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Abstract

Predator—prey interactions are central to our understanding of adaptive evolution and
community ecology. A growing body of research indicates that predation risk and prey
selection can be highly variable from one individual to another; nonetheless, individual
variability both within predators and within prey is still classically ignored when
attempting to model predator—prey dynamics. This chapter explores how our current
knowledge of the factors shaping prey selection and predation risk relate to current
modelling approaches of predator—prey dynamics. It also discusses how dismissal of
inherent individual heterogeneity in predator-prey interactions may be impacting
our ability to advance food web theory as well as our understanding of evolutionary
trajectories in predator and prey populations. It finally reviews possible methodological
frameworks that could help integrate individual variability into the modelling of
predator-prey interactions.
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1. INTRODUCTION

Interactions, should they be among organisms or between abiotic
environmental conditions and organisms, define the processes that shape
the diversity of life on Earth at both the ecological and the evolutionary
scales. Predator—prey interactions, in particular, are powerful forces that
underpin the behaviour and ecology of all organisms (Arditi and
Ginzburg, 2012; Drossel et al., 2004), being at the heart of our understand-
ing of adaptive evolution (Mousseau et al., 2000). Predation can indeed
change the distribution of life history traits over generations and influence
prey evolution, through prey selectivity, the direct induction of traits and
the indirect induction of traits via reduced or increased competition
(Relyea, 2002; Reznick et al.,, 1990; Wittmer et al., 2005). Moreover,
predation may increase stability in trophic interactions, and the exertion
of top-down control from secondary consumers is a crucial link in structur-
ing ecological communities (Hairston et al., 1960; May, 1973; Ripple et al.,
2014; Yeakel et al., 2014). A large part of our ability to explain how biodi-
versity is distributed, how communities are structured and how ecosystems
function is thus directly linked to our ability to decipher predator—prey
interactions (Litvaitis, 2000).

Central to theories underpinning our current understanding of predator—
prey interactions are the concepts of predation risk, prey selection, numer-
ical response and functional response. Predation risk refers to an individual’s
propensity to be predated upon by another organism. This risk can compro-
mise an organism’s ability to acquire and maintain body reserves by hinder-
ing foraging time and efficiency and increasing physiological stress (Creel
and Christianson, 2008), making it a key determinant of energy intake
per unit time and individual fitness. To avoid being predated, organisms
can indeed modify their habitat selection patterns (Gilliam and Fraser,
1987) and change trophic flows by altering the selection of their diet
(Schmitz, 1998); such anti-predator tactics can lead to prey reducing their
energy intake, and/or prey increasing their energetic allocation to predator
avoidance strategies. These shifts in energy acquisition and allocation can
directly impact individuals’ reproductive abilities and  survival
(Magnhagen, 1991; Preisser et al., 2005). Trade-ofts between reproductive
investment and predation risk and between starvation and predation risk are
thus central to many decisions individual prey make regarding habitat
choice, foraging and mating (Krams et al., 2013), ultimately leading to
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predation risk being key to our understanding of how predators shape the life
histories of prey.

Prey selection focuses on the relationship between predators and prey
from the predator’s perspective. Because each prey item has particular asso-
ciated hunting costs and energetic benefits to the predator (Werner and Hall,
1974), prey selection can occur at difterent levels (e.g. predators selecting for
different species, size, age or sex classes; predators selecting physically sub-
standard individuals) and be influenced by various factors such as the pres-
ence of competitors, the habitat structure or the season (see e.g. Creel and
Creel, 2002; Fitzgibbon and Fanshawe, 1989; Kruger et al., 1999; Mills and
Gorman, 1997; Pole et al., 2004; Radloft and du Toit, 2004). Ultimately,
prey selection drives hunting success and the ability of predators to acquire
and maintain body reserves, making it a key determinant of predators’ indi-
vidual fitness.

The combination of the numerical response and functional response rep-
resents the primary framework for studying how predator and prey
populations influence the dynamics of each other, being, to some extent,
one of the mathematical outcomes of our understanding of predation risk
and prey selection. More precisely, the numerical response aims to capture
the effect of prey on predator populations, formulating the increase of pred-
ator density with prey density. Functional responses, on the other hand,
serve to capture the effect of predators on prey populations, designed to for-
malize the relationship between prey density and the number of prey eaten
by a predator (Holling, 1959a,b). Three types of possible functional
responses are generally recognized: (1) Type I assumes predators consume
a constant proportion of prey, leading to a linear relationship between the
number of prey consumed and prey density; (2) Type II is characterized
by a decelerating intake rate of prey consumed as prey density increases,
up to a maximum beyond which the number of prey consumed reaches a
plateau (i.e. the proportion of prey consumed is assumed to decline with
increasing prey density) and (3) Type III is similar to Type II in that satu-
ration occurs at high levels of prey density, but differs from Type II in
the sense that at low prey density, predator response to prey is depressed
(1.e. the proportion of prey consumed is assumed to increase up to a max-
imum and then decrease with increasing prey density; see Fig. 1 and
Appendix for more information on Holling’s functional responses).

