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Both cultural inheritance and cultural diversification of diets may play an important role in animal
evolution. Here we studied how diet innovation and cultural change relate to cultural inheritance in
a changing environment. We did this by studying diet cultures in group foragers adapting to environ-
mental change through learning, and the consequences this has for diet differentiation between groups.
We used an individual-based model of ‘monkeys’ that learn what to eat in a rich environment, and we
changed resource species that are available in the environment. Relative to social influences on learning
that arise spontaneously in groups, we found that more direct social learning, in the sense of observing
another individual and copying what it eats, helps groups deal with high levels of environmental vari-
ability by generating greater group level incorporation of diet ‘innovations’ and enhancing cumulative
cultural diet improvement. An important factor for the dual role of copying in diet innovation and
cultural inheritance is how copying is mediated by foraging opportunities in the environment in the
short term. During adaptation to environmental changes, groups diverge in diet. This is caused by
differences in learning history and is increased when individuals copy each other, but this depends on
migration. Furthermore, when groups live together in the same environment and compete for resources,
diet differentiation is enhanced through what appears to be culturally mediated character displacement.
� 2009 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Cultural inheritance, where behaviour is inherited from one
generation to the next through socially influenced learning, is
a potentially important force in animal evolution, providing an
additional means of information inheritance next to genes. The
cross-talk between these two levels of inheritance is referred to as
gene–culture coevolution (Feldman & Laland 1996). Through
a process called niche construction (Laland et al. 2000), individuals
shape the cultures they live in, which in turn shape the evolu-
tionary pressures they experience. Across cultures, cultural varia-
tion could generate divergent selection pressures. How behavioural
changes and innovations generate cultural variation will therefore
be important.

At present little is known about the scope of cultural transmission
in wild animals, let alone cultural variation and dynamics. Often the
only way to establish evidence of cultural inheritance in wild animals
is to reveal behavioural variation between groups that is indepen-
dent of ecological and genetic variation. This allows cultural variation
rch Center Evolution of Social
nerweg 6, 37077 Göttingen,

n der Post).
ormatics, Utrecht University,

dy of Animal Behaviour. Publishe
and transmission to be inferred (i.e. as the only remaining explana-
tion; McGrew 1998; van Schaik 2003). As a consequence, cultural
variation, and thus cultural inheritance, has been established mainly
for behaviour that is relatively independent of ecological variation,
such as social customs and foraging techniques (see Whiten et al.
1999; Rendall & Whitehead 2001; Panger et al. 2002; Perry et al.
2003; van Schaik et al. 2003). Unfortunately, for behaviour closely
linked to ecological conditions, such as what individuals eat,
ecological reasons for intergroup differences generally cannot be
excluded (e.g. Chapman & Fedigan 1990).

This does not mean diet differences are not cultural. A cross-
fostering study with blue tits, Cyanistes caeruleus, and great tits,
Parus major, shows that young tits can inherit their adoptive
species’ feeding niche, indicating that a substantial part of a species’
feeding niche is culturally inherited (Slagsvold & Wiebe 2007). It is
also well known that simple forms of social learning can affect food
preferences in rats (Rattus norvegivus, Rattus rattus) and give rise to
‘traditions’ across chains of individuals (Galef 2003b). Moreover, we
have shown that grouping in itself can be sufficient to generate
both diet traditions and cumulative cultural diet improvement (van
der Post & Hogeweg 2008). The conditions for diet cultures may
therefore be easily met.

However, since environmental variation is a confounding factor
for studying cultural variation in diet, both its prevalence and how
d by Elsevier Ltd. All rights reserved.
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cultures change in relation to ecological variability are still largely
unknown. It has been suggested that cognitive abilities help indi-
viduals adapt to environmental change through a combination of
behavioural innovations and their spread through social learning,
and drive cultural change and eventually evolutionary diversifica-
tion (see Wyles et al. 1983; Lefebvre et al. 2004; Sol et al. 2005). This
is supported by various correlations between brain size, innovation
rates, social-learning abilities and rates of environmental change in
birds and primates (Lefebvre et al. 1997, 2004; Reader & Laland
2002; Reader 2003; Sol et al. 2005). However, mathematical pop-
ulation models, in which social learning is implemented and
equated with cultural inheritance, predict that social learning
becomes maladaptive when environments change too fast between
generations (Rogers 1988; Boyd & Richerson 1988; Feldman et al.
1996; Laland & Kendal 2003). Therefore, while socially learnt
innovations may be helpful, socially acquired traditional informa-
tion may be outdated. This suggests environmental variation may
limit the evolution and prevalence of social learning in animals.

In previous work, we have shown that as soon as individuals live
in groups, social influences on learning arise as a side-effect and are
unavoidable (van der Post & Hogeweg 2006). In particular in patchy
environments, groups of individuals learning by trial and error
automatically share learning opportunities and converge in
learning. Such a social influence on learning by grouping has also
been called local enhancement (see Hoppitt & Laland 2008). This
spontaneous social influence on learning can give rise to both
traditional inheritance and cumulative cultural change (van der
Post & Hogeweg 2008). Furthermore, this social influence arises
irrespective of its adaptive consequences; it is unavoidable.
Therefore, in this case it is not a question of whether social learning
and cultural inheritance can evolve given environmental change,
but given spontaneous social learning and cultural inheritance,
how do groups respond to changing environments?

