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Abstract We study interactions between resource distribu-
tions, grouping, and diet development in foragers who learn
by trial-and-error. We do this by constructing an individual-
based model where individuals move and forage in groups
in a 2-D space with high resource diversity and learn what
to eat. By comparing diet development in different resource
distributions, and in gregarious and solitary individuals, we
elucidate how these factors affect patterns of diet variation.
Our results indicate that different resource distributions
have profound effects on learning opportunities, and
thereby lead to contrasting phenomena. In uniform environ-
ments, local resource depletion by gregarious individuals,
in interaction with learning, leads to diet differentiation. In
patchy environments, grouping leads to enhanced diet
overlap within groups and leads to differences in diet
between groups. Surprisingly, mixed environments can
generate all these phenomena simultaneously. Our results
predict relationships between diet variation, trial-and-error
learning, and resource distributions. The phenomena we
describe are not evolved strategies, but arise spontaneously
when groups of individuals learn to forage in certain
resource distributions. This suggests that describing diet
specialization or diet homogenization as the result of
behavioral strategies may not always be justified.
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Introduction

Diets are often used to characterize niches and to determine
competitive relationships between species, degrees of
ecological specialization, and species diversity. In addition,
the distributions of resources eaten are thought to shape the
individual competitive interactions that give rise to social
systems, as predicted by the socioecological model (Emlen
and Oring 1977).

However, diets are not rigid species properties and can vary,
among other things, with respect to ecological variation in the
environment. In red colobus monkeys (Procolobus badius)
for example, diets can vary considerably from year to year,
and diet overlap between red colobus and black and white
colobus (Colobus guereza) in the same home range was
found to be greater than with a neighboring red colobus
group (Chapman et al. 2002). Such findings raise questions
about using diet to characterize niches and about conclusions
drawn from diets observed over small spatial and temporal
scales (Chapman et al. 1997, 2002). They also highlight the
potential role of adaptation to local conditions through
learning, whereby ecology defines the foraging opportunities
(or resource availability) and learning opportunities that are
available for individuals.

How learning and foraging opportunities contribute to
diets, however, remains unclear. In white-faced capuchins
(Cebus capucinus) for instance, it was impossible to
determine to what extent ecology and social influences on
learning contributed to diet differences between neighbor-
ing groups (see Chapman and Fedigan 1990). Despite a
large overlap in home ranges, differences in feeding on
shared food sources could not be attributed to learning due
to the potential effects of nonshared food sources on the
relative profitability of shared food sources (Chapman and
Fedigan 1990). In this way, the empirical limits of
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incompletely characterized environments and the intracta-
ble nature of learning, complicate study of interactions
between ecology, competition, and learning.

While studies focusing on competition neglect learning,
diet development studies often neglect the impact of
competition and ecology on opportunities for learning.
From a diet-level perspective, diet development studies try
to explain why individuals have certain diets using diet
selection strategies based on nutrient acquisition and toxin
avoidance (Altmann 1998). Within this context, neophobia
has been suggested as a means to avoid toxic resources
(e.g., Fragaszy and Visalberghi 1996), and social learning
has been suggested to allow individuals to benefit from the
experience of others (Galef and Giraldeau 2001). On a
more physiological level, diet development studies deal
with how food preferences actually develop. Generally, diet
preferences are thought to develop through delayed post-
ingestive feedbacks from digestion (Garcia et al. 1974;
Hasegawa and Matsuzawa 1981; Provenza 1995). These
feedbacks are sensitive to the sequence and combination of
resources ingested. In goats, mixing of food during learning
was shown to slow preference development and reduce
preference discrimination between different foods (Duncan
and Young 2002; Kimball and Nolte 2005). Furthermore,
diet itself may have an impact on intestinal nutrient
transporters (Karasov and Diamond 1988). Digestion and
preference development are therefore likely to be sensitive
to the learning opportunities that individuals encounter, as
shaped by ecology and competition between individuals.
However, the practical difficulties of charting learning
opportunities and diet development in complex environ-
ments, cause these issues to be neglected.

One way of gaining insight into such interactions, while
at the same time bypassing the limitations of empirical
observation, is through computational models. We do this
by using an individual-based model to study the interac-
tions between resource distributions, foraging competition,
and diet learning by trial-and-error. Our work is in line with
studies indicating the importance of interactions between
environment and individuals in the self-organization of
animal behavior (Hogeweg and Hesper 1985; Deneubourg
et al. 1989; te Boekhorst and Hogeweg 1994; Hemelrijk
2000). We focus on these interactions and not on optimal
foraging strategies, the adaptive value of learning, or diet
selection strategies, and seek to expose patterns in diet
variation, which arise automatically when individuals
forage in groups in different environments.

More specifically, we look at how resource distributions
and grouping affect learning opportunities and how this
influences diet preference development through post-inges-
tive feedbacks. By implementing a rich spatial environment
in which the individuals forage, we allow for patterns in
diet variation to arise. This would not be possible with

simpler learning models, which allow, for instance, only for
two behavioral states (e.g., Boyd and Richerson 1988) or a
single optimum state (e.g., Hinton and Nowlan 1987).
Although our results apply to group foragers in general, our
model is formulated with primates in mind, to ensure
relevance for a particular case. This is important consider-
ing the interface of ecology, learning, and physiology that
we study. With respect to modeling, this means that choices
concerning behavioral rules, spatial and temporal scales,
and related parameters are made with primates in mind.
However, the model itself remains general and is relevant
for various group foragers. Our results show that the
contrasting phenomena of individual diet specialists,
group-level diet similarity, or both simultaneously, occur
according to the patchiness of the resources.

Materials and methods

Model

Our model is designed to capture the spatial and compet-
itive factors that could influence foraging opportunities in
individuals learning what to eat. To this end, we construct
an individual-based (agent-based) model set in an explicit
spatial (2-D) environment with multiple resource types (see
Fig. 1 for a visual representation). Individuals are modeled
to forage in groups and learn what to eat according to
simple behavioral rules. These behavioral rules occur
relative to local ecological and social context, in
combination with individual internal state. In this way,
foraging is dependent on the ecological and social
opportunities that arise. Therefore, learning is not a fixed
strategy, but instead depends on what individuals can see.
In addition, learning is linked to predetermined gastroin-
testinal digestive capacity, thus determining the resources
that can be consumed and digested. In this way, our
model allows interactions to arise between the environ-
ment, foraging in groups, and learning. The details of the
model are described below.