Functional and numerical responses are currently integral to our ability
to predict predator and prey population dynamics, being also fundamental to
our quest to bridge current knowledge gaps found at the interface between
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Figure 1 Holling's functional response curves, labelled with type of response.

population ecology and community ecology. Functional responses are, for
example, instrumental in research on the long-term evolution of food webs
(Drossel et al., 2004), the existence of facilitation or competition in species
assemblages (McCoy et al., 2012; van Langevelde et al., 2008), the persis-
tence of some species at low densities despite heavy predation (Lipcius
and Hines, 1986), the potential applicability of biocontrol methods (Putra
and Yasuda, 2006; Schenk and Bacher, 2002), the effects of climate change
on community stability (Vucic-Pestic et al., 2011), the effects of predator
reintroduction on prey populations (Varley and Boyce, 2006) and the mor-
tality rates of predators on game or commercially valuable species (Hayes
etal., 2000; Van Ballenberghe and Ballard, 1994). Inaccurate or overly sim-
plified modelling of predator—prey interactions, therefore, can seriously
hamper efforts to deepen our understanding of basic community ecology
and food web theory, while reducing the adequacy of population dynamics
models in supporting wildlife management decisions.

This chapter aims to explore how our current knowledge of the factors
shaping prey selection and predation risk relate to current modelling
approaches of predator—prey dynamics, focusing in particular on the
functional response. We will here concentrate our efforts on identifying
the overall importance of the interactions between predation and individual
heterogeneity, and discuss their possible role in shaping the dynamics of pred-
ator and prey populations. We will consider primarily observational studies of
free-ranging vertebrate populations, but, where appropriate, will also draw on
work from observational and experimental laboratory studies on invertebrates.
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2. WHAT SHAPES PREDATION RISK AND PREY
SELECTION?

2.1 Predation risk

An overwhelming amount of evidence gathered on free-ranging vertebrates
now allows us to conclude that individual prey from a given population (1)
do not always face the same average lifetime predation risk and (2) do not
always face the same predation risk as they age or as they grow. Such a level
of individual variability in predation risk has been linked to a myriad of phe-
notypic, behavioural and environmental variables (see Table 1 for examples).
MacLeod and colleagues (20006), for example, reported that predation risk
increases with body mass in individual house sparrows Passer domesticus. Indi-
viduals allocating less time to vigilance (e.g. individuals of a given sex or
juveniles of many species) as well as individuals with less defensive abilities
(e.g. old individuals or those with poor body condition) have then been
found to experience increased predation risk. For example, old elk Cervus
elaphus canadensis (Wright et al., 2006) and old female bighorn sheep Owis
canadensis (Festa-Bianchet et al., 2006) have been shown to endure higher
predation risk than prime-age adults. Behavioural differences according to
the sex of the individual have moreover been found to heighten risk of pre-
dation. In the Serengeti National Park, Tanzania, male Thomson’s gazelles
Gazella thomsonii have a greater risk of predation from cheetahs Acinonyx
Jjubatus, due to their tendency to be positioned alone on the periphery of
groups of gazelles as well as their tendency to be less vigilant than female
individuals (Fitzgibbon, 1990).

Behavioural differences linked to variation in the phenotypic attributes
or personalities of individual prey may moreover alter their risk of predation.
For example, boldness in bighorn ewes reduces their susceptibility to pre-
dation (Réale and Festa-Bianchet, 2003). Male roe deer Capreolus capreolus
fawns are more active than females and suffer twice the predation rate from
red foxes Vulpes vulpes than females (Aanes and Andersen, 1996). Morpho-
logically similar prey can also vary their behaviour as a response to exposure
to predators. Squirrel tree frog tadpoles Hyla squirella that had been exposed
to chemical cues from their odonate predators had lower activity levels than
naive conspecifics and therefore suffered lower attack rates (McCoy and
Bolker, 2008).

