 
cannot encompass all possible biological scenarios, we firmly believe 
that these findings can serve as a cornerstone for a lineage of eco-
logical modelling that underscores the significance of mechanistic 
foundations.
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