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Abstract Several optimisation models, like the marginal val-
ue theorem (MVT), have been proposed to predict the optimal
time foraging animals should remain on patches of resources.
These models do not clearly indicate, however, how animals
can follow the corresponding predictions. Hence, several
proximate patch-leaving decision rules have been proposed.
Most if not all of these are based on the animals’ motivation to
remain on the patches, but the real behaviours involved in
such motivation actually still remain to be identified. Since
animals are usually exploiting patches of resources by walk-
ing, we developed a model simulating the intra-patch move-
ment decisions of time-limited animals exploiting resources
distributed in delimited patches in environments with different
resource abundances and distributions. The values of the
model parameters were optimised in the different environ-
ments by means of a genetic algorithm. Results indicate that
simple modifications of the walking pattern of the foraging
animals when resources are discovered can lead to patch
residence times that appear consistent with the predictions of
the MVT. These results provide a more concrete understand-
ing of the optimal patch-leaving decision rules animals should
adopt in different environments.
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Introduction

Most animals are foraging for resources (food, hosts, prey,
etc.) that are distributed in discrete patches in the environment
(Green 2006; Wajnberg 2006). Under such conditions, they
have to optimise the length of time spent on each patch to
maximise the number of resource items harvested per time
unit (Stephens and Krebs 1986; Wajnberg 2006). One of the
most influential theoretical treatments of this problem, that has
inspired a large body of research, is the marginal value theo-
rem (MVT; Chamov 1976). It predicts that foraging animals
can maximise the rate at which they find resources by leaving
each patch when the instantaneous resource intake rate falls
below the average rate of gain for the habitat. However,
although most species are following rather accurately the pre-
dictions of the MVT (Nonacs 2001), animals cannot be
expected to calculate optimal behavioural decisions in the
way suggested by optimisation models like the MVT (Houston
1987). Waage (1979), working on the parasitic wasp Nemeritis
canescens, thus proposed a dynamic patch-leaving rule
suggesting that the animal enters a patch with a certain respon-
siveness level (tendency to remain). The responsiveness,
which is said to correspond to a tendency to turn sharply back
to the centre when the edge of the patch is reached, would then
decrease with time due to habituation until a threshold value
would be reached at which time the turning response would no
longer be elicited and the patch would be left. When a resource
item is found, the responsiveness would increase by a given
increment delaying the time of departure. More recent exper-
imental results indicated that encountering a resource item
could also have a decremental influence on the animal’s ten-
dency to remain on the patch (Driessen et al. 1995; Pierre et al.
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2012). Iwasa et al. (1981) demonstrated theoretically that an
incremental effect of finding a resource item produces optimal
patch residence times (e.g. according to the MVT) when there
is a large variance in patch quality (i.e. a clumped distribution
of resources), while a decremental effect is optimal when
resources are regularly distributed among patches. Finding
resources that are distributed in patches according to a Poisson
distribution should not influence the motivation of the animal
to remain on the patch.

Although this is graphically suggested in the original paper
of Charnov (1976) and sometimes mentioned in other studies
(e.g. Nelson and Roitberg 1995; van Alphen et al. 2003;
Hancock and Milner-Gulland 2006), neither models of optimal
patch time allocation nor proximate patch-leaving decision
rules explicitly consider intra-patch animal movement while
foraging for resources. However, animal movement strategy
while foraging for resources has often been recognised as
crucial (Turchin 1998; de Knegt et al. 2007) and has thus been
a central focus in foraging ecology (Bell 1991; Stephens and
Krebs 1986).

Most theoretical approaches developed for this problem are
based on spatially explicit simulation models and have fo-
cused mainly on inter-patch movements (so-called “ranging”;
e.g. Stillman and Sutherland 1990; Zollner and Lima 1999;
Nonaka and Holme 2007; Barton et al. 2009; Reynolds 2012).
For intra-patch displacement patterns (so-called “local search”
or “restricted search”), numerous studies have identified and
described a simple and efficient resource-harvesting strategy
based on a decrease in walking speed with an increase in
changes of direction (Bell 1990; Benhamou 1992; Focardi
et al. 1996; Turchin 1998; Bartumeus et al. 2005). Between
patches, faster and straighter movements become more effi-
cient, increasing net displacement, thereby increasing the
chance of finding new resources (McIntyre and Wiens 1999;
Bartumeus et al. 2005; Barton and Hovestadt 2013).