In addition, in previous work we found that when spontaneous
social influences on learning are present, and, on top of that, we
implement a more direct form of social learning, where individuals
directly observe what other individuals are eating and copy them
(which we refer to here as copying), this can enhance information
integration in groups and improve diets through collective explo-
ration and enhanced cultural inheritance (D. J. van der Post,
B. Ursem & P. Hogeweg, unpublished data). However, it is unclear
whether this holds in changing environments and how this impacts
cultural inheritance. Moreover, given that groups adapt their diets
to changing environments, what consequences does this have for
cultural diversification between groups?

We addressed these issues by studying how diet cultures are
affected by environmental change. We studied how individuals
respond to environmental changes through learnt adaptations in
the short term, and the consequences this has for cultural diet
differentiation between groups in the long term. In this context, we
studied two levels of social influence on learning: (1) spontaneous
social influences on learning and (2) copying. Spontaneous social
learning is the baseline type of learning in groups learning by trail
and error, which arises as a side-effect and cannot be avoided (van
der Post & Hogeweg 2006, 2008). On top of this we studied groups
in which individuals can also directly observe each other’s food
choices and copy each other (copying). In both groups with and
without copying, cultural inheritance can take place. We used an
individual-based model with a rich environment, which makes it
possible to study rich behavioural repertoires and cultural variation
(see van der Post & Hogeweg 2006). The model was formulated
keeping primates in mind, but could be more generally relevant.
The model simulates group foragers that learn what to eat and
forage selectively on short timescales, and gives rise to cultural
inheritance on longer timescales (see van der Post & Hogeweg
2008). We therefore did not implement cultural inheritance, but
studied how it arises and is affected by adaptation to environ-
mental change through learning, and what this means for cultural
niche differentiation.
METHODS

The individual-based spatial model we used is adapted from van
der Post & Hogeweg (2008). In our modelling approach we
implemented basic assumptions based on primate groups, namely:
(1) developing preferences for resources, (2) foraging selectively,
(3) living in groups in a (4) structured spatial environment. In the
model, individuals make behavioural decisions according to simple
behaviour rules, using local ecological and social information and
individual internal state. Foraging and learning are therefore not
fixed strategies, but depend on the local ecological and social
opportunities that arise and what individuals observe in their
environment. We studied the implications of these assumptions for
longer-term cultural phenomena by exploring the dynamics
generated by the interactions between them.

In previous work we have studied the ecological and social
parameter conditions in which spontaneous social influences on
learning and cultural inheritance arise (van der Post & Hogeweg
2006, 2008), and in which copying (i.e. directly observing the food
choice of another individual and copying it) improves diet learning
relative to spontaneous social influences on learning in groups (van
der Post et al., unpublished data). Here, we used this background to
set the parameter conditions such that we were in a context in
which cultural inheritance takes place, and copying improves
learning in constant environments. Only in that way could we study
the impact of environmental change on both these processes,
which we did by varying the type and rate of environmental change
and social influences on learning. We therefore focused on patches
with multiple resources, where we know cultural variation
between groups is well expressed (see van der Post & Hogeweg
2008), and where copying clearly helps to improve diet learning
(van der Post et al., unpublished data) and which is also the most
natural setting (for more discussion on parameter details see
Appendix 1). Below we describe the model in more detail.
Model Description

Environment
The environment is a two-dimensional grid where grid points

represent locations where resource items can be found. We
implemented 250 resource species with a Gaussian quality
(energy) distribution. Resources were distributed in patches, where
each patch was assigned a subset of five resources (varied patches),
giving 50 patch types. Patches of a given patch type differed in that
we only plotted a subset of three of the five assigned resources
generating different combinations of resources in patches of a given
patch type. Each patch had a radius of 10 grid units and about 13
items per grid location and could be visited several times by groups
before they were depleted. We used a grid size of 2800 � 2800
square units (1 unit is scaled to 1 m) and implemented 4900
patches each consisting of about 4000 resource items. We set our
timescale as follows: 1 time step ¼ 1 min, 1 day ¼ 1000 min, and 1
year ¼ 100 days.

Resources were depleted during foraging and were renewed at
the beginning of each year. This was simply done by repeating the
initial resource distribution pattern and removing any resource
units from the previous year. Ecological dynamics were therefore
limited to single influxes of all resources at the beginning of each
year.