Environment

The environment is a multilayer cellular automata (CA)
where grid points on each layer represent space where
discrete resource items can be found. The maximum
number of resource items per location is equal to the
number of layers, and when items are eaten, they are
removed from the field (see also Fig. 1a). As a default we
use a field size of 800×800 units (each unit approximately
scaled to 1 m), which is large enough to make global
resource depletion negligible and allows us to focus on
local resource depletion.

66 Behav Ecol Sociobiol (2006) 61:65–80



A varying number of resource types are modeled and are
initialized with equal abundance. All resource types have
equal unit size and have randomly varied proportions of
five nutritious substances (Ri), toxicity (Rtox), and bulk
(Rbulk ), with

PðRiÞ þ Rtox þ Rbulk ¼ 1. Ecological dynam-
ics are limited to single influxes of resources every 100,000
time steps (=1 year or season) and depletion through
foraging. For each simulation we initialize resources
according to a predefined pattern (resource distribution).
Thereafter, at the beginning of each season, we simply
reinitialize the resources in the environment, i.e., the
environment becomes identical to the initial resource
configuration and undepleted resources disappear.

We implement a uniform (Fig. 1a), patchy (Fig. 1b), and
two intermediate resource distributions. In uniform distribu-
tions, each resource type is evenly spread over the field, but is
not present at every grid point. In patchy distributions, patches
are isolated and consist of one resource type. As a default, we
implement patches that are large enough to be shared by all
individuals in a group, i.e., a radius of 10 for groups of 20
individuals. The two intermediate resource distributions are
(1) mixed uniform and patchy distribution, i.e., patches
superimposed on uniformly distributed resources; and (2)
patches with co-occurring resources, i.e., fixed sets of
resources that co-occur in patches. In all cases, we keep the
total number of resource items constant. (For exact specifica-
tion of the different resource distributions, see “Appendix”).

Individuals

We model individuals using an event-based formalism, i.e.,
individual actions take time. Their behavioral repertoire
involves moving, searching for food items, eating, and doing
nothing. Behavior is conditional on neighbors and food
availability. In this way, movements are determined by
grouping tendency and local resources, and these movements

occur in a continuous 2-D space (i.e., individuals are not
constrained by the grid used to place resources but have
continuous coordinates). Furthermore, individuals digest con-
sumed food and can learn when they find unknown resources.

Individual behavior rules are implemented in a proce-
dural sequence as indicated in Fig. 2. Individuals that have
completed their last action or have nothing to do, start the
procedure at check if safe and follow the procedure until
they have completed a terminal action after which they start
again.

The details of the behavioral rules are described below
and all parameter values for individual behavior rules are
included in Fig. 2.

Grouping

Grouping is only implemented for gregarious individuals
(solitary individuals ignore other individuals). Our grouping
rules are local and are inspired by the idea that primates
form groups to avoid predation: we model individuals to
require a minimum number neighbors within a certain
radius in order to feel safe. Individuals check for safety
with a certain probability, and if they are not safe they
move toward the largest part of the group. They do this by
moving to the nearest neighbor of the fullest of four
randomly orientated quadrants about themselves within a
maximum view. When individuals rejoin the group, they
adjust their direction to the average direction of visible
neighbors. These conditions ensure group formation, but
also allow for subgroup formation under certain conditions.

In patchy environments, group cohesion is more difficult
to maintain. We therefore allow individuals to move to
visible feeding neighbors with a certain probability if they
do not find food: they move toward the quadrant of the
group where the density of feeding individuals is highest,
given a minimum of two feeding individuals. In retrospect,

Fig. 1 Visual representation of
a 70×70 grid unit section of the
model showing group foragers
in uniform (a) and patchy
(b) environments. In a, dark
areas indicate depleted
resources, and in b each patch
is one particular resource type
without indication of the number
of resource items. Individuals
are indicated in black
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we discovered that this rule was not necessary for achieving
group cohesion in patchy environments. Test simulations
showed that similar results are obtained without this rule.
Therefore, the observation of moving toward feeding
neighbors does not have an impact in our study, and
grouping itself is sufficient for our results.

Foraging

When modeling foraging, we have taken into account that
selectivity is an important aspect of foraging (Altmann
1998). We set parameters to ensure that an individual’s
stomach becomes full considerably before digestion has
taken place (every 100 time steps), increasing the impor-
tance of selectivity. Motivation to search for food, or
hunger, is modeled as a decreasing sigmoid function of an
individual’s stomach contents (see Fig. 2). Hungry individ-
uals search for food if they are safe or have not checked for
safety. To avoid crowding, they only search for food if there
are no individuals within their reach. They search within a
small radius and a certain view angle in the direction the
individual is facing. Random resource locations (grid points

on CA) within view are chosen, and resource items are
assessed for consumption in a random order up to a
maximum number of items. This maximum defines the
time constraints for searching during a search event.

If a food item is selected, it is consumed in a subsequent
feeding event. If it was beyond an individual’s reach, the
individual first moves toward it. Otherwise, individuals can
search again, move forward, or do nothing. If individuals
can’t move forward they move in a random direction (i.e.,
when blocked by the edge of the field).

Food choice Individuals use preferences (prefr) and a
preference expectation (prefexp) to make food choice
decisions (prob ¼ prefr=prefexp). Each individual forms
preferences after digestion of resources (see “Learning”).
Only resources with positive preferences are considered
during foraging and those with negative preferences are
avoided (i.e., individuals have aversions toward such
resources). Resources with a preference of zero are
unknown and therewith provide learning opportunities.
Preference expectation reflects the individual’s estimate of
the quality of food that is currently available in the

Fig. 2 Flow diagram of behavior rules of individuals. A behavior
procedure starts at Check if safe and proceeds until it terminates at a
given “terminal” behavior (i.e., on the right-hand side). The procedure
then starts again. Dark gray boxes indicate individual actions, and

light gray boxes indicate individual, social, or environmental states.
D distance unit (scaled to meters); T time steps (scaled to minutes);
ST stomach contents which is maximally (SMAX )=20; Y yes; N no. For
an explanation of preferenceEXPECTATION , please see “Foraging”
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environment. It allows individuals to avoid feeding on low
quality resources and ensures that they forage selectively;
however, it enables individuals to adjust their selectivity to
changes in the environment. Preference expectation is
updated when a resource is eaten with a higher preference
than the present preference expectation. Preference
expectation then attains the value of the preference for
that resource. If resources are less preferred than
preference expectation, preference expectation decays
(prefexp ¼ 0:999 � prefexp).