Although to our knowledge no such studies have been
published, it could be that the optimal proximate patch-
leaving decision rules can actually be expressed in terms of
animal movement strategy within patches of resources. As
explained above, patch-leaving mechanisms are usually
phrased in terms of responsiveness level or motivation to
remain on the patch. Motivation, considered to be not directly
observable, influences an animal’s response, in terms of di-
rection, intensity and persistence of effort, to perceived envi-
ronmental stimuli (so-called “incentives”; Colgan 1989; Bell
1991). The motivation could correspond phenotypically, at
least partially, to an animal’s intra-patch movement decisions.

Optimal patch residence time and animal movement have
arguably been two of the most-studied problems in behaviour-
al ecology over the past few decades (Wajnberg 2006;
Holyoak et al. 2008). However, up to now, the two topics
have largely been developed independently. This is unfortu-
nate, since both problems are essential ingredients to be
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studied simultaneously if we want to understand accurately
what sort of optimal decision-making processes animals actu-
ally use (Hancock and Milner-Gulland 2006). In order to
address this problem, we developed an individual-based Mon-
te Carlo model with detailed exploration rules of delimited
patches simulating the resource-harvesting process of isolated
animals with a high degree of flexibility. Optimal locomotory
movement strategies, corresponding to optimal patch resi-
dence times, were identified by means of a genetic algorithm
(Sumida et al. 1990; Ruxton and Beauchamp 2008). Subse-
quently, a sensitivity analysis was performed in order to
identify what are the decision-making movement rules that
are the most efficient to approach the optimal predictions of
the MVT. The results obtained provide a clearer and concrete
understanding of the phenotypic meaning of patch-leaving
mechanisms animals should adopt to behave optimally.

Description of the model

To identify optimal intra-patch movement decisions, we de-
veloped a spatially explicit foraging model. The model simu-
lates, in a 2D space and over one generation, the locomotory
behaviour of isolated, time-limited animals foraging for fixed
pinpoint resource items distributed in delimited patches. This
simplified scenario corresponds, for example, to an egg para-
sitoid female foraging for host egg masses, or to an herbivo-
rous animal looking for fallen fruits or seeds at the bottom of
distant trees, or, more generally, to any kind of animals
exploiting by walking resources distributed in delimited de-
pletable patches in their environment. The model is discrete in
time and integrates both stochastic and deterministic compo-
nents. In it, animals are foraging in an environment that can be
of three different resource abundances corresponding to three
average numbers of resource items per patch: 5, 10 or 15. For
each resource abundance, three different distributions of re-
source items per patch were compared. In environments in
which resources are uniformly distributed among patches, all
patches initially contain the same number of resource items. In
environments having resources distributed randomly among
patches, the initial number of resource items in each patch is
given by a Poisson distribution. In environments in which
resources are showing an aggregated distribution among
patches, the initial number of resource items in each patch is
given by a Negative Binomial distribution with an aggregation
parameter k equal to 1.0. In all cases, resource item locations
were drawn randomly on circular patches of 120 arbitrary
units in diameter each, constraining them from being too close
to the patch border (at least 5 arbitrary units) or too close to
each other (minimal inter-resource distance of 10 arbitrary
units). Patches were identical in surface area in order to
standardize perimeter-to-area ratio and maintain a constant
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overall chance for the animals to reach the patch edge (Turchin
1986).

Following other studies (e.g. Bovet and Benhamou 1988;
Benhamou 1992; Bruins et al. 1994; Wajnberg and Colazza
1998; Benhamou 2007; etc.), the walking behaviour of the
foraging animals in each patch of resources was simulated
with a simple correlated random walk (see Codling et al. 2008
for a recent review). This enables us to simply and accurately
analyse the different components of the behavioural decision
processes separately.

In the simulations, patches had not been previously
exploited by the animals. At the beginning of each visit to a
patch, animals are released in the centre, and a linear walking
speed and a turning angle are then drawn randomly at each
time step to compute their new coordinates. A preliminary test
was done by allowing animals to enter patches from a ran-
domly chosen point on the patch border instead. Results were
qualitatively similar. The linear walking speed (expressed in
arbitrary length units per time step) was drawn from a Normal
distribution whose average changed in the course of time
according to the following logistic curve:

10

AWS = 1 + 9e*Gl><t

(1)

where AWS is the average walking speed, # is the time elapsed
since the animal entered the patch and G1 (>0) determines the
speed of increase in average walking displacement with time
(from 1.0 to 10.0 arbitrary units). The standard deviation used
for the Normal distribution was set to 5 arbitrary units per time
step, and the randomly drawn linear speeds were bounded to
remain >1.0. The logistic function was used because its shape
corresponds to what has been sometimes observed in real
animals (e.g. Carter and Dixon 1982; Bell 1991). A Normal
distribution was also used to draw the turning angles at each
time step, with average values equal to the direction of move-
ment at the preceding step and with a standard deviation that
followed a decreasing logistic curve coupled to the one given
in Eq. 1 and that was bounded to remain between 45° and 0°.
Hence, as time goes by, and without finding resources, the
animal progressively switched from a slow and tortuous to a
fast and straighter walking pattern.

As observed, for example, in several insect species (Waage
1978, 1979; Strand and Vinson 1982; Gardner and van
Lenteren 1986; Bell 1991), the animal can bounce back to
the centre of the patch upon encountering the patch border.
Such a behaviour can be the result of a visual, gustatory or
olfactory ability of the animal to detect the patch edge. The
probability p of the simulated animals to bounce back de-
creased exponentially with the number of times the border of
the patch was encountered according to the following equa-
tion:

p= efGZXR (2)

where R is the number of times the patch border has been
encountered since the animal entered the patch and G2 (>0) is
the rate of decrease of the probability to return to the patch
centre. Such a decrease has been sometimes considered to
result from a habituation process (Waage 1978, 1979; Strand
and Vinson 1982).

Upon walking on a patch, animals arriving at a new loca-
tion at each time step are able to detect and exploit resource
items within their perceptual detection range (so-called “reac-
tive distance”, Roitberg 1985; Bruins et al. 1994) here set to a
distance of 10 arbitrary units. When several resource items are
perceived at a given time step, the closest one is the one that is
exploited. The model thus explicitly considers that resource
items situated between two locations during the walking pro-
cess (i.e. between two time steps) are not perceived and are
thus not exploited by the foraging animal. Each time a re-
source item is encountered, it is not replaced, so patches are
suffering a continuous depletion. For insect parasitoids, this
might represent a simplification since hosts attacked by these
insects remain in the environment. In this particular case, the
model would thus correspond to simulating the foraging be-
haviour of a parasitoid female able to perfectly discriminate
between healthy and already attacked hosts. When a resource
item is discovered, the logistic curve defining average changes
in the walking pattern in the course of time (Eq. 1) is altered
such that the time variable # is replaced by #+G3 X r, where  is
the total number of resource items encountered since the
animal entered the patch and G3 (a real number) is the inten-
sity of the switching effect. Hence, if G3 is negative, the
animals encountering a resource item returns, on average, to
a slower and more tortuous walking behaviour. Such a
switching mechanism has been observed in parasitic wasps
after a host is discovered (e.g. Gardner and van Lenteren
1986). A positive value of G3 accelerates the animal’s average
walking speed and straightness. Encountering a resource item
also alters the probability that the animal bounces back when
the patch border is encountered (Eq. 2). This means that R in
Eq. 2 is replaced by R+G4 xr, where R is the total number of
times the patch border has been encountered, r is the number
of resource items encountered since the animal entered the
patch, and G4 (real number) is the intensity of the switching
effect. Whatever the value of G4, the probability to bounce
back was bounded to remain<1.0. Here again, if G4 is nega-
tive, the animal encountering a resource item increases back
its bouncing probability upon encountering the patch border
while a positive value accelerates its probability of leaving the
patch. Negative values of both parameters G3 and G4 result in
a longer stay in the patch each time a resource item is discov-
ered. This corresponds to the incremental mechanism in
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Waage’s (1979) patch-leaving rule. Reciprocally, positive
values for these two parameters are corresponding to a decre-
mental influence of encountering a resource item on the patch
residence time. Zero values for these two parameters corre-
spond to no influence of resources encountered on the patch
residence time of the simulated animals.

Table 1 lists all parameters of the simulation model, with
their meaning and/or the values used, and Fig. 1 shows a
couple of examples of the walking pattern produced by this
model. Such movement patterns resemble those observed in
real animals (Waage 1978; Galis and van Alphen 1981; Strand
and Vinson 1982; Gardner and van Lenteren 1986).

It has to be noted that there are some possible correlations
between the four state parameters G1 to G4. The goal of the
model was to provide a simple mathematical characterisation
of the different behavioural movement routines animals
should use to adjust their patch residence time and, although
being potentially correlated, the four parameters G1 to G4 are
actually describing different features of movement strategy of
the modelled animals.