Furthermore, spatiotemporal variation in environmental conditions,
habitat type and resource availability may influence predation risk of
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Table 1 Examples of phenotypic and behavioural attributes structuring individual
variability in predation risk and prey selection in free-ranging populations

Individual

Parameter Prey species attribute Reference
Predation Thomson’s gazelle Gazella Sex Fitzgibbon (1990)
risk thomsonii
Predation Moose Alces alces Year of birth Thompson and
risk Peterson (1988)
Predation White-tailed deer Mother’s Ozoga and Verme
risk Odocoileus virginianus experience (1986)
Predation Caribou Rangifer tarandus  Birth date Adams et al. (1995)
risk
Predation Bighorn sheep Owis Age Reéale and Festa-
risk canadensis Bianchet (2003)

Elk Cervus elaphus Festa-Bianchet et al.

canadensis (2006)

Wright et al. (2006)
Predation Bighorn sheep Personality Réale and Festa-
risk Bianchet (2003)
Predation Moose Habitat Berger (2007)
risk Elk Hebblewhite et al.
(2005)

Predation House sparrow Passer Body mass MacLeod et al. (2006)
risk domesticus
Predation Snowshoe hare Lepus Body condition Murray (2002)
risk americanus
Predation Feral horse Equus caballus ~ Coat colour Turner and Morrison
risk (2001)
Prey Cougar Puma concolor Age Ross et al. (1997)
selection
Prey Cheetah Acinonyx jubatus  Sex Cooper et al. (2007)
selection
Prey Cougar Reproductive Pierce et al. (2000)
selection  Lynx Lynx lynx status Nilsen et al. (2009)
Prey Blood python Python Colour Shine et al. (1998)
selection  brongersmai
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Table 1 Examples of phenotypic and behavioural attributes structuring individual
variability in predation risk and prey selection in free-ranging populations—cont'd

Individual
Parameter Prey species attribute Reference
Prey Oystercatcher Haematopus Dominance/ Sutherland et al. (1996)
selection  ostralegus social status Sautilis et al. (2000)
Killer whale Orcinus orca
Prey American robin Turdus Body size Jung (1992)
selection  migratorius
Prey American pine marten Territory Ben-David et al.
selection  Martes americana location (1997)

individual prey. Habitat characteristics are indeed of major importance to
predator—prey interactions (Gorini et al., 2012). Refuges provide areas
where prey can escape from predation pressure, reducing prey availability.
Habitat characteristics can also influence detection of prey by predators and
their hunting success, altogether influencing predation risk. Grey wolves
Canis lupus were, for example, more likely to encounter elks in lower ele-
vations than in higher ones in Alberta, Canada, while elks had a different
chance of being killed depending on whether they were encountered in
grasslands, pine stands or open conifer stands (Hebblewhite et al., 2005).
In the winter months in Yellowstone National Park, USA, elk also experi-
enced heightened rates of predation from wolves, due to the comparatively
limited mobility of elk compared with wolves in deep snow cover (Wilmers
and Getz, 2005). Importantly, individuals can use different habitats
depending on their age or size (Englund and Krupa, 2000; Heithaus and
Dill, 2002; Montgomery et al., 2013; Sweitzer and Berger, 1992), nutri-
tional need (Barten et al., 2001), life history strategy (Daverat et al., 2006)
or reproductive status (Berger, 1991), and such co-variation can underpin
a certain amount of individual variability in predation risk. Bighorn ewes
with offspring are, for example, less likely to utilize dangerous foraging areas
than lone females (Berger, 1991), while predation threat by toadfish Opsanus
fau on mud crabs Panopeus herbstii led smaller crabs to consistently use refuges
more than larger ones (Toscano et al., 2014).

2.2 Prey selection

Dynamic interactions exist between prey behavioural response to predation
and predators’ behaviour, resource specialization and distributions, and thus
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prey selection by individual predators (Abrams, 2000; Lima, 2002). Decades
of research on predator—prey interactions has indeed revealed that individual
predators (1) do not all display similar patterns in prey selection and (2) can
change patterns in prey selection as they age or as they grow (Pettorelli et al.,
2011; see Table 1 for examples). Because natural selection acts on individ-
uals, variance in diet among individuals can have several ecological, evolu-
tionary and management implications through its contribution to differences
in individual fitness (Bolnick et al., 2003).

Prey selection is indeed shaped by the trade-off between an individual’s
energetic requirements and the associated costs of hunting, capturing and
consuming prey (MacArthur and Pianka, 1966). The major metabolic life
history constraint to prey selection as a result of this fundamental trade-
off'is a predator’s body mass, with increasing mass and locomotive capability
resulting in a greater benefit to larger predators from selecting larger prey
items (Carbone et al., 1999). Large predatory fishes Crenicichla alta have,
for example, been reported to prey predominantly on large sexually mature
size classes of guppies Poecilia reticulata (Reeznick et al., 1990), meaning that
vulnerability to predation increases with body size in guppies. However,
such a relationship between prey body size and prey selection by predators
does not always necessitate their specialization on larger prey species.
Instead, it has been found that larger predators exploit a wider range of prey
species and sizes (Radloff and du Toit, 2004), increasing the potential for
both individual specialization and opportunistic ofttake in prey selection
tor larger predators (Sinclair et al., 2003). Differences in prey selection have
also been reported according to the sex of predators, some linked to differ-
ences emerging from the existence of sexual dimorphism in the predator
species considered. In vertebrates, the usually larger-bodied male predators
require higher protein diets than females of the same species (Nagy, 1987).
This can result in greater prey specialization for female individuals while
males can have a propensity to opportunistically take higher-quality (higher
protein content) prey; male polar bears Ursus maritimus were, for example,
found to exhibit much greater dietary variability than females, whose diets
were more strongly constrained to ringed seal Pusa hispida individuals
(Thiemann et al., 2011). Likewise, female Adélie penguins Pygoscelis adeliae
showed much greater specialization on krill Euphausia sp. than males (Clarke
etal., 1998). Similarly, a predator’s age may influence its prey selection, with
younger individuals being smaller in size and having less hunting experience
to capture larger prey; for example, juvenile bobcats Felis rufus have been
found to exhibit greater selection for small- and medium-sized prey than