Digestion

Digestion capacity is modeled as a normalized function over
digestion for five nutritious substances (see “Environment”)
and a capacity for detoxification:

P
Di þ Dtox ¼ 1 (where

Di and Dtox = 0.1). Digestion takes place periodically (every
100 time steps=1/10 of day) and is therefore delayed
relative to feeding. Resource quality is equal to the energy
that individuals gain from that resource:

Er ¼
X5

i¼1

ðRiDiÞ � Dtox ð1Þ

Total energy over all resources is then equal to
PðErNrÞ,

where Nr is the number of items of resource r eaten.

Learning

In this model there are two components to learning: (1)
eating a novel resource (trial) and (2) developing prefer-
ences for resources.

Trials Trial-and-error learning events (trials) occur with a
fixed probability (trial rate = TR � degree of neophilia) if
an unknown resource is encountered. Since trials occur
subject to finding unknown resources, frequencies of trials
tend to decrease automatically as individuals become more
knowledgeable about their environment. In this study, we
contrast three different trial rates: 0.0001, 0.01, and 1.0.
These give a maximum initial number of trials of 0.1, 10,
and 200 trials per day, respectively, under optimal con-
ditions (20 unknown different resource items per food
search event).

Preference updates Individuals form preferences for
resources through delayed feedbacks from digestion.
Updates are calculated as follows:

prefr ¼ prefr þ ðPU Sr
ST

ðEavg � prefavgÞ ð2Þ

where prefr is the preference for resource r, Sr is the
number of items of resource r in the stomach, ST is the total

number of items in the stomach, PU is an update
constant, Eavg is the average energy per item obtained from
digestion, and prefavg is the average preference for the items
digested.

The only information individuals can obtain from
digestion is an average energy value for the resources,
and they relate this to an average expectation (prefavg). To
include some environmental noise, we draw a new value of
Eavg from a normal distribution with a mean of Eavg and a
standard deviation of 0.005 (on average less than 10% of
Eavg). We focus on energy for simplicity, but therewith also
restrict the range of potential optimal diets, allowing us to
use a hard-case scenario to study diet variation. Diet optima
would be more varied if preferences were updated accord-
ing to contribution to an individual’s nutrient balance.

Since digestion occurs at time intervals, learning
resource preferences is a delayed process. In addition,
when a mixture of resources is digested simultaneously,
updates are averaged over resources types. Preference
updating is therefore sensitive to interference. In our model,
we set PU to 0.01, i.e., developing a half-perfect estimate
for a resource’s quality takes about 7 days when single
resources are digested. Aversions can develop after a single
consumption of a toxic resource, i.e., as soon as preference
drops below 0. This is in rough qualitative agreement with
results from Japanese macaques (e.g., Matsuzawa and
Hasegawa 1983), where preference development for a
novel food type occurred in the order of 5–10 days, but
had not yet leveled off. Like in our model, interference on
post-ingestive feedback due to mixing of resources appears
to slow preference development in goats (Duncan and
Young 2002; Kimball and Nolte 2005) in the order of
weeks (our estimate).

Experiments and analysis

We study the impact of resource distributions on diet
development by running simulations in uniform, patchy,
and intermediate environments. We further study the impact
of local competition by comparing gregarious and solitary
individuals and explore the generality of our results by
varying trial rates and resource diversities. We also
investigate the potential for intergroup differences by
comparing diets from different groups foraging in identical
environments. In all cases, simulations are run with 20
naïve individuals for 5,000,000 time steps (where 1,000
time steps represent a day and 100,000 time steps represent
a year). Individuals have to learn what to eat (i.e., all
preferences are initialized at 0) and do not die or reproduce.

We first compare diets and resource preferences at
particular time points using hierarchical clustering. As an
unsupervised method of pattern analysis, this method reveals

Behav Ecol Sociobiol (2006) 61:65–80 69



patterns of similarity and variation in the data that is
relatively free of observer bias. On the one hand, we cluster
resources, where resources are characterized by the prefer-
ences of individuals. We do this to determine which resources
are shared by foragers and thus determine the distribution of
feeding within groups. We use Manhattan distances and
single linkage, i.e., we focus on the distance to the nearest
resource. On the other hand, we cluster individuals, where
individuals are characterized by resource preferences. We do
this to determine which individuals share dietary components
and use correlation distances and average linkage, i.e., we
focus on groups of individuals with similar diet.

Since the above analyses are conducted on single time
points for single simulations, we use a diet overlap index to
study the progression of diet variation in time for a range of
parameters. For individual diet overlap within populations,
we use a proportional similarity index (PSi) (see Bolnick et
al. 2002):

PSi ¼ 1� 0:5
XR

r¼1

jpir � qrj ¼
XR

r¼1

ðminðpir; qrÞÞ ð3Þ

where pir is the proportion of resource r in the diet of
individual i, and qr is the proportion of resource r in the
population’s total diet. From this we obtain an average over
the whole population to represent intra-population diet
overlap. Inter-individual diet overlap is therefore maximal
when this average equals 1 and is minimal when it equals 0.

For intergroup comparisons, we simulate diet develop-
ment in two independent (different random seeds) groups in
the exact same environment. Since diet development is a
stochastic process, we repeat this procedure ten times to
obtain ten pairs of independent groups from ten different
environments (different random seeds). For each pair of
groups, we conduct a principal component analysis (PCA)
on the diet preferences of the combined individuals of both
groups. We visualize the results by plotting the individuals
of both groups according to the value of the 1st and 2nd

principal component. Each group (of a pair) is differently
labeled to show how the groups differ according to the first
two major axes of variation. The results from the ten
independent PCAs are then superimposed to determine the
generality of the result.