After leaving a patch of resources, the animal always had to
travel 200 time steps before finding a new patch that is then
exploited using the same foraging algorithm described above,
and the whole process is repeated until a total number of 5,000
time steps has elapsed, which corresponds to the total lifetime
of the foraging animal. Using optimised values for the param-
eters G1 to G4 (see below), such a procedure led to an average
of about 16.7 patch visits (range, 12-20; pooling all situations
studied) during a forager’s lifetime duration. Different inter-
patch travel times or total lifetime durations gave qualitatively
similar results, demonstrating that the particular parameters
used were not influential. At the end of each simulation, the
foraging success of the simulated animals was quantified by the
total number of resource items harvested per time unit. In the
case of insect parasitoids looking for and exploiting hosts, such
a foraging success is directly translated into rate of offspring
production and thus into individual fitness (Wajnberg 2006).

In order to remain simple, tractable and sufficiently general,
the simulation model developed makes six main simplifications

Fig. 1 Examples of intra-patch movement pattern of isolated foraging
animals, exploiting a patch contained 5 (right), 10 (middle) or 15 (left)
fixed resource items, produced by the simulation model. White and black
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compared to real animals. First, the simulated animals are not
capable of detecting the quality of the patch upon entering i,
although real animal have been shown to be able to do so. This
is the case, for example, for some parasitic wasps that are
known to perceive the amount of contact kairomones produced
by their hosts (Waage 1978, 1979; Wajnberg 2006). Second,
foraging animals are moving within, and travelling between
patches of resources without paying an energetic or physiolog-
ical cost, although the importance of such a cost has been
demonstrated several times (e.g. Liu et al. 2009). Third, both
the walking strategy and resource-harvesting ability of the
simulated animals remain the same all over their entire lifetime
duration, although the corresponding behaviours could change
with the age of the animals (Gossard and Jones 1977; Bell
1990). Fourth, resources discovered are exploited instanta-
neously, although a substantial handling time is usually neces-
sary, leading likely to possible quantitative changes in the
optimal time animals should allocate to each patch they visit.
Fifth, there is no competition between foraging animals, al-
though competition between foragers is known to influence
their patch time allocation (Wajnberg et al. 2004; Fraser et al.
2006). Finally, the simulated animals are not able to learn
progressively the quality of their habitat, although an important
number of studies demonstrated that learning, both during a
visit to a patch (e.g. Outreman et al. 2005) or while travelling
between patches (e.g. Dall and Cuthill 1997; Thiel and
Hoffmeister 2004; Tentelier et al. 2006), can enable animals
to acquire rapidly a more accurate estimation of the quality of
their environment (McNamara and Houston 1985; Eliassen
et al. 2009).

Optimisation and sensitivity analysis

In many studies, the walking pattern of foraging animals is
simulated with different values of the state parameters, and
optimised strategies are identified empirically using graphical
outputs of the results (e.g. Stillman and Sutherland 1990;
Benhamou 1992; Nonaka and Holme 2007; Barton and

dots are representing resource items that remained or that have been
exploited, respectively. In the three cases, the values of the parameters
used were: G1=0.05, G2=4.0, G3=-3.0 and G4=0.0 (see text)
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Table 1 Definition of all parameters of the model with the values used

Parameters Meaning/values used
Average resource items per patch  [5, 10, 15]
Distribution of resources per patch [uniform, Poisson, aggregative (with
k=1.0)]
t Time elapsed since the animal
entered the patch
Average walking speed at each 10/(1+9¢~ ") (arbitrary units)
time step
Standard deviation of linear 5 (arbitrary units)
walking speed
Average turning angle at each time Direction of movement at the
step preceding time step

Standard deviation of turning Given by a decreasing logistic

angle function (from 45° to 0°) coupled
to the function used to compute
the average linear walking speed
(see above)
G1 (>0) Rate of increase in average walking

speed and decrease in turning
angle with time

Probability to bounce back to the ¢ %%
center upon encountering the
patch border
R Number of times the patch border
has been encountered
G2 (>0) Rate of decrease of the probability to

return to the centre upon
encountering the patch border

Reactive distance to resource items 10 arbitrary units

r Total number of resource items
discovered since the animal
entered the patch

G3 (real number) Intensity of the switching effect of
each resource item discovered on
the walking behaviour of the

animal

G4 (real number) Intensity of the switching effect of
each resource item discovered on
the probability to bounce back to
the centre upon encountering the

patch border
Travel time between patches 200 time steps

Total lifetime duration 5,000 time steps

Parameters G1, G2, G3 and G4 are those that were optimised by means of
a genetic algorithm