D.J. van der Post, P. Hogeweg / Animal Behaviour 78 (2009) 155–166 157
Environmental change. Environmental change was modelled by
replacing existing resource species with novel resource species,
where resource diversity was constant (250 resources). Novel
resource species had the same quality as the resource species they
replaced, to control for quality changes in the environment.
Changes in diet energy uptake could therefore be related to
learning. We replaced complete patch types (five resource species),
to keep the number of resources per patch type constant and not
introduce new resource species into existing patch types. In the
latter case new resources would have been introduced in a familiar
context, which facilitates learning. By changing whole patch types
we therefore considered a harder case scenario for adapting to
environmental change. The initial 50 patch types were replaced in
random order, but thereafter the patch types that had been longest
in the environment were replaced first. This controlled for the time
resources were present in the environment, allowing us to study
the impact of the rate of environmental change on learning and
cultural inheritance more clearly.

Individual behaviour
We modelled individual behaviour using an event-based

formalism, that is, action takes time. A schematic representation of
the behaviour procedure is given in Fig. 1. The procedure ensures
that individuals remain in groups, find preferred food and eat,
discover new resources, can copy other individuals, move forward,
or do nothing while digesting after eating to satiation (maximum
stomach capacity).

Grouping. To achieve grouping, individuals were modelled to
remain in close proximity to a sufficient number of other individ-
uals (see Fig. 1). Individuals checked how many neighbours were
present in close proximity (10 grid units). If they had a sufficient
OBSERVE NEIGHBOURS

Enough neighbours
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Y

Y

Hungry?
probability= 1610

(1610+ ST )
where ST = stomach contents

LOOK FOR FOOD
nearby in the direction

individual is facing
(if no neighbours within reach)

Novel

Previou

N
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Y
Is visible

neighbour
eating?
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Figure 1. Individual behaviour procedure. pir ¼ resource preference, bp ¼ preference
number of neighbours (3), then they were ‘safe’ and proceeded
with foraging. Otherwise they moved to where they observed the
highest density of individuals in a wider area (150 grid units). To
prevent crowding, individuals only searched for food if there were
no other individuals within their personal space (0.9 grid units).
These parameters affect to what extent groups are cohesive and
split up into subgroups. Here we focused on cohesive groups to
study intergroup diet variation.

Foraging. Individuals used learnt resource preferences (see below)
to search for food. They did this locally within a semicircle (radius 2
grid units) in the direction they were facing, and the preference (pir)
for each resource item found was evaluated relative to bpi, which
represents an individual’s expected ‘highest’ preference and
ensures individuals can forage selectively:

r ¼
 

pirbpi

!N

þ C (1)

where N scales the degree to which the probability (r) of eating less
preferred resources decreases as pir drops below bpi. N therefore
affects foraging selectivity, that is, to what extent less preferred
resources are consumed (here N ¼ 3). r can be increased by C when
an individual has observed another individual eating that resource
(see below).

Individuals could adjust bpi and mediate their foraging selectivity
according to prevailing ecological conditions. We set bpi to increase
by 10% if an individual’s stomach was full (20 items) at digestion,
while it decreased by 10% if its stomach was not full. In this way
foraging selectivity was automatically adjusted to be as high as
possible relative to eating at maximum rates.
MOVE TO GROUP
move to highest density of neighbours
within maximum awareness and then

adjust direction to average
direction of neighbours within sight.
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N
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sly eaten
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expectation, N ¼ individual selectivity during food choice, C ¼ copy preference.
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Copying. By ‘copying’ we refer only to social influences on learning
arising as a direct result of observing another individual eating
a given food, rather than indirect social influences arising from
living in groups (i.e. spontaneous social influences). For copying, we
assumed that if individuals saw another individual eating
a resource, they temporarily increased their preference for that
resource (pir) by a copy preference (C, see equation 1). Individuals
could observe another individual eating within a limited distance
(5 m), and remembered that resource for some time (30 min). The
memory was also lost when the individual ate that resource.
Copying therefore increased the probability of choosing a certain
resource for a single feeding event. This simple form of explicit
social learning appears to fit various defined social-learning cate-
gories such as context imitation and social enhancement of food
preferences (Hoppitt & Laland 2008) and definitions of copying
(Heyes 1994). Here we adopt the term copying for this process.
Furthermore, for simplicity we assumed that individuals can
continue copying for their whole lifetime on all resources that they
observed to be eaten, including those they were already familiar
with. Although this overestimates the extent to which animals
copy, it allowed us to study the impact of prolonged copying on the
process of learning.

Temporary satiation aversion. We also included temporary satiation
aversion which ensures that individuals attain a temporary aver-
sion to resources eaten to satiation (a full stomach) for one diges-
tion cycle (100 time steps). Individuals were therefore always
forced to move to another resource after one feeding–digestion
cycle, which increases their diversity of foraging. This prevents
excessive feeding on one resource. Moreover, it represents a harder
case scenario for finding diet differences between groups.

Resource preference development
The learning process studied here is resource preference

development through postdigestive feedbacks of eaten resources.
The preference development process was affected not by sponta-
neous social influences and copying directly, but only by means of
biased food intake. Initially all resources were completely novel,
and preferences for resources were equal to zero. Individuals
sampled all novel resources encountered (no neophobia). In this
way we focused on the role of preference development in cultural
processes and not differences in discoveries.