Fig. 3 Overdispersal of diet in a uniform environment and
homogenized diets in a patchy environment in gregarious individ-
uals. Shown are dendrograms and data matrices of diet preferences.
a, b Uniform environment; c, d patchy environment; a, c gregarious
individuals; b, d solitary individuals. Hierarchical clustering
(Manhattan distances, single linkage) was conducted on resources
according to how individuals prefer them. Dendrogram terminals

represent resources, and distances between resources reflect the
difference in magnitude in how they are preferred. The colored data
matrices illustrate the resource preferences. Columns represent
individuals, rows represent resources, and color darkness indicates
preference magnitude. Parameters: 100 resources, TR ¼ 0:01, 10th

year
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Results

In our model, diet development in different resource
distributions leads to contrasting diet profiles. Figure 3
gives an overview of these results and shows cluster
diagrams of resource preferences developed in uniform
and patchy environments. We cluster resources and show
the distribution of feeding over resources. Similarly,
preferred resources cluster together, and distances between
resources reflect the magnitude of preference differences
between resources. The resource preferences of individuals
are visualized in the colored data matrices, where rows
represent resources, columns represent individuals, and
color intensity indicates preference magnitude.

The most striking difference is that between uniform and
patchy environments (compare Fig. 3a,b with c,d). Prefer-
ences are much more developed in the patchy environment
as indicated by the greater intensity of color in the
visualized data matrices. In addition, individuals in patchy
environments are more similar, or converged, in their
preferences than in uniform environments. This is indicated
in the data matrix by some resources that are preferred by
many individuals (dark top rows) and some that are avoided
by most individuals (light bottom rows). This leads to
greater distances between preferred and avoided resources in
the dendrogram, especially in solitary individuals (Fig. 3d).

Although preference development is clearly less pro-
nounced in uniform environments, convergence in prefer-
ences in solitary individuals is still apparent (Fig. 3b). Some
resources are preferred by more individuals (top rows) and
some are avoided more (bottom rows), and results are
therefore qualitatively similar to those of solitary individ-
uals in patchy environments (compare Fig. 3b and d). The
quantitative increase in preference development in patchy

environments is not surprising given the longer durations of
feeding on single resource types in each patch, as compared
to the mixing of different resource types and higher
diversity of feeding in uniform environments.

More unexpected, however, is that grouping in uniform
environments reduces convergence in preferences relative
to solitary individuals (compare Fig. 3a and b). The most
preferred resources (top rows) are preferred by fewer
individuals and this results in twofold smaller dendrogram
distances between most preferred resources and other
resources, as compared to solitary individuals (compare
dendrogram distances at top of Fig. 3a and b). This
indicates an overdispersal in preferences in gregarious
individuals relative to solitary individuals.

Surprisingly, the opposite is true in patchy environments.
The visualized data matrices (Fig. 3c and d) show that
preferences in gregarious individuals are highly converged
(high similarity between columns), while solitary individ-
uals are a lot less similar in preferences and are more spread
out over resources. This indicates a homogenizing influence
on diet development in gregarious individuals. In addition,
the visualized data matrix of the gregarious individuals
indicates that a small subgroup of two individuals (two
rightmost columns) developed different diet preferences
generating group-level diet differences.

Thus, in uniform environments, we see that grouping leads
to diet overdispersal, while in patchy environments it leads to
a common diet and group-level diet differences. We gener-
alize and discuss these contrasting results in more detail:

Diet overdispersal in uniform environments

Diet overdispersal in gregarious individuals in uniform
environments (Fig. 3a) can be expressed as reduced diet

Fig. 4 Reduced diet overlap due to grouping in uniform environments.
Running averages of diet overlap for gregarious (black) and solitary
(gray) individuals in uniform environments with different resource
diversities. a Ten resources, b 100 resources, c 1,000 resources.

Squares represent omniscients, where only competition plays a role.
Diamonds TR 0.0001, circles TR 0.01, triangles TR 1.0, dotted lines
TR 0.01 and no interference during updating
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overlap due to grouping. Figure 4 shows average diet
overlap over time for different trial rates (TR) and resource
diversities. Trial rates (different symbols) and resource
diversity (Fig. 4a–c) have a large impact on diet overlap,
and more interestingly, grouping generally causes a
consistent reduction in diet overlap (black symbols) relative
to solitary individuals (gray symbols) for the same trial rate.

Resource depletion and learning Local resource depletion
occurs naturally in our spatial model when individuals feed
in close proximity (groups; see Fig. 1a), and this directly
affects opportunities for learning. How this leads to a
reduced diet overlap can be understood by considering how
local resource depletion interacts with learning. In OMNI-

SCIENTS individuals, which have perfect preferences (i.e.,
equal to resource quality) and no learning, local depletion
by grouping does not lead to reduced diet overlap (Fig. 4,
squares). However, in learning individuals, local resource
depletion biases learning and foraging opportunities toward
resources not depleted by others. As a consequence of this
interaction between resource depletion and learning, indi-
viduals specialize on a unique set of resources.

Trial rates Figure 4 shows that low trial rates lead to low
diet overlap (compare diamonds to circles and triangles).
Initially, this is not that surprising because low trial rates
lead to slower diet diversification and, therefore, a lower
probability of individuals eating the same resource. In
addition, low trial rates also lead to greater intervals
between trials and therefore greater differences in the
duration over which resources have been evaluated (famil-
iarity). This results in greater differences in familiarity that
individuals have for resources and enhances a positive
feedback between foraging and familiarity. The feedback
arises because more familiar resources are generally more

preferred and are eaten more often. As a consequence, diets
tend to stabilize on familiar resource subsets, and these
subsets tend to be smaller for low trial rates due to larger
differences in familiarity. Diet stabilization, through biased
foraging, therefore helps to maintain the differences that
arise between individuals (see “Diet stabilization” for more
details). This process of diet stabilization is not only
important for maintaining the differences between different
trial rates, but also for maintaining reduced diet overlap due
to grouping.

Conditions for reduced diet overlap due to grouping Figure 4c
(diamonds and circles) indicates that when trial rates are too
low relative to resource diversity, reduced diet overlap due
to grouping does not arise. In this case, individuals eat only a
small fraction of the 1,000 available resources, and local
depletion does not bias learning and foraging opportunities.
On the other hand, high trial rates in low resource diversity
do not leave much scope for reduced diet overlap due to
grouping (Fig. 4a, triangles). Individuals become too
knowledgeable of their environment, reducing the effects
of learning. To summarize, conditions for reduced diet
overlap due to grouping are met when individuals have
sufficient knowledge of their environment to compete, but
do not have complete knowledge. This is the case for most
parameter combinations, and reduced-diet overlap is un-
avoidable for intermediate (reasonable) parameters.