Hovestadt 2013). Here, values of the parameters G1 to G4 that
maximise the foraging success of the simulated animals in
each environmental situation were identified by means of a
genetic algorithm. Such a numerical optimisation method has
been used to solve several ecological questions (Sumida et al.
1990; Hoffmeister and Wajnberg 2008; Ruxton and
Beauchamp 2008; Wajnberg et al. 2012), including on optimal
movement strategies (e.g. Hancock and Milner-Gulland
2006). Several genetic algorithms are available. We used the

GENITOR algorithm which is known to be efficient when
optimising stochastic processes (Whitley 1989). One hundred
chromosomes were used, each coding for four genes corre-
sponding to the four parameters G1 to G4. In the optimisation
process, each chromosome was randomly modified using a
mutation rate of 2.5 % per gene and a recombination rate of
60 %. At each generation, chromosomes leading to lower
foraging successes are eliminated and replaced by the off-
spring of those leading to the higher number of resource items
discovered per time unit, and the process was repeated over
350 generations leading to a stable evolutionary solution in
each of the environmental situations compared. Since the
algorithm used to simulate the walking strategy of the forag-
ing animal is stochastic, the fitness of each chromosome was
estimated each time by the average foraging success of 500
runs of the same gene combination using different randomly
drawn patch composition and resource item locations. The
entire optimisation process was repeated 100 independent
times in each environmental situation compared. Finally, the
effect of the average resource abundance and of the distribu-
tion of the resource items per patch on the optimised values of
the four parameters G1 to G4 was analysed with a two-way
ANOVA, and a Tukey test was used to identify significant
differences between means.

Once they have been obtained, the average optimised
values for the four parameters were used to simulate the
foraging behaviour of animals in order to check whether their
patch residence times were consistent with the optimal pre-
dictions of the MVT. For this, simulations were first run 100
times separately for each average resource abundance, each
distribution of resource items per patch and each of the pos-
sible patch qualities with the optimised parameters and up to
the moment all resource items have been harvested. Results in
each case were used to fit a function describing the cumulative
number of resource items harvested in the course of time
(fitness function), estimating, by maximisation of a Poisson
likelihood, the parameters N, and (3 of the following equation:

f(t) = No(1—e). (3)

As an inter-patch travel time of 200 time steps was used in
all cases, these parameters were used to compute numerically
the optimal patch residence times given by the MVT in each
situation. All computations were done using R 2.14.1 software
(R Development Core Team 2011). Then, simulations with the
optimised values of the parameters G1 to G4 were run 1,000
times in each situation, and the average patch residence times
were compared to the expected times from the MVT using the
following least-square criterion, expressed in time unit:
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where ¢ is the number of patch types of different quality that
are available in the environment, p; is the probability of
finding a patch of type i, and # and ¢, are respectively the
observed and expected foraging times of animals exploiting a
patch of type i. The lower this criterion, the closer the animals
are following the predictions of the MVT.

Finally, this criterion was used to perform a sensitivity
analysis on each of the four parameters G1 to G4 to estimate
their importance for the foraging animals to behave in accor-
dance with the MVT. For this, each parameter was modified
separately in each of the environmental situations compared,
keeping the others at their optimised values, within an interval
extending 6xXSE (SE by SE) symmetrically around the
optimised value, SE being the standard error of the optimised
parameter observed after running the optimisation process. As
explained above, checking whether the optimised behaviour is
consistent with the MVT was done using the simulated and
expected foraging times on patches of resources. Similar

results were obtained using marginal fitness gains upon leav-
ing the patches instead.

Results

Figure 2 gives the optimised values of the four parameters G1
to G4 in each environmental situation compared. In environ-
ments of increasing resource abundance and with an increasing
aggregation level of resource items per patch, animals should
increase both the speed at which they switch from a slow and
tortuous to a fast and straighter walking pattern (parameter G1:
effect of environment richness, 7, g95=26.82, p<0.001; effect
of the distribution of resources per patch, F, g9s=110.39,
2<0.001) and the rate of increase in the patch-leaving proba-
bility upon encountering the patch border (parameter G2:
effect of environment richness, /, gg5s=24.32, p<0.001; effect
of the distribution of resources per patch, F» g95=17.83,
»<0.001).