Individual Variability and Predator-Prey Interactions 27

adult individuals (Litvaitis et al., 1986). The reproductive status of individual
predators can also matter when it comes to prey selection: female cougars
Puma concolor with offspring preferentially select female deer, while males
and females without offspring do not (Pierce et al., 2000). Individual vari-
ability in prey selection has yet sometimes been reported without any obvi-
ous correlation with phenotypic attributes: neighbouring kestrels Falco
tinnunculus were, for example, reported to show consistent differences in
prey selection, even though the birds were sharing the same hunting grounds
(Constantini et al., 2005). This may, however, be a result of the individuals’
increasing niche exploitation through reducing intraspecific competition; it
is proposed that through this process, populations of generalist predators may
be in reality clusters of highly specialized individuals (the niche variation
hypothesis: Bolnick et al., 2003, 2007).

Behavioural differences between species, populations and individual
predators can then represent an important source of variation in prey selec-
tion. The type of prey that it is possible for predators to consume can be
influenced by the sociality of the predator in question, with group-living
predators more able to capture and kill larger prey. Furthermore, the group
size of individual predator groups can influence their prey selection: in the
Serengeti National Park, small groups of lions Panthera leo seem unable to kill
buftalos Syncerus caffer, yet the species is an important prey item for larger lion
prides (Packer et al., 1990; Scheel and Packer, 1991). Behavioural differ-
ences in individuals’ prey selection can moreover be driven by learning.
For example, distinct specialization on particular prey types in sea otters
Enhydra lutris has been found to be passed through matriarchal lineages
(Estes et al., 2003), and hunting techniques and prey selection can vary
markedly between killer whale Orcinus orca populations (Sautilis et al.,
2000). The presence of competition from other predators of the same species
or of other species can also alter individuals’ prey selection: for example,
Bolnick and colleagues (2007) found that release from inter-specific compe-
tition can result in increased dietary generalism.

Environmental factors can also influence prey selection. Indeed,
Andruskiw and colleagues (2008) showed that the frequency of prey
encounter, prey attack and prey kill by martens Martes americana were higher
in old uncut forests, despite the fact that red-backed vole Clethrionomys
gapperi density was similar to that in younger logged forests. Heterogeneous
distribution of prey was also reported to result in prey switching and tem-
porary dietary specialism in juvenile silver perch Bidyanus bidyanus
(Warburton et al., 1998). Work in Alaska then shows that yearling coho
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salmon Oncorhynchus kisutch grow faster in warm streams than in nearby cold
streams, making them more likely to grow enough in spring and early sum-
mer to be able to exploit the glut of eggs from spawning sockeye salmon in
August (Armstrong et al., 2010). Coho that do not grow enough are too
small to eat eggs and are limited to a diet of insects. Phenotypic attributes
coupled with information on environmental conditions can also be key
to understanding patterns of prey selection: in Hwange National Park,
Zimbabwe, lions are able to kill juvenile elephants Loxodonta africana only
during very dry periods, and though sometimes they are killed by solitary
male lions, in general it is mostly the larger prides that are able to bring them
down (Loveridge et al., 2006).

3. INDIVIDUAL VARIABILITY AND FUNCTIONAL
RESPONSES

In Section 2, we established that individual variability in predation risk
and prey selection is common in free-ranging populations, and that such var-
iability tends to be shaped by differences in phenotypic and behavioural
attributes, as well as environmental factors. How can such variability be
expected to influence functional responses? The importance of individual
variability in functional responses was actually recognized early on by
Holling (1961), who postulated that characteristics of the prey and predator
species, as well as the environment, would affect the functional response.
There are two main situations that can be expected to arise: in the first case,
individual variability in predation risk and/or prey selection leads to difterent
levels of predation rates among predators and thus differences in the strength
of the same functional response. In the second case, individual variability in
predation risk and/or prey selection leads to individual predators displaying
different types of functional responses (Fig. 2).