Homogenized learning opportunities in patchy
environments

The homogenizing influence on diet preferences due to
grouping in patchy environments (as shown in Fig. 3c) is
expressed in Fig. 5 in terms of greater diet overlap for

Fig. 5 Enhanced diet overlap due to grouping in patchy environ-
ments. Running averages of diet overlap for gregarious (black) and
solitary (gray) individuals in patchy environments with different

resource diversities. a Ten resources, b 100 resources, c 1,000
resources. Diamonds TR 0.0001, circles TR 0.01, triangles TR 1.0
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gregarious individuals (black lines) relative to solitary
individuals (gray lines) for different trial rates and resource
diversities. Grouping (black symbols) clearly has the
greatest impact on diet overlap, although the effects of trial
rates and resource diversity are still apparent.

Homogenized learning opportunities The homogenization
of learning opportunities occurs because patches allow all
the individuals of a group to share the same learning
context (see Fig. 1b). As a consequence, individuals tend to
learn the same things and share a similar learning history,
thus leading to enhanced diet overlap. Both grouping and
patches are necessary to generate this effect. High trial rates
(Fig. 5, black triangles) not only increase diet overlap by
increasing diet diversity (results not shown), but also by
increasing the probability that individuals try new resources
in the same patch. In contrast, low trial rates can cause
divergence in preference development and foraging inter-
ests because individuals more often learn in different
patches. As a consequence, groups can split, thus reducing
diet overlap (Fig. 5, black diamonds). In solitary individ-
uals, higher trial rates only lead to greater diet overlap
(Fig. 5, gray lines) by increasing diet diversity. Further-
more, diverse environments allow for greater differences in
learning and reduce diet overlap for both gregarious and
solitary individuals (Fig. 5c); however, diet overlap is still
extremely high for gregarious individuals with high trial
rates (black triangles).

Group-level diets As indicated in Fig. 3c, subgroup
formation in combination with homogenized learning can
lead to subgroup-level diets. We generalize and extend
these results in our intergroup analyses (see “Experiments
and analysis”). Figure 6 illustrates a hierarchical clustering
of individual diet preferences from two different groups
from identical environments, where individuals are clus-
tered according to similarities in diet profiles. Individuals
(dendrogram terminals) clearly cluster at a group level with
intergroup distances of several magnitudes greater than
intragroup distances. This is a very robust result given that
groups are not predefined in the analysis. Differences are
also clearly illustrated in the sorted data matrix (Fig. 6),
where individuals (rows) can be seen to share a group-
specific resource preference profile.

Differences in diet arise because groups have different
foraging trajectories in the spatial environment and,
therefore, develop different familiarities with resources.
The homogenized learning opportunities that patches
provide allow these differences to occur at a group level
leading to group-level differences. A positive feedback
between familiarity and foraging, which arises naturally
in our model, ensures that individuals in groups tend to
stabilize on a familiar subset of resources, slowing

further diet diversification and maintaining group-
specific diets.

To be able to generalize about these stochastic inter-
group differences, we conducted repeated principal com-
ponent analysis on the diet preferences of individuals from
ten independent pairs of groups (see “Experiments and
analysis”). Figure 7 shows the superimposed results of ten
analyses where individuals are plotted according to the 1st

and 2nd principal components, and one group of each pair is
colored black and the other gray (different symbols
represent different pairs). For intermediate trial rates
(Fig. 7b), the groups from each pair separate clearly along
the 1st principal component indicating that intergroup
differences consistently account for the greatest part of the
variation in the data. High trial rates (Fig. 7c) somewhat
enhance intergroup differences (distance between groups on
1st principal component) and reduce intragroup variation
(spread of individuals of the 2nd principal component). This
happens because high trial rates increase the probability that
individuals learn in the same patch, resulting in greater
intragroup similarity. In contrast, low trial rates increase
intragroup differences and diet diversity and therefore
reduce intergroup differences (Fig. 7a). However, inter-
group differences are still highly significant (two-way
analysis of variance, F1;390 ¼ 1195:1, a ¼ 0:05, p < 0:001,
Mead et al. 1993). Similar results were obtained for
resource diversity, where low resource diversity does not
provide enough scope for intergroup differences (results not
shown). We also found that small patch size (radius 5)
reduces intergroup differences because it reduces the ability
of individuals to share foraging contexts (results not

Fig. 6 Intergroup differences in diet preferences in the exact same
environment. The dendrogram and sorted data matrix of diet
preferences developed in two independent groups (100 resources,
TR 0.01, 10th year) are shown. Dendrogram terminals indicate
individuals, and distances between individuals reflect the magnitude
of differences in dietary preferences. The data matrix is a color table
of diet preferences, where columns represent resources, rows represent
individuals, and color darkness indicates preference strength. Cluster-
ing: correlation distances, average linkage
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shown). In both cases, however, intergroup differences
were still statistically significant.

Conditions for group-level diets The results from patchy
environments show that trial-and-error learning will lead to
similarities in diet preferences whenever individuals share a
learning context. However, group-level diet differences only
arise when learning is shared by a sufficient number of
individuals (i.e., large enough patches), and trial rates and
resource diversity are high enough. In conclusion, individ-
uals must learn fast enough to gain sufficient knowledge to
share preferences, but knowledge should be sufficiently
limited to allow for intergroup differences. In our model,
these conditions are easily met for intermediate parameter
values, and even extreme unfavorable values still allow for
statistically significant intergroup differences. These effects
are therefore obligatory for groups in patchy environments.

Diets in intermediate environments

Given that, on the one hand, uniform environments lead to
reduced diet overlap and, on the other hand, patchy
environments lead to enhanced diet overlap in gregarious
individuals, we studied diet development in a range of
intermediate environments. In all cases, we used 100
resources and TR 0.01.

Mixed environments

To directly contrast the opposite effects of uniform and
patchy environments, we mixed both distributions. We
compared diet development in environments with propor-

tions of 50:50, 75:25, and 25:75 of uniform and patchy
resources, respectively, where each resource is either
distributed uniformly or in patches. Figure 8 shows a sorted
matrix of diet preferences for a mixed environment with 50
patchy and 50 uniform resources, where rows represent
individuals, columns represent resources, and color inten-
sity indicates preference magnitude. For patchy resources,
individuals show similar preferences for the same resour-
ces, as indicated by relatively homogeneous columns for
several resources. On the other hand, individuals have
highly differing preferences for uniform resources, as
indicated by the lack of homogeneity within columns.
Enhanced diet overlap and reduced diet overlap therefore
occur simultaneously for the patchy and uniform resource
subsets. This indicates that the opposite effects of homog-
enization of learning and individual specialization can
occur in the same group in one environment. Naturally,
the potential for intergroup differentiation depends on
patchy resources and declines as the proportion of patchy
resources declines (results not shown).