We modelled preference development as reinforced learning
through postdigestive feedbacks:

pirdpir þ
�

U
Sir

SiT

�
Ei � pi

��
(2)

where Sir is the number of items of resource r in an individual’s
stomach, SiT is the total number of items in its stomach, Ei is the
average energy per resource item it obtains from digestion, pi is the
average preference it has for the items digested, and U is an
updating constant. Note that equation 2 was only updated after
digestion (every 100 time steps, i.e. the minimum time span for any
learning to take place) and only for the digested resources.

Preferences represent an individual’s energy estimate for
a given resource and pi therefore represents an expected energy
feedback from digestion. Moreover, we drew Ei from a normal
distribution with a mean of Ei and a standard deviation of 0.005 to
add some environmental noise. If the preference for a resource
became negative, such a resource was considered toxic and led to
a permanent aversion.

We set U to 0.01, which means that if individuals ate a resource
continuously for about 7 days, their preference would be equal to
half the actual quality of the resource. Preference development is
a time-dependent reinforcement learning, and preference there-
fore depends on familiarity, that is, how well the resource is
‘known’. This leads to positive feedbacks between familiarity and
foraging, which causes diets to stabilize on familiar resources (van
der Post & Hogeweg 2006, 2008). Note that we did not implement
this feedback, but that it is unavoidable in our model where
learning and foraging automatically affect each other. As a conse-
quence, different groups can develop different diets, and individ-
uals can prefer lower-quality resources more than high-quality
resources they are less familiar with. Both postdigestive feedbacks
and familiarity are known to influence preference development
and diet selection (Garcia et al. 1974; Provenza 1995; Galef 1996;
Birch 1999).

Simulations and Analysis

We studied cultural inheritance using transmission chain
experiments (Curio 1988; Galef & Allen 1995; Laland & Williams
1997). Simulations were initialized with 20 naı̈ve individuals and
each year one of the initial individuals was replaced by a naı̈ve
individual. After 20 years, all the initial individuals had been
replaced, and from then on the oldest individual was always
replaced. Individuals ‘died’ only when they were replaced, but not
from other factors such as lack of food. From 20 years onwards
there was a stable age distribution (0–19 years), and any diet
improvement could not be explained by increased individual level
experience, but instead was caused by cumulative cultural effects
(see van der Post & Hogeweg 2008).

To establish the impact of environmental change on cultural
inheritance, we compared diet energy uptake in groups with diet
energy uptake in solitary individuals which learn purely asocially.
Solitary individuals were exactly the same as individuals in groups
except that they ignored each other. To establish the impact of
copying (on top of spontaneous social influences on learning) in
changing environments, we considered diet energy and diet
differentiation with respect to copying (C ¼ 0.1 and C ¼ 0.5), which
we have previously found to improve learning in constant envi-
ronments (van der Post et al., unpublished data). Diet energy is
simply the total energy obtained from the diet in a year, as deter-
mined by resource quality and resource items consumed.

We studied a range of environmental variability. We first
studied regularly changing environments, with rates of change
ranging from five resources changed per year, where we changed
one patch type at a time, to 250 resources per year, which repre-
sents a complete change of the environment every year. Because
ecological variability often has a periodic nature, we also consid-
ered seasonal changes in the environment, where the environment
changed completely every quarter year, but consecutive years were
the same. We further generalized our results by comparing regu-
larly and randomly changing environments.

For diet variation we considered the differences in diet overlap
within and between groups. We calculated diet overlap between
individuals as the correlation between diet vectors (van der Post &
Hogeweg 2008). This is calculated as:

Oa;b ¼

PR
r

arbrffiffiffiffiffiffiffiffiffiffiffiPR
r

a2
r

s ffiffiffiffiffiffiffiffiffiffiffiPR
r

b2
r

s (3)

where ar and br are the preferences of individuals a and b for
resource r and R is the maximum number of resources. Overlap is
maximal when Oa,b ¼ 1, and minimal when Oa,b ¼ �1. In our
simulations the minimum was effectively zero because preferences
were seldom opposite in sign.
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Diet overlap, within or between groups, was expressed as the
average Oa,b of all pairwise individual comparisons, that is,
Oa;b ¼ ð1=nðn� 1ÞÞ

Pn
a
Pn

bðsaÞ Oa;b, where individuals a and b can
be either from the same or from different groups. The diet differ-
ence between groups was calculated as the difference between
‘within-group overlap’ and ‘between-group overlap’.

To study diet differentiation we started simulations with groups
initialized with established diets, and focused on diet divergence
generated by environmental changes. For this we used diets
developed in groups over a period of 100 years in a constant
environment with the same parameters. We compared two inde-
pendent groups starting from the same initial condition, and did
this both for the case where two groups of 20 individuals lived
together in the same environment and the case where two groups
lived independently in the same environment (separate simula-
tions). Groups can experience the exact same environment in
different ways through different movement patterns. When two
groups lived together, individuals only travelled with their own
group, and did not interact with the other group except to stay out
of each other’s personal space (see grouping description).