Upon encountering a resource item, and whatever the
richness of their environment, foraging animals should return
back to a slower and tortuous walking behaviour, and should
thus increase their patch residence time, when resources have

Fig. 2 Average (+SE) optimised Gl G2
values of the four parameters G1 0.12 5 12
to G4 with different distributions .
of resource items per patch and in 0.10 - 10 1 de de de de
different environment having 5 od T,
(white), 10 (grey) or 15 (black) d
average number of resource items 0.08 1 8 be
per patch. Parameters G1 and G2 c _1C._
describe, respectively, the speed 0.06 A 6 1 b
at which the walking pattern and ab L
the bouncing behayiour on the 0.04 - a @ 4 a
patch edge change in the course of
time while parameters G3 and G4
are the incremental (negative 0.02 4 21
values) or decremental (positive
values) effects each resource item 0.00 - - - 0 -
discovered has on the walking Uniform  Poisson Aggregative Uniform  Poisson Aggregative
pattern and bouncing behaviour
on the patch edge, respectively, in G3 G4
. . 20 0.0

terms of patch residence time (see .
text). In each graph, average 15
values followed by different d 04 -
letters are significantly different at d
p<0.05 (Tukey test) 101 ¢

51 cc 081 d ¢ d

C
0 = 121 ¢ .
b
5
b
-10 1 b b 1o T _'ar
a
-15 ; ; e 2.0 : . ;
Uniform  Poisson Aggregative Uniform  Poisson Aggregative
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an aggregated distribution. On the opposite, they should ac-
celerate their walking speed and straightness, and thus de-
crease their patch residence time, when resources have a
regular distribution (parameter G3: effect of environment
richness, I, g95=2.64, NS; effect of the distribution of re-
sources per patch, /5 g9s=86.59, p<0.001). When the distri-
bution of the resource items per patch is random, no straight-
forward effect is found. Finally, each resource item encoun-
tered should lead the foraging animals to increase their prob-
ability to bounce back on the patch border, and this effect is
stronger in a poorer environment and when the resources are
more regularly distributed (parameter G4: effect of environ-
ment richness, /> g9s=333.37, p<0.001; effect of the distri-
bution of resources per patch, I, g95=54.50, p<0.001).
Figure 3 presents the results of the sensitivity analysis done
on each of the four parameters G1 to G4. It is interesting to
note that, although not behaving exactly in accordance to the
predictions of the MVT, optimised animals are adopting patch
residence times that are differing from those predicted by the
MVT by a couple of time steps only. The remaining differ-
ences are most likely due to the high level of stochasticity of
the foraging algorithm developed while the MVT is entirely
deterministic. As can be seen in Fig. 3, the four parameters

have apparently not the same importance in leading foraging
animals to adopt a behaviour that is consistent with the MVT.
The two parameters involved in shaping the walking pattern
of the simulated animals (Gl and G3) seem to be more
important than those involved in determining the patch-
leaving probability upon encountering the patch border (G2
and G4). Actually, parameter G3, which determines the
incremental/decremental effect of each resource item encoun-
tered on the walking behaviour, in terms of patch residence
time, appears to play the most important role. More accurately,
decreasing its value (i.e. having a higher incremental effect in
terms of patch residence time) is leading the foraging animals
to deviate rapidly from the predictions of the MVT.

Discussion

Although much remains to be done, the need for studies
integrating optimal behaviours and the proximate mechanisms
enabling foraging animals to adopt them is regularly advocated
by many authors (McNamara and Houston 2009). Concerning
patch time allocation, optimality models like the MVT
(Charnov 1976) indicate how long foraging animals should