3.1 Impact on the strength of the response

Has the existence of groups of predators displaying different strengths of the
same functional response been reported in experimental or observational
studies so far? The answer is yes. Work on larval ladybeetles Coccinella sep-
tempunctata (Xia et al., 2003) and Chaoborus americanus larvae (Spitze, 1985),
for example, shows that larger predators or those hunting larger prey tend to
have higher predation rates than smaller conspecifics or those hunting
smaller prey. Similarly, an increased number of hunting individuals lowers
kill rates of lions (Fryxell et al., 2007) and wolves (Hayes et al., 2000). When
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Figure 2 Possible impacts of individual variability in predation risk and/or prey selec-
tion on the functional response. In the first case, individual variability in predation risk
and/or prey selection leads to different levels of predation rates among predators and
thus differences in the strength of the same functional response (in this case, Type ). In
the second case, individual variability in predation risk and/or prey selection leads to
individual predators displaying different types of functional responses.

hunting individually, male weasels Mustela nivalis nivalis had higher preda-
tion rates than females (Sundell, 2003), while female wolf spiders Pardosa
vancouveri had higher rates than males (Hardman and Turnbull, 1974). Both
age and hunger level can then impact predation rates: starved damselflies
Ischnura elegans had higher predation rates than satiated conspecifics (Akre
and Johnson, 1979; see also Bressenford and Toft, 2011); sub-adult pumas
have lower kill rates than adults, possibly because experience makes pumas
more effective predators (Knopft et al., 2010). As with predation risk and
prey selection, predation rate thus seems to vary between individuals and
such variability can be structured according to phenotypic attributes.

3.2 Impact on the type of response

Few studies have explicitly examined how individuals vary in the type of
functional response they exhibit, but there are suggestions that this kind of
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variability may not be uncommon, especially among species that exhibit prey
switching with size or age. For example, owing to changing nutritional needs
during different life stages, adult wolf spiders Pardosa amentata have a Type 11
functional response for protein-rich fruit flies Drosophila melanogaster and a
dome-shaped response for lipid-rich fruit flies, while sub-adult spiders display
the opposite pattern (Bressenford and Toft, 2011). Putra and Yasuda (2006)
examined larval hoverflies Eupeodes corolla preying on aphids Acyrthosiphon
pisum and found that first instars had a unimodal response to prey density, sec-
ond instars had a Type II curve, and third instars had a Type I (linear)
response. Observations so far also suggest that individual heterogeneity
may produce shapes of functional response beyond those commonly recog-
nized. Rudolf (2008) studied dragonfly Anax junius and damselfly Enallagma
aspersum larvae and found that when the prey were considered as an homo-
geneous whole, the functional response for the dragonflies and damselflies
was a Type III, but when the prey were split by size classes, the functional
response pattern did not fit any of the standard forms. This, however, may
be due to violations of model assumptions, as was suggested when the
response for sub-adult bald eagles Haliaeetus leucocephalus scavenging sockeye
salmon Oncorhynchus nerka could not be characterized (Restani et al., 2000).
Blue crabs Callinectes sapidus are also particularly variable in their responses
according to prey type, prey spatiotemporal distribution, sex of crab and
ambient environmental conditions. Not only do they have a Type Il response
preying on clams Mya arenaria buried in mud and a Type III when they were
buried in sand (Lipcius and Hines, 1986), but at low oyster Crassostrea virginica
density, male blue crabs exhibited a Type II response and females a Type III
(Eggleston, 1990a); they then exhibited a Type II at low and high temper-
atures and Type III at intermediate temperature (Eggleston, 1990b).