RESULTS

Long-term Continuous Change

We first considered continuous and regularly changing envi-
ronments where resources changed each year and did not return.
To assess the relative impact of environmental change on cultural
inheritance we compared solitary individuals, and groups of indi-
viduals learning only by trial and error, and those that also copy
each other. We found that copying can enhance cultural inheritance
and cultural diet improvement and helps groups deal with envi-
ronmental variation. We did not find that culturally inherited
experience becomes maladaptive in variable environments.

Figure 2a shows the impact of different rates of environmental
change on diet energy uptake, where environmental change is
presented in terms of the time resources are present in the envi-
ronment, or residence times. Average diet energy uptake for
different rates of environmental change is shown relative to the
baseline of complete change (all resources reside in the environ-
ment for only 1 year). We found that for both solitary (black) and
group (blue and red) individuals diet energy uptake increases as the
(a)
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Figure 2. Environmental change and diet learning. Black: solitary individuals; blue: group
striped and dotted red: C ¼ 0.5. (a) Yearly diet energy during regular environmental chang
determines resource residence time. The area under each line is shaded up to the baseline of
mean � SD of five simulations between years 40 and 120. (b) Yearly diet energy in seasonal e
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environment becomes more constant (from left to right), when
learning can extend over multiple years and cultural inheritance is
possible.

Even without copying, cultural inheritance occurs spontane-
ously when groups forage in patchy environments (as shown in van
der Post & Hogeweg 2008). Here we found that in changing envi-
ronments groups lose diet traditions and adapt through cultural
innovations (see Appendix 2 for more detail). We therefore first
contrast solitary individuals (Fig. 2a, black) with group foragers
learning by trial and error only (Fig. 2a, blue). The most obvious
difference is that for the whole range of environmental variability,
solitary foragers have greater diet energy uptake. This is because
solitary individuals do not experience the difficulties of group
living, such as group coordination in combination with differences
in diet preferences, which can cause individuals in groups to feed
on less preferred resources. Therefore, in the varied patches studied
here, where acquired preferences can differ between individuals,
some individuals may have to compromise their feeding to remain
in the group. However, relative to constant environments (Fig. 2a,
infinite resource residence times), diet energy is reduced to
a similar extent in both noncultural solitary and cultural group
individuals, as the environment becomes more variable. This
happens because, just as in group individuals, the resource pref-
erences of solitary individuals become outdated because of
resources disappearing.

While grouping reduces diet energy uptake, the addition of
copying generates major increases in diet energy (Fig. 2a, compare
red to black and blue). This not only leads to a more than propor-
tional increase in diet energy relative to groups learning by trial and
error (compare red to blue), but also allows groups to overcome the
difficulties of group living (compare red to black). In fact, copying
already leads to increased energy uptake in completely changing
environments (1 year resource residence time), where information
sharing in groups helps individuals learn about novel environments
within single years (van der Post et al., unpublished data). Through
this process, each individual gains more experience and develops
a broader diet (see Appendix 3). Copying therefore helps to incor-
porate diet ‘innovations’ at a group level and helps groups deal with
changing environments (see Appendix 3). As the environment
becomes more constant, such collective learning can occur over
multiple years and eventually over generations, and experience can
be accumulated culturally (see Appendix 3). This effect becomes
1400
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s learning by trial and error; red: groups learning also by copying; solid red: C ¼ 0.1;
e. Resources are changed from year to year and never return, and the rate of change
complete environmental change every year (residence time of 1 year). Each data point:
nvironments. The environment changes completely every quarter year, but is the same
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Figure 3. Yearly diet energy during random environmental change. Black: solitary
individuals; blue: groups learning by trial and error; red: groups also learning by
copying (solid: C ¼ 0.1; striped: C ¼ 0.5). When resources change (probability 0.2 per
year) they are replaced with resources from a limited pool of resources, and can also
return. Residence time depends on duration in the environment and how fast
resources return. We implemented 500, 750, 1250, 2000 and 2500 resources, which
results in average resource residence times of 49.6, 33.1, 20.1, 13.4 and 11.0 years. Each
data point: mean � SD of 20 simulations between years 40 and 120. For comparison
diet energy uptake in regular environments is shown, as in Fig. 2a (dashed lines).
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stronger with greater copying rates (Fig. 2a, striped red, C ¼ 0.5).
Copying therefore helps individuals cope with environmental
change and enhances cultural inheritance.

Seasonal Changes

To investigate the impact of periodic environmental change and
returning resources, we considered seasonal changes in resources
within years. In Fig. 2b we show the case of an environment with
four seasons. Every quarter year all 250 resources were replaced,
but each year the same resources returned. This represents a more
difficult environment in which to develop diets than in our default
constant environment (250 resources). Resources were present for
only a quarter of the time and individuals saw four times as many
resources (1000 resources). Figure 2b shows how diet energy
uptake increases over generations in groups of copiers (both red
lines). In contrast solitary individuals (black) and groups learning
by trial and error (blue) do not increase energy. In fact, groups
learning by trial and error (blue) tend to lose initial increases in diet
energy. This is because only certain patch types become selected in
the longer term, as not all initially discovered patch types are
selected by naı̈ve individuals coming into the group, and cultural
change has a negative impact on diet energy uptake.