Fig. 3 Sensitivity analysis of the Gl G2
four parameters G1 to G4 done to 70 70
quantify their importance for the
simulated animals to behave in - 60 - 60 -
accordance to the marginal value >
theorem (MVT) optimum. For S 507 50 1
each parameter, simulations were Q
done with different values S 40+ I 40 +
extending —6 % SE to 6 xSE 8 l\l T
around the optimised values. In g 304 l\I\I T 30
each case, simulations were done g l\I\I\ 11711 11 I TTITTIITITITIT
in all environmental situations z 207 I \'~.—0~I’I 1 201 1\"I_I_I I* 'I_I_I_I"I I
compared, and average (+SE) A I 1 1 L
results of the criterion 101 101
representing a distance to the
optimal MVT behaviour (se.e text, 0 6 4 2 0 2 4 6 0 6 4 2 0 2 4 6
Eq. 4) are represented, pooling all
environmental richnesses and all G3 G4
distributions of resource items per 70 70
patch. See Fig. 2 for a description
of the four parameters G1 to G4 — 60 l 60 +
E SEIN| 50 -
N
:QS) 40 1\1 40 4
e l\I\T .
o 30 A 30 A
g N R SEER R
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Change in the optimised values (SE)
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remain on each patch they exploit, but they do not clearly
indicate how they can manage to do it (Green 1984). The
proximate patch-leaving decision rules that have been studied
so far are essentially expressed in terms of animal responsive-
ness or motivation (Wajnberg 2006; Pierre et al. 2012), but no
clear indication has been proposed regarding the actual behav-
iours involved. Since patches of resources are usually
exploited by walking, we tried to identify the optimal patch-
leaving decision rules in terms of animal movement patterns.
Animal movement is certainly an important ecological com-
ponent of animal behaviour that is involved in animal foraging
decisions (Cronin et al. 2001; Chapman et al. 2007; Nathan
et al. 2008). By developing a simple model simulating the
walking decisions of isolated, time-limited animals exploiting
delimited patches of resources, coupled with a genetic algorithm
to quantify the optimal displacement patterns, we identified
optimised movement strategies enabling animals to maximise
the number of resource items harvested per foraging time unit.
Four state parameters were optimised in different environ-
mental situations. G1 and G3 described the change, from the
moment a patch of resources is entered, of the walking pattern
from a slow and tortuous to a faster and straighter movement
while G2 and G4 are involved in modifying the probability of
the foraging animals to bounce back when the patch border is
encountered. Concerning the first two of these parameters, the
results obtained indicate that animals should switch more
rapidly to a faster and straighter walking pattern when they
have to exploit resources that are more aggregated in patches
(parameter G1). In turn, this should lead them to encounter the
patch border more frequently but, under such an environmen-
tal situation, each resource item encountered should optimally
reduce back their walking speed with an increase in their
turning rate (parameter G3). In aggregated environments, the
two mechanisms may thus potentially cancel out each other. In
these environments, resources are mainly concentrated in a
few patches only while an important number of patches con-
tain few resource items. Thus, such an optimised combination
of mechanisms most likely enables the animals to avoid
spending too much time on poor-quality patches and to con-
centrate their foraging effort on patches in which a higher
number of resource items will be discovered. Approaching
more rapidly a faster and straighter walking displacement also
likely avoids animals remaining too long on better-quality
patches. When resource items are more regularly distributed
among patches, animals should instead increase the speed at
which they switch from a slow and tortuous to a faster and
straighter walking pattern each time a resource item is
harvested (parameter G3). Thus, in this case, the two param-
eters G1 and G3 are both leading animals to leave patches
earlier. Since parameter G1 acts globally while parameter G3
acts multiplicatively in proportion to the number of resources
exploited, the two effects should be cancelled out only when a
significant number of resource items can be discovered, which
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is often not the case in regularly distributed environments and
especially when animals are foraging in environment of de-
creasing richness.

Concerning the two other parameters determining the
bouncing probability on the patch border, results indicate that
animals should leave patches earlier (parameter G2) when
resources are more aggregated in patches, especially when
the overall quality of the environment increased. The expla-
nation is most likely the same than for the parameters G1 and
G3. Indeed, such an optimised strategy would enable animals
to avoid remaining too long on poor-quality patches. Here
again, the effect of the two parameters G2 and G4 should
cancel out each other since G2 acts in a constant manner
through time while G4 modulates the effect of cumulative
success in the patch. Actually, all of these results have to be
interpreted by taking into account the effect of all four param-
eters simultaneously. For example, if resources are uniformly
distributed among patches, parameter G3 leads animals to
adopt a faster and straighter walking pattern each time a
resource item is encountered, reducing the time to reach the
patch border. In this case, in order to avoid leaving too early,
animals should increase their bouncing probability on the
patch border, and this corresponds to the optimised negative
value of parameter G4. Similar compensatory mechanisms
between parameters can be found in other environmental
situations.