Patches with co-occurring resources

Since most naturally occurring patches probably consist of
several resource types, we studied diet development in
patches with fixed combinations of resource types. For this
we study three situations, namely, (a) sets of two resources
per patch, (b) sets of five resources per patch, and (c) random
subsets of three of sets of five resources per patch. Figure 9
shows PCA plots for individual diet preferences of ten pairs
of groups that learned to eat in the same environment (see
“Experiments and analysis” for more details). For two
resource types per patch (Fig. 9a), intergroup differences are

a) TR 0.0001 b) TR 0.01 c) TR 1.0
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Fig. 7 Intergroup variation in diet preferences for different trial rates.
PCA plots of diet preferences of gregarious individuals in patchy
environments (see “Experiments and analysis” for details). a TR
0.0001, b TR 0.01, c TR 1.0. We plotted results of ten PCAs
conducted on ten pairs of independent groups. Each pair developed
diets in an identical environment and different pairs developed diets in

different environments. Individuals of one group of each pair are
colored black and the other gray, and different pairs of groups (or
environments) are indicated by different symbols. We plot individuals
according to the 1st and 2nd principal component. Parameters: 100
resources, patch radius 10, 10th year
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still clear (differentiation of groups along the 1st principal
component). However, for five resource types per patch
(Fig. 9b), intergroup differences are still apparent and
significant (two-way analysis of variance, F1;390 ¼ 2233:9,
a ¼ 0:05, p < 0:001), but less convincing. Increasing the
number of resources per patch clearly reduces patch type
diversity and, thus, the scope for intergroup differences.

Surprisingly, if patches vary in the sense that all their
resources do not occur simultaneously, i.e., only a subset of
three is available of a possible five, intergroup differences
are enhanced (compare Fig. 9b and c). This is because
initially encountered combinations of resources in a certain
patch type can have a large impact on whether patch types
are later appreciated. In this case, the preference of a
resource depends on whether it is initially consumed
together with a high- or low-quality resource within its set
of co-occurring resources. The order and combination of

resources consumed therefore becomes important through
the effects of interference during preference updating. This
generates greater scope for intergroup differences.

Diet stabilization

Both reduced diet overlap due to grouping in uniform
environments and intergroup differences in patchy environ-
ments disappear as individuals become too knowledgeable.
However, for most intermediate trial rates and resource
diversities, this does not happen, and individuals tend to
stabilize their diets on resource subsets, as is apparent in the
leveling-off of diet overlap values in Figs. 4 and 5. Since diet
stabilization is crucial for the results we obtain, we discuss
the mechanisms that lead to diet stabilization in more detail.

Important for diet stabilization is the feedback between
familiarity and foraging: familiar resources are those that

a) 2 co-occurring b) 5 co-o ccurring c) 3 of 5 co-occurring
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Fig. 9 Intergroup variation in diet preferences: co-occurring resources
in patches. PCA plots of individual diet preferences of gregarious
individuals in patchy environments with a two resources per patch,
b five resources per patch, c three out of a set of five resources per
patch (see “Experiments and analysis” for more details). We plotted
results of ten PCAs conducted on ten pairs of independent groups.

Each pair developed diets in an identical environment and different
pairs developed diets in different environments. Individuals of each
pair are colored black and the other gray, and different pairs of groups
(or environments) are indicated by different symbols. We plot
individuals according to the 1st and 2nd principal component.
Parameters: 100 resources, TR 0.01, 10th year

Fig. 8 Intragroup diet variation
for patchy and uniform resour-
ces in a mixed environment.
Sorted data matrix showing diet
preferences from a simulation
with 50 patchy and 50 uniform
resources. The data matrix is a
color table of actual diet prefer-
ences, where columns represent
resources and rows represent
individuals. Color darkness
indicates preference strength.
Parameters: 100 resources, TR
0.01, 10th year
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have been eaten and evaluated most often, and therefore
have the highest preferences, and are eaten most often.
Lower trial rates enhance this feedback by increasing the
difference in time that resources have been evaluated and
tend to stabilize diets on smaller resource subsets.

Furthermore, in uniform environments, interference during
delayed preference updating is crucial to stabilize familiarity
differences between resources. Interference occurs when
mixtures of resource types are eaten and the feedback from
digestion is averaged over all digested resources. In this
process, unfamiliar resources contribute most to the digestion
feedback since the difference between preference and energy
gained is greatest for unfamiliar resources (see Eq. 2).
Therefore, due to the averaging of updates over all resources,
familiar resources become disproportionately updated when
digested together with unfamiliar resources. They can
therefore become even more preferred than they should be
according to their quality, while preference development of
unfamiliar resources is slowed (see also “Appendix”).
Familiarity differences between resources therefore become
exaggerated and enhance the positive feedback between
familiarity and foraging. The effects of interference become
apparent in simulations without interference (i.e., not
averaging out preference updates, but distinguishing between
each food type during digestion) as shown in Fig. 4b (dotted
line). Individuals do not stabilize their diet, and the reduced
diet overlap due to grouping does not persevere. We
conclude that the maintenance of familiarity differences
through interference is important for diet stabilization and,
therewith, enables reduced diet overlap due to grouping to
manifest itself.

Obviously, interference during updating does not play a
large role in monotypic patches because preference updates
are not averaged over mixtures. However, the spatial
separation of resources allows for familiarity differences
between resources to arise because some resources are
discovered and evaluated before others. The positive
feedback between familiarity and foraging therefore easily
arises and leads to diet stabilization, thus allowing for
intergroup differences to be maintained.