4. ACCOUNTING FOR INDIVIDUAL VARIABILITY WHEN
MODELLING PREDATOR-PREY INTERACTIONS

Does the existence of individual variation in prey selection, predation
risk and functional responses really matter when it comes to modelling pred-
ator and prey population dynamics and understanding the impact of preda-
tion on evolutionary trajectories of both predators and prey? Studies so far
have emphasized that accounting for individual heterogeneity can have
important theoretical and practical implications in terms of sharpening
our understanding of evolution, and population and community ecology.
From a management perspective, inter-individual differences can affect
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predator impacts on prey (MacNulty et al., 2009), leading researchers and
managers who ignore this type of variability to potentially under- or over-
estimate the expected impacts of predators on prey populations (Okuyama,
2008). A good example of such a situation is provided by individual cougars
specializing on bighorn sheep in Canada (Festa-Bianchet et al., 20006). In this
situation, predator control programmes aimed at decreasing cougar densities
at large scales are unlikely to reduce predation pressure on bighorn sheep, if
the specialized individuals are missed by such programmes; however, such a
management action could have drastic consequences on the overall preda-
tors’ population structure and functioning (Robinson et al., 2008). From a
theoretical perspective, Bolnick and colleagues (2011) elegantly showed
how manipulating the level of individual variability in predators’ attack rate
or handling time can actually increase or decrease predation pressure, affect-
ing the severity of predator—prey oscillations. Large population oscillations
are frequent in many models of predator—prey systems, yet occur relatively
rarely in the wild (but see Arditi and Ginzburg, 2012; Holt, 2011). This may
be due to the stabilizing effects of complex individual interactions between
predators and prey. Accounting for this individual variability in predator—
prey models may thus minimize the disconnect between patterns seen in
theoretical/experimental versus wild populations. Individual variability in
both predation risk and prey selection could also represent a general mech-
anism maintaining the diversity of the phenotypic traits associated with this
variability (e.g. personality type) within populations, something that is
beginning to be explored (Pruitt et al., 2012). Importantly, if individual var-
iability strongly structures variability in handling time and attack rate, cur-
rent model assumptions are likely to be violated (McPhee et al., 2011). For
example, if both attack rate and handling time are highly variable from one
individual predator to the next, then population average predation rates are
unlikely to be helpful in making mechanistic interpretations about predator—
prey interactions, because multiple combinations of attack rate and handling
time will result in the same functional response curve (Okuyama, 2012; see
also Table A.2 in the Appendix). Violations of assumptions are, however,
rarely examined, and functional response models are often used regardless
of whether the assumed behavioural mechanisms behind them are actually
operating or not (Okuyama, 2009). This can lead to inaccurate or implau-
sible parameter estimates, thus making it impossible to scale up predictions
from the individual to the community level (Okuyama, 2008, 2012).
Despite the recognition that accounting for individual variability in
predator—prey interactions may be important, only a quick review of the
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literature demonstrates that most population dynamics models aimed at
predicting dynamics of prey in the presence of predators consider predators
as being identical individuals. Individual variability in predator choice, for
example, is generally overlooked, and conservation strategies are tradition-
ally based on identifying average resource requirements for a population
(Bolnick etal., 2003; Durell, 2000). Both individual variability within pred-
ators and within prey are classically ignored (see e.g. Fryxell et al., 2007;
Nilsen et al., 2005; Post et al., 1999; Stenseth et al., 1997; Vucetich
et al., 2005, 2011; but see Chesson, 1978 for an exception); instead a pop-
ulation mean is generally used for parameter values (Messier, 1994). Some
models do account for certain types of variability such as age class or sex (see
e.g. Nilsen et al., 2007; Post et al., 1999), but models accounting for indi-
vidual variability within predefined groups are extremely rare, even though
such levels of variability can be demonstrably large (Akre and Johnson, 1979;
Eggleston, 1990a; Restani et al., 2000).

Do modelling frameworks that enable us to take into account such a level
of complexity in predator—prey interactions exist? As discussed above,
models have been developed that take into account individual variability
in susceptibility to predation: these approaches are generally based on (1)
attributing different predation susceptibility to only a limited number of
phenotypic categories, or (2) at each time step, randomly attributing to each
individual prey a different probability of being predated (see e.g. Abrams,
2007). By randomly attributing probabilities at each time step, the second
approach might dismiss potential temporal autocorrelation in each individ-
ual’s ability to escape predators, but such an approach might be well adapted
if a high degree of individual variability in prey selection is expected.
Another possible framework enabling explicit consideration of individual
variability in predation risk could be based on defining a relative measure
of susceptibility to predation for individual prey analogous to frailty, sensu
Vaupel and colleagues (1979), and consider it as an age-invariant trait (i.e.
each individual in a population has a fixed value of relative susceptibility
throughout its lifespan). This approach first requires that the level of indi-
vidual variability in susceptibility to predation is assessed, by collating infor-
mation on age-specific mortality causes in predated populations and by
identifying individuals that died through predation from individuals that
died from other causes, such as disease or accidents. Such data can be difficult
to access, however, particularly for free-ranging populations. One possible
exception is provided by radio-telemetry or GPS-based studies, assuming
that radio-collaring does not influence the vulnerability of prey to predation
(see e.g. Table 2).
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Table 2 Examples of radio-telemetry or GPS-based studies that quantify the relative
importance of predation (indexed as the % of deaths due to predation) as the cause of

mortality

% of deaths
due to

Species Parameter N Nd predation Reference
Moose Alces alces Calf mortality 62 39 92 Bertram and

Vivion (2002)
Moose Adult female 30 7 86 Bertram and

mortality Vivion (2002)
Pronghorn Calf mortality 104 87 86 Gregg et al.
Antilocapra americana (2001)
Mule deer Adult mortality 43 21 62 Robinson
Odocoileus hemionus et al. (2002)
White-tailed deer ~ Adult mortality 27 13 46 R obinson
Odocoileus virginianus et al. (2002)
White-tailed deer ~ >0.6-year-old 153 97 48 DelGuidice
female mortality et al. (2002)

White-tailed deer =~ Fawn mortality 29 14 59 Long et al.