It has to be noted that the optimised values of parameter G3
(the one that the sensitivity analysis performed revealed to be
the most important for the animals to adopt a behaviour that is
consistent with the MVT) are in agreement with the theoretical
results of Iwasa et al. (1981). The idea is that each time an
animal encounters a new resource item in an aggregated
environment, it collects an information indicating that it is
most likely foraging in a good-quality patch, thus leading it to
remain longer. This corresponds to the optimised incremental
effect parameter G3 has on patch residence time in this case.
On the other hand, when resources are uniformly distributed,
each encounter with one of them informs the animal that there
is one resource item less remaining to be discovered, thereby
leading it to reduce its time to remain on the patch. This
corresponds to the optimised decremental effect parameter
G3 has on patch residence time in such a situation. Finally,
when resource items are randomly distributed among patches,
no clear effect should be observed, and this also corresponds
to the results obtained.

All studies done to understand the behaviours involved in
determining patch residence time of foraging animals de-
scribed the decision to turn sharply inward upon encountering
the patch edge as the key mechanism (e.g. Waage 1978, 1979;
Bell 1990, 1991; Driessen et al. 1995; van Alphen et al. 2003;
Wajnberg 2006; Chapman et al. 2007). According to the
hypothesis that patch leaving involves habituation to patch
border, the intensity of such a behavioural decision then
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decreases with time, leading the animal to leave. Results
presented here, and especially those of the sensitivity analysis,
indicated that it is apparently not so much the decision to
bounce back on the patch border that matters but rather
modifications of the intra-patch locomotory decision each
time resource items are discovered that are playing the most
important role. In the original paper, Charnov (1976)
presented a graphical sketch to explain the optimal patch time
allocation problem (see Fig. 1 in Charnov 1976). In it, a
hypothetical walking path of a foraging animal visiting several
patches in the environment is presented. It is interesting to
note that such a schematic description did not consider the
possibility of the animal to bounce back on the patch border,
intuitively supporting the results presented here. Actually,
using intra-patch walking decisions to determine the time to
remain on a patch of resources appears to be likely a more
efficient strategy than turning sharply when the patch border is
encountered. Indeed, adjusting the walking pattern on a patch
is certainly leading to a continuous and accurate decision-
making process while using encounters with the patch border
provides discrete, inaccurate and even sometimes rare infor-
mation only. For example, the information collected by a
foraging animal during its displacement on a patch provides
an immediate update in its estimation of the patch current level
of depletion while border-encountering events are appearing
later in time and are thus providing an information regarding
its current position only, which is thus both less relevant and
less accurate.

The MVT assumes that foraging animals have a perfect
knowledge of the average resource finding rate in their envi-
ronment (Stephens and Krebs 1986), or instead, that they are
sampling their environment and are progressively learning the
average quality of the patches available and the average dis-
tance to reach them (McNamara and Houston 1987). Al-
though not taking into account such drastic assumptions, our
simple modelling approach leads the simulated animals to
adopt a behaviour that appears rather consistent with the
predictions of the MVT. For this, foraging animals should
simply (a) increase progressively their walking speed and
decrease their turning rate from the moment they enter a patch
of resources and (b) be able to modify their perception of time
elapsing in this process when resource items are encountered.

An important number of both experimental and theoretical
studies have proposed several different patch-leaving decision
rules foraging animals should adopt to optimise their patch
residence time. Such proximate decision-making processes
are based on animals’ motivation that has been called “forag-
ing motivation” (e.g. Lefebvre et al. 2007), “responsiveness”
(e.g. to the patch edge; e.g. Waage 1978, 1979; van Alphen
et al. 2003; Wajnberg 2006), “tendency” (to stay or to leave;
e.g. Pierre et al. 2012; Wajnberg 2012) or even “estimated
number of remaining resource items” (e.g. Iwasa et al. 1981).
The concept of motivation can perhaps best be replaced, or

complemented by demonstrated mechanistic behaviours in-
volved in finding and exploiting resources, thus reducing the
need for intervening motivational state variables (Bell 1991).
Our results suggest that modifications of intra-patch locomo-
tory walking patterns may provide suitable behavioural mech-
anisms for determining the optimal time foraging animals are
remaining on patches of resources.

As this was already mentioned above, the simulation model
developed in this work makes several simplifications com-
pared to real animals (e.g. simulated animals are moving
without paying an energetic or physiological cost and are
not competing between each other to exploit the resources
available, etc.). Thus, additional developments of the model
are now being performed to relax these different simplifica-
tions, enabling thus to simulate the behaviour of real animals
more accurately. The optimised behaviours that will be
obtained are expected to enable foraging animals to adopt a
patch exploitation strategy that will most likely be even closer
to the predictions of optimisation models like the MVT.
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