In contrast, copying helps groups accumulate experience about
high-quality resources in this rapidly variable environment by
enhancing cultural inheritance (e.g. diet energy uptake of copiers
(C ¼ 0.1) is greater than that of solitary individuals: Wilcoxon two
sample test: N ¼ 5, P ¼ 0.008, at year 120). Note that, in this case
the higher copy preference (C ¼ 0.5, dotted red line) leads to lower
diet energy uptake than C ¼ 0.1 (solid red line), because individuals
more often copy the unselective initial sampling of naı̈ve individ-
uals. Previously, we found that when individuals only copy indi-
viduals older than 1 year, this can prevent such unselective copying
(van der Post et al., unpublished data), although it does not change
the qualitative outcome of the results. Indeed, here both copy
preferences lead to increases in diet energy over the generations,
indicating how cultural inheritance can help groups deal with rapid
environmental variation.

Variable Timescales of Environmental Change

To generalize our results we considered randomly changing
environments where resources returned at variable timescales.
Here variability in the environment depended on how often
resources changed (and are resident in the environment) and how
fast they returned. We studied this in environments where
resources changed at random (with a probability of 0.2 per year).
When resources disappeared a replacement was selected from
a limited pool of resources with the same quality, to keep total
environmental quality constant. By varying the size of the resource
pool we varied the average time for resources to return and this
affected the time resources were in the environment (see Appendix
4 for more detail).

We compared regularly and randomly changing environments
in terms of the total time that resources were present in the envi-
ronment during simulations (as in Fig. 2a). However, in regularly
changing environments total residence time was always in one
continuous stretch. In randomly changing environments total
residence time could be discontinuous depending on how long
resources were in the environment and how often they returned.
For the same ‘global’ level of environmental variability, randomly
changing environments were more variable. Within lifetimes
individuals saw a greater diversity of resources in random envi-
ronments. Moreover, these resources were available for different
durations, where many resources changed rapidly and some were
present for longer periods of time (see Appendix 4 for more detail).
For resources that were available for longer, individuals could
obtain more information by feeding on them for longer. This ‘signal’
of resources that are available for a long time could be used to make
better informed food choice decisions. In this way individuals could
cope with the greater short-term variability in randomly changing
environments.

In Fig. 3 we plot yearly diet energy uptake relative to average
total resource residence time. For a direct comparison with Fig. 2a,
we also plot the yearly diet energy of regular environments (dashed
lines). We found that the results are very comparable to those in
regularly changing environments (Fig. 2a), and they reveal the
same overall pattern between solitary individuals (black) and
groups with (red) and without (blue) copying. As in Fig. 2a, we also
found that as the environment becomes more constant (from left to
right) learning can extend over multiple years and copying can help
groups improve diets culturally. As in regularly changing environ-
ments, in slowly changing environments (50 years residence
times), high copying rates generate cumulative cultural improve-
ment in the diet despite short-term environmental variability (see
Appendix 3). Therefore, although learning is more difficult in the
random environment, as indicated by the somewhat lower diet
energy uptake relative to regularly changing environments (dashed
lines), the role of copying in collective learning and cultural infor-
mation integration is robust to the variable timescales of change in
randomly changing environments.

Diet Differentiation

We found that while groups adapt to changes in their environ-
ment, they diverge in diet. Diet differentiation is enhanced when
groups live together in the same environment. When individuals
copy each other cultural differentiation can increase; however,
migration allows copying groups to keep sharing information.



D.J. van der Post, P. Hogeweg / Animal Behaviour 78 (2009) 155–166 161
Figure 4 shows differentiation in the diet of groups that start
with the same established diet. We show groups that lived together
in the same environment (red lines) and groups that lived in an
identical environment but independently in separate simulations
(blue lines). Diet divergence was calculated as the difference in
overlap between individuals with their own groups and individuals
in another group (see Simulations and Analysis), and is shown for
constant environments (Fig. 4a, c) and for environments where five
resources are replaced per year (Fig. 4b, d).

Although groups do diverge in diet in constant environments,
divergence is enhanced in changing environments (compare
Fig. 4a, c to Fig. 4b, d). This is not surprising, considering that
environmental change causes diet traditions to be lost, and forces
groups to adapt (see Appendix 2 for more detail). During diet
adaptation, differences in learning history between groups bias
their responses to change in different ways, causing diet diver-
gence. Environmental change is experienced most notably when
important diet resources are lost, as is apparent from the large
jumps in diet differentiation during environmental change (Fig. 4b).