Discussion

Our results demonstrate that resource distributions have a
profound impact on learning. Resource distributions and
grouping interact to shape learning opportunities and lead to
reduced diet overlap in uniform environments, but to
enhanced diet overlap in patchy environments. In uniform
environments, local resource depletion in groups biases
learning opportunities to resources not eaten by others, leading
to individualistic diets or diet specialists. In patchy environ-
ments, groups assert a homogenizing influence on learning

leading to group-level diets and intergroup diet differences.
Without diet stabilization, these phenomena would be tran-
sient and disappear because individuals would become too
knowledgeable, thus reducing diet differences. A crucial
aspect of diet development is therefore the positive feedback
between resource familiarity and foraging, which biases
sampling of the environment, thus stabilizing diets.

In uniform environments, this feedback is dependent on the
interference that occurs during delayed preference updating.
We included delayed preference updating in our model because
this is thought to be important for most resource evaluations
(see Provenza 1995). In its formulation, the inclusion of
interference during updating was inevitable without making
unrealistic assumptions about information processing of feed-
backs obtained from digestion and should therefore be seen as
an integral part of delayed post-ingestive preference updating
(see Eq. 2). Interference has been shown in goats (Duncan and
Young 2002; Kimball and Nolte 2005) and, to a lesser extent,
in primates where it is clear that aversions can be transferred
to foods that are not toxic because they are consumed together
with a toxic compound (e.g., Matsuzawa and Hasegawa
1983). In this way, our update function automatically
generates a positive feedback between resource familiarity
and resource preference. While in uniform environments this
feedback is stabilized by interference, in patchy environments
it is stabilized by the spatial separation of resources. Such
biased preferences toward familiar foods are known for some
primates, including humans (e.g., Fragaszy and Visalberghi
1996; Birch 1999). Thus, our simple update function gives
rise to several previously described phenomena. Our results
show that these phenomena lead to diet stabilization and,
therewith, allow the profound impact of resource distribution
on diet variation to be observed.

Resource distributions and diet variation in group foragers

The uniform and patchy environments we studied are
extreme examples of resource distributions. However, the
phenomena we describe are robust to changes in resource
distributions (see “Diets in intermediate environments”).
The finding that interindividual diet differences and diet
homogenization can occur simultaneously in mixed envi-
ronments (Fig. 8) especially suggests that, in complex
environments, these two phenomena should not cancel out,
and makes us confident that they are relevant for group
foragers. Furthermore, since group foragers in their natural
environments are unlikely to have complete knowledge of
their surroundings but have enough knowledge to compete
during foraging, they correspond to the conditions of
sufficient but limited knowledge shown to be required for
the patterns in diet variation we describe (see “Diet
overdispersal in uniform environments” and “Homogenized
learning opportunities in patchy environments”).
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The crucial factor of uniform distributed resources that
leads to individual diet differentiation in groups is the
nonshareable nature of resources. Nonshareable resources
should include those that occur locally at low densities.
Interestingly, the fact that diet differentiation due to
grouping only occurs when individuals have to learn what
to eat, as apposed to already knowing all resources,
highlights the potential importance of learning processes
in ecology. With respect to individual diet variation,
Bolnick et al. (2003) suggest that inter-individual diet
differentiation may be a fairly common phenomenon, but is
rarely observed because most diet analyses occur at group
level. Our results show that to detect the opposing patterns
of diet variation resulting from different resource distribu-
tions, diets should not only be analyzed at an individual
level, but also at an appropriate resource-subset level. In
this case, each subset should include patchy or uniform
distributed resources, which, if taken together, would mask
the patterns of diet variation we describe.

The important aspect of patchy distributed resources that
leads to the homogenizing effects of learning is the local
abundance of a resource allowing it to be shared, thereby
allowing group-level diets to arise. With respect to intergroup
diet differences, Chapman and Fedigan (1990) suggest that
diet differences between groups of white-faced capuchins are
unlikely to be the result of ecological differences, but are
more likely the result of social influences. Our results
indicate that different learning histories, in combination with
trial-and-error learning in patches, can easily result in
intergroup diet differences in the exact same environment,
supporting social interpretations of intergroup diet differ-
ences. We have no reason to suspect that this cannot happen
in real group foragers living in complex, patchy environ-
ments. However, although ecologically independent inter-
group diet differences would indicate a social influence on
learning, they do not necessarily reflect diet traditions. It is
unclear whether such group-level diets can be culturally
transmitted as they may be too transient.

Social learning and adaptation

The patterns of diet variation we find in the groups can be
seen as the outcomes of social learning, which, in its most
general form, has been defined as “learning which is
influenced by observation of, or interaction with, another
animal or its products” (Heyes 1994) or as a social
influence on learning which can “facilitate the acquisition
of behavior” (Galef 1988). In fact, it is generally acknowl-
edged that when animals forage together, social influences
could affect what they learn to eat (e.g., Galef and
Giraldeau 2001). However, our results emphasize the
profound impact that resource distributions can have on
the nature of social influences on learning. In uniform

environments, local depletion in groups leads to diet
differentiation due to a biasing of learning to nondepleted
resources, while in patchy environments shared learning
contexts lead to diet homogenization.

These social influences on learning arise naturally from
the effects of interactions between grouping and the
environment on trial-and-error learning. In fact, using our
model framework, it is impossible to exclude social
influences on diet development in groups. Thus, when
individuals live in groups for whatever other reason, social
influences on learning should be seen as spontaneous and
obligatory side effects of grouping and should be the
default expectation for trial-and-error learning in foraging
groups. In other words, individuals do not choose to use
social information, but are instead automatically subjected
to social influences once they live in groups.

In contrast to the model presented here, previous
theoretical studies on social learning assume that social
and asocial learning are alternative strategies, which can be
chosen freely, and focus on the adaptive trade-off between
them (e.g., Boyd and Richerson 1988; Rogers 1988;
Feldman et al. 1996). They show that social learning (in
the sense of copying the behavior of another individual) is
adaptive, when the social information is not rendered
obsolete by variation in the environment. Our results show
that this approach is misdirected for learning what to eat
because both behavior options are not freely available
(i.e., pure asocial learning ceases to exist in groups, as
discussed above), whether they are adaptive or not.
Moreover, in our model, social influences are mediated
via current availabilities of food and are never “obsolete”
because preferences are developed for food types encoun-
tered. Interpreting our results within an adaptive trade-off
framework is therefore misconceived. It is not a question
of behavioral adaptations to the opportunities available for
learning, but rather how learning opportunities shape the
nature of social influences.