(1998)
White-tailed deer  Adult mortality 112 46 37 Patterson

et al. (2002)
Elk Cervus elaphus ~ Calf mortality 127 65 45 Singer et al.
canadensis (1997)
Roe deer Capreolus Fawn mortality 151 45 73 Panzacchi
capreolus et al. (2008)
Caribou Rangifer Calf mortality 46 15 55 Mahoney and
tarandus Virgl (2003)
Reindeer Calf mortality 621 43 53 Norberg et al.

(2006)
Snowshoe hare Mortality 177 115 97 Griffin et al.

Lepus americanus

(2005)

In this table, N represents the number of individuals fitted with radio-collars while Nd represents the
number of individuals fitted with radio-collars that died.

Recent developments of multi-event capture—recapture models (Pradel,
2005) might also provide a basis for estimating the relative susceptibility of
individuals to predation when detection probability is less than 1. Within a
defined class (e.g. sex, cohort), the probability of being predated could be
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modelled as a function of age or size (which are commonly reported to influ-
ence absolute susceptibility to predation). Since each individual only con-
tributes to one data point in the data set, the distribution of the residuals
(between the observed and predicted probabilities of being predated) pro-
vides the distribution of the individual susceptibilities to predation.
Vaupel and colleagues (1979) originally assumed these susceptibilities to
be gamma distributed. Considering various values for k (k and 1 being
the parameters of the gamma distribution, with k measuring the degree of
individual heterogeneity in susceptibility to predation), it is then possible
to compare (1) the distribution of the observed mortality rates according
to age within a category and (2) the expected distribution of mortality rates
according to age, with the best fit then enabling the parameterization of the
degree of individual heterogeneity in susceptibility to predation within an
age-invariant phenotypic category.

Incorporating a large number of variables (e.g. size, sex and habitat use)
into the functional response itself remains, however, mostly unexplored ter-
ritory. Several modelling techniques, such as structural equation modelling
(Grace et al., 2010), Individual-Based Models (IBMs; Grimm & Railsback,
2013) and linear mixed models, have not been used traditionally in func-
tional response modelling and may hold the potential to begin to address this
problem. For situations when there are data on individual animals or groups
of animals, mixed-effects models may indeed be used to determine how
much of the variance in a parameter, such as attack rate or handling time,
is due to differences among individuals. Mixed-effects models can also be
used to estimate the importance of factors such as size, sex or habitat use
on attack rate or handling time, while controlling for unexplained differ-
ences between individuals. IBMs have been used to examine how differ-
ences in morphology and behaviour among individuals can impact
predator—prey interactions and population dynamics (DeAngelis and
Mooij, 2005; McCauley et al., 1993). While there has been limited use
of IBMs in functional response research, Petersen and De Angelis (1992)
used them to investigate squawfish Prychocheilus oregonensis predation on
juvenile salmon in the Columbia River. They incorporated individual dif-
ferences in predator feeding rate and timing, and predator and prey size to
attempt to distinguish between Type II and III responses. IBMs can be used
for theoretical and practical explorations of how behaviours that differ
among individual predators affect their encounter and attack rates, handling
time and predation rate, and, implemented with care, could provide mech-
anistic insight into the impact of heterogeneity across individuals on
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population processes. With the addition of parameter estimates from field or
experimental data, they have potential to make predictions about how
demographic or environmental changes could impact functional response
and dynamics of specific populations.

5. CONCLUSIONS

Our message is simple: predator—prey interactions are complex, much
more complex than previously thought. Future research efforts should be
focused on exploring how this complexity can best be incorporated into rig-
orous modelling approaches to improve our ability to predict fluctuations in
predators and prey numbers. Predation data from current long-term studies
that keep track of individuals in the wild, coupled with innovative modelling
techniques, are of paramount importance to improving our understanding
of the impacts of individual heterogeneity on population responses
(Table 3). Most research so far has focused on the differences between indi-
viduals of one species of predator and prey. However, a deeper understand-
ing of predator—prey interactions will require careful study of how the
differences in morphological traits and/or behavioural plasticity of both
individual predators and prey affect their relationships (see McGhee et al.,
2013 for an example). Scaling up from the population level to communities,
where empirical data on the functional responses of multiple interacting spe-
cies are rare, will however likely remain a major challenge for some time.
Yet the variation seen in predator—prey interactions suggests that each pred-
ator—prey relationship can contribute in unexpected ways to increasing the
complexity of biological systems, potentially leading to outcomes we cur-
rently fail to predict.

Interestingly, the re-establishment of large predators in many ecosystems
(e.g. Breitenmoser, 1998; Valiere et al., 2003) and the observed increase in
population size of a range of predator species following large-scale cessation
of predator control (e.g. Wright, 1999) may provide ecologists and wildlife
managers with some fantastic opportunities to tackle the current lack of
information regarding the importance of predation in shaping life history
traits of free-ranging vertebrates (Pettorelli et al., 2011); to test theories
developed using experimental settings and simulation work; to examine
how individual variability in both predators and prey impact the interactions
between them and to develop tools and frameworks allowing for better inte-
gration of the complexity of predator—prey interactions in applied situations
(see e.g. MacLeod etal., 2014). Of particular interest is the exploration of the



36

Nathalie Pettorelli et al.

Table 3 Non-exhaustive list of key research questions that still require adequate
collection of relevant data in the wild in order to be addressed

Questions

Potential issues

Does the presence of predators lead to
differences in the means and variation in
survival and recruitment rates among
phenotypic categories within a prey
population? Does it affect the trade-oft
between survival and reproduction?

Potential changes to the effects of density
dependence on prey populations that the
presence of predators may generate
should be accounted for

Are there predator species characteristics
that influence the level of individual
variability in predator diet?

Meta-analyses based on information on
the level of individual variability in
predators’ populations should account
for differences in levels of inter-specific
competition

How does the level of individual
variability in prey selection correlate
with the distribution of indirect costs of
predation in the prey population and the
heritability of anti-predator-induced
traits?

Most long-term projects on large
vertebrate populations have been carried
out in predator-free environments,
reducing opportunities to empirically
address this question

‘What is the relative importance of
indirect and direct costs of predation in
determining prey population dynamics?

The answer might be a function of
predator and prey densities

Do changes in the average composition
of the predator population lead to
differences in the means and variation in
survival and recruitment rates among
phenotypic categories within a prey
population?

This question is likely to be best
answered within a single prey-single
predator system where all the required
information is accessible over a sufficient
time frame

How does individual vulnerability to
predation correlate with individual
predation costs and prey selection?

Prey selection might not reflect prey
preference, leading to potential inter-
population difterences in the
relationships between predation
susceptibility and predation costs within
populations of selected and preferred

prey

Is susceptibility to predation mainly
determined by phenotypic attributes,
should it be considered as an individual
age-invariant characteristic, or is it
mainly randomly variable over time for
each individual without temporal
autocorrelation?

Predator characteristics might influence
how susceptibility to predation is
structured within prey populations
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Table 3 Non-exhaustive list of key research questions that still require adequate
collection of relevant data in the wild in order to be addressed—cont'd
Questions Potential issues

How do individual differences in both  Difficult to get detailed information on
predators and prey impact their both predator and prey in natural
interactions? On what temporal/spatial ~ systems; species characteristics and level
scales are those differences important and of habitat heterogeneity might be

what are the implications for community important when tackling this issue
dynamics?

Here, the direct costs of predation refer to the changes in prey mortality due to predation. The indirect
costs of predation, on the other hand, refer to the costs of anti-predator behavioural responses of prey,
which can be manifest by reduced prey survival, growth or reproduction (Creel and Christianson, 2008).

relative role of the phenotype and the ecological context (notably, whether
or not predation is present) in determining life history traits. A recent study
by Cote and colleagues (2013) illustrates the importance of understanding
such interactions to better predict population dynamics of both predator
and prey. Examining the link between phenotypic specialization and dis-
persal inclination in mosquitofish Gambusia affinis, the authors show that dis-
persing mosquitofish are less social than non-dispersing fish when predation
risk is null. However, they also demonstrate how personality-dependent dis-
persal is negated under predation risk, with dispersers displaying similar per-
sonality types to residents in such conditions (Cote et al., 2013). Such results
support previous calls, as well as that made here, for more research into
assessing and taking into account the potentially individually variable indi-
rect impacts of predation when modelling predator—prey interactions (Creel
and Christianson, 2008; Pettorelli et al., 2011).

APPENDIX

Table A.1 Holling's three functional responses

Model Formula Description
Type I Kill rate =attack rate*prey density Linear
Type 11 Kill rate — attack rate*prey. density - Asymptotic
1 +attack rate*prey density*handling time
Type III b*prey density2 Sigmoid
Kill rate =

1+ c*prey density + b*handling time*prey density?

Note that in these equations, b and ¢ are constants.
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Table A.2 Definitions of the parameters used in the functional response equations

Parameter Definition

Encounter rate  Search rate (area searched/unit time) * prey density
(individuals/area)

Attack rate Encounter rate * proportion of encounters that turn into
attacks * proportion of attacks that are successful

Handling time  The time required to handle prey so that other prey cannot be
concurrently attacked. May include pursuing, subduing, eating,
digesting. Constant in Types II and III

Kill/predation =~ Number of prey killed/predator (individual or group)/unit time.
rate Y axis of functional response curves
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