Figure 4 reveals that diet differentiation is faster when indi-
viduals copy each other (results shown for C ¼ 0.1, Wilcoxon two-
sample test: N ¼ 20, P ¼ 0.0004, for each pair of copying (Fig. 4c, d)
and noncopying (Fig. 4a, b) simulations at year 100). This occurs
because groups that copy have greater diet repertoires (see
Appendix 3) and therefore experience resource losses more often
than groups where individuals do not copy. They therefore adapt by
incorporating new resources in their diet more often, and this
generates more extensive and regular cultural change (see also
Appendix 3). None the less, even in this case we found that major
differentiation events occur when important shared resources are
lost (Fig. 4d). Similar results are obtained with the higher copy
preference (C ¼ 0.5, results not shown).
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Figure 4. Diet divergence in (a,c) constant and (b,d) changing environments. Groups start w
together in the same environment (red). Diet differences are calculated as the differences be
(see Simulations and Analysis). In the changing environment five resources change per year.
by copying (C ¼ 0.1). Lines are the averages of 20 intergroup comparisons.
When groups live together in the same environment, diet
divergence is generally increased (Fig. 4, compare red to blue lines;
Wilcoxon two-sample test: N ¼ 20, P ¼ 0.0007, for each blue and red
pair at year 100). In this case, enhanced resource depletion causes
groups to forage on different resources, and reinforces differentia-
tion in learning. Competition for resources is evident from the
decrease in diet energy uptake for groups living together relative to
the same groups living in isolation (results not shown). Through
depletion of foraging opportunities, the environment therefore
structures diet adaptation and enhances diet differentiation.

Obviously, cultural differentiation is reduced with frequent
migration between groups. However, for groups without copying,
our results are robust to reasonable rates of migration (see Fig. 4a, c,
dotted red lines, where on average there is one migration of
a 4-year-old individual between sympatric groups every 4 years).
On the other hand, when individuals copy each other, migration
enables information sharing between groups and differentiation
is reduced, although still comparable to groups without copying
(compare Fig. 4a, b to Fig. 4c, d, dotted red lines). Furthermore,
there is a slight increase in diet energy uptake in copying
groups with high rates of migration (one 4-year-old individual
per year) in the changing environment (Wilcoxon two-sample
test: N ¼ 20, P ¼ 0.009, for average diet energy over the whole
simulation (100 years)). This suggests that migration in combi-
nation with copying allows groups to integrate information
across groups enhancing adaptation to the environment.

DISCUSSION

Our results show that explicit social learning (copying) increases
the rate of adaptation to changing environments and enhances
cultural inheritance, relative to spontaneous social influences on
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learning, which arise when individuals live in groups. However,
cultural inheritance in groups (whether enhanced by copying or
not) is not more adversely affected by environmental change than
the experience of solitary individuals (Figs 2a,b, 3). Environmental
change therefore does not render cultural inheritance maladaptive,
but instead can limit or prevent it.

Because diet adaptations depend on learning histories, this
causes groups to diverge in diet in changing environments (Fig. 4).
When groups live together in the same environment, competition
for resources through local depletion of the environment auto-
matically structures diet adaptation, increasing diet divergence
between groups. While such divergence is greater when individuals
copy each other because of enhanced within-group information
integration, we found that copying leads to information integration
between groups when there is migration. This reduces cultural
differentiation, but may enhance adaptation to environmental
change. We therefore observe cultural diet niche differentiation in
an interplay between adaptation to changing environments and
self-organized learning processes at the group level.

Previously we have shown that a cumulative cultural process
can arise simply as a side-effect of trial and error learning in groups
in which social influences on learning arise spontaneously. This can
cause the average quality of consumed resources to increase
beyond that of solitary individuals (van der Post & Hogeweg 2008).
Foraging selectivity in those models was mediated by resource
quality. However, for high levels of selectivity (N), this has the
drawback of reducing food intake during foraging. Here we there-
fore focused on a foraging algorithm, where bpi (and thus selec-
tivity) is adjusted on the basis of food intake, rather than resource
quality. As a result we found a cumulative cultural process that
increases total diet energy uptake over the generations. In both
cases the cumulative cultural processes therefore reflect the indi-
vidual level foraging algorithms that we implemented. This
emphasizes the role of short-term individual learning processes in
generating and shaping the nature of cumulative cultural
processes.

Cultural Inheritance and Environmental Variation

Our results contrast with mathematical population models,
which predict that high rates of environmental change render social
learning maladaptive because it leads to inheritance of outdated
information (e.g. Boyd & Richerson 1988; Rogers 1988; Laland &
Kendal 2003). There appear to be two main reasons for this differ-
ence. The first is that in our model outdated preferences cannot be
inherited. Cultural inheritance can only take place during collective
foraging in shared contexts, and this cannot happen once resources
have disappeared. As a consequence, our results emphasize how
environmental change can directly mediate the opportunities for
cultural inheritance, which highlights the distinction between
socially influenced learning in the short term and cultural inheri-
tance in the long term. This is possible because we did not imple-
ment cultural inheritance directly, but studied under what
conditions it arises. This contrasts with mathematical population
models where cultural inheritance is equated with social learning,
and cannot be mediated by the environment because it is imposed
from one generation to the next (e.g. Boyd & Richerson 1988; Rogers
1988; Feldman et al. 1996; Borenstein et al. 2008).