Given that the social influences on learning occur
independent of their adaptive value, i.e., foraging groups
get them “for free,” what then are the evolutionary
implications of our results? Primarily, our results provide
null expectations for patterns of diet variation. This does
not mean that further evolutionary adaptations are exclud-
ed, but provides an appropriate background against which
such evolutionary adaptations could be understood. For
instance, since trial-and-error learning in patches leads to
diet homogeneity in groups, actively copying what other
individuals eat (i.e., by observation) is potentially redun-
dant. In contrast, diet differentiation in uniform environ-
ments could lead to differences in lifetime reproductive
success (cf Altmann 1998) and could enhance the impact of
copying what others eat, provided this is possible. More-
over, our results elucidate what is unexpected, given trial-
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and-error learning of what to eat. For instance, not finding
diet differences in uniform environments could imply that
individuals do not only learn by trial-and-error. Further-
more, our results cannot explain group-specific advanced
food-processing techniques. Therefore, we conclude that,
for diet development in foraging groups, learning adapta-
tions should be studied in the context of the automatic
social learning discussed here and should include the
feedback of learning on the physical and social environ-
ment of the individual learners.

Conclusion

We have shown that resource distributions can play an
important role in generating patterns of diet variation in group
foragers by shaping the opportunities that individuals have for
learning. Interactions between resource distributions, foraging
in groups, and preference development through post-ingestive
feedbacks are important for our results. Our results also indicate
that homogenized learning and “specialization” can arise as
side effects and should not always be thought of as the results
of strategies. This emphasizes the importance of understanding
the phenomena that arise spontaneously from complex
interactions in nature before interpreting findings from a
perspective of behavioral strategies. At present, we are not
aware of any data that verifies our findings, and our results
therefore provide new search images for studying diet variation.
In this respect, we suggest that intragroup variation should be
expected for uniform (locally nonshareable) resources. More-
over, we expect that the impact of actively copying what others
eat will be greater with respect to nonshareable resources, while
such learning should be redundant for patchy shareable
resources.
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Appendix

Resource distributions

We implement four resource distribution types: two extreme
variants (uniform and patchy) and two intermediate types. In all
cases, we ensure that the total amount of resource available
remains constant (6,400,000 discrete units). As default, field
size is set to 800 by 800 units. Details are as follows:

1. Uniform. Resources are spread evenly over the field; not
all resources are present at each location. We use ten

resource layers and fill them all with resources randomly
selected from a given set of resources (64,000 units for
each resource type for 100 resource types).

2. Patchy. Patches do not overlap. As default, we place
1,600 patches of radius 10 with a distance between
patch centers of 20 units. Within patch radius, each of
the 13 resource layers is filled with a single resource
type with a probability of 0.97 from a given resource
set (approximately 3,961 food units per patch and
6,338,477 units in total). We also vary patch size to
radii of 5 (distance between patch centers 10) and 20
(distance between patch centers 40) adjusting the
number of patches (6,400; 400) and amount of
resources (same density) to keep total resource abun-
dance constant (approximately 990 and 15,846 food
units per patch).

3. Mixed environments. We combine uniform resources and
patchy resources (radius 10), whereby uniform resources
occur throughout the field and patches are superimposed
on them. We implement different proportions of uniform
and patchy resources: 50:50 (784 patches, 18 layers, five
layers filled with uniform resources, patches fill nine layers
on top of that); 75:25 (400 patches, 21 layers, 7.5 layers
filled with uniform resources, patches fill eight layers on
top of that); and 25:75 (1,225 patches, 15 layers, 2.5 layers
filled with uniform, patches fill ten layers on top of that). In
all cases the number of uniform resources determines the
density of uniform resources, which are always spread over
the whole field. Patches are placed on top of these.

4. Patches with co-occurring resources. We fix the co-
occurrence of several resource types (two or five) in
patches (parameter settings the same as in patches of
radius 10). In this way, patch types are defined by the
set of resources that occur in them. We extend this to
allow only a subset (three of the five) of the correlated
resource types to occur in patches. This means that
individuals will find certain resources co-occurring
with certain others, but not all the time.

Preference development

Figure 10 illustrates preference development in a uniform
environment of a single gregarious individual in two
conditions: (1) TR 0.01 with interference and (2) TR 0.01
without interference during updating. The latter is achieved
by not averaging updates over all resources digested (see
Eq. 2, in main paper), but instead updating each resource
according to the feedback from digestion for that particular
resource. Figure 10a illustrates how an individual with
interference during updating becomes somewhat stabilized
on a familiar subset of resources. Preference development
of an early-discovered group of resources proceeds well,
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but development of preferences of resources discovered
later is much slower. This is due to the effects of
interference during updating, whereby unfamiliar resources
have the greatest discrepancy between preference and
quality and, therefore, contribute most to feedback from
digestion (see Eq. 2, in main paper). However, because
updating due to digestive feedback is averaged over all
resources irrespective of familiarity, familiar resources are
updated more than they should. As a consequence, familiar
resources can become more preferred than their quality
warrants. Without interference (Fig. 10b), differences in
familiarity still exist and foraging will be somewhat biased
to familiar resources, thus reducing the speed of preference
development for unfamiliar resources. However, preference
development is regular and independent of preferences of
other resources and preferences reach their appropriate
value (i.e., equal to resource quality). As a consequence,
later-discovered resources are more easily incorporated into
the diet and diet diversity increases.

The specific results of our update function may not form
a realistic picture of preference development. For instance,
we neglect the role of gustatory cues, temporary satiation
aversion (see Provenza 1995), and the role of familiarity of
resources during updating (see Matsuzawa and Hasegawa
1983). However, our aim was to include a simple form of
delayed preference updating in our model, which is
probably the most important way in which animals asses
resource quality. The incorporation of interference during
updating was inevitable without making unrealistic assump-
tions about untangling feedbacks from digestion of resource
mixtures to specific resources. Interference should therefore
be seen as an integral part of delayed preference updating.
Naturally, our model is a simplification. The important
point is that interference in our model can distort
preferences and stabilize familiarity, thus leading to the
phenomena we observe in uniform environments. In

animals, distorted preferences are evident from the numer-
ous examples of aversions due to associations between
palatable food and toxins. Furthermore, stabilized familiar-
ity can be expected given that preference development for
mixtures of resources is greatly delayed (Duncan and
Young 2002; Kimball and Nolte 2005) and is evident from
conservative feeding habits in humans.
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