The second reason is that in our model asocial learning and
social learning are both similarly affected by environmental change.
In contrast, in mathematical population models a trade-off
between individual and social learning is assumed, whereby social
learning helps to avoid the costs, or errors, of individual learning
(e.g. Boyd & Richerson 1988; Rogers 1988; Feldman et al. 1996;
Laland & Kendal 2003). Asocial learning is assumed to occur at
a certain time point (i.e. within a generation), while social learning
occurs relative to the previous time point (across generations,
where cultural inheritance and social learning are assumed to be
the same). As a consequence, the maximal rate of environmental
change (every time point) can only affect social learning, that is, the
timescale of asocial learning is assumed to be short enough not to
be affected by environmental change. It is likely that this separation
of timescales increases the sensitivity of social learning to envi-
ronmental change.

We did not assume a trade-off between, nor separate the
timescale of, social and asocial learning (for more discussion on
separation of timescales see van der Laan & Hogeweg 1995;
Hogeweg 2005) and both are affected similarly by environmental
change. We therefore did not find that social learning is more
affected by environmental change than asocial learning. Instead,
because social influences on learning always concern resources that
are present in the environment, and are integrated into the learning
process at the timescale of preference development (as is asocially
acquired information), socially influenced learning is responsive to
environmental change and helps groups to explore novelty in the
environment. In fact, even at very unrealistically rapid rates of
environmental change (every 200 time steps ¼ 200 min) copying
can still improve diets (results not shown). Our results therefore
show how copying can simultaneously improve learning by playing
a role both in the integration of diet innovations in the short term
and in cultural inheritance in the long term, where the interplay
between the two is mediated by opportunities for cultural inheri-
tance in the environment. Similar environmental dependency of
social learning has been suggested for rats (Galef 2003a).

Although permanent environmental change limits the oppor-
tunities for cultural inheritance, our results show that cultural
inheritance may help groups adapt to seasonal and other longer-
term periodic phenological variation in their environment. In this
way cultural inheritance can help groups cope with environmental
variation that is beyond the scope of individual learning. Data on
ecological turnover in Ugandan rainforest indicate that about 30%
of tree species increase and decline in number over a period of 20
years in a forest with about 75–100 species per location (Chapman
et al. 1997). Such data are relevant for various primate species, and
would translate to a rate of about one patch type (five resources)
per year in our model (30% of 250 resources in 20 years). This is well
within the range of our model where cultural inheritance plays
a significant role.

Cultural Diet Differentiation

Our results show that diet cultures diverge as they adapt to
environmental change and that divergence is enhanced when
groups live together in the same environment, and can be
enhanced by copying. This appears to support the idea that greater
capacities for behavioural innovation and social learning may
enhance adaptability and increase rates of diversification (e.g.
Wyles et al. 1983; Lefebvre et al. 2004). In animals, correlations
between brain size, innovation rates and social learning suggest
that innovation and social-learning abilities depend on cognitive
capacities (Lefebvre et al. 1997; Reader & Laland 2002; Reader
2003; Sol et al. 2005). Our model does not explicitly incorporate
cognition; however, resource preference development would
appear to be a basic type of learning, and copying what another
individual eats is probably also not very cognitively demanding.
Enhanced differentiation may therefore already occur with rela-
tively general cognitive abilities. On the other hand, our model
neglects food processing and detection, and assumes individuals
can automatically identify and remember a large diversity of
resources. Our results should be interpreted keeping in mind that
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dietary learning may require greater cognitive abilities than
becomes apparent from the model description.

In any case, diet diversification only occurs if groups respond to
change in different ways. In our model this is possible because of
the rich environment and different levels of familiarity that indi-
viduals can have with resources. For this it is important that
learning takes time, and can give rise to different learning histories.
Such differences are enhanced when groups live together and
compete for resources, because local depletion of resources auto-
matically reinforces differentiation. Cultural diet differentiation is
therefore faster in a sympatric setting through the structuring of
foraging opportunities in the environment, through what appears
to be culturally mediated character displacement. This is of interest
in light of the view that sympatric speciation is generally consid-
ered a more difficult speciation process (e.g. Via 2001). It remains to
be seen to what extent reproductive barriers can arise given
differences in foraging habits. We conclude that both cultural
inheritance and cultural niche differentiation can be understood in
the interplay between simple adaptation to environmental change
through social learning and self-organizing processes in a struc-
tured environment.
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APPENDIX 1 : PARAMETERS

Table A1 shows the parameters we used in our simulations.
These parameters were chosen keeping ‘primates in mind’.
Parameters were not meant to be specific for a given species, but
only to be in the right order of magnitude. In previous work we
have studied the parameter conditions in which social influences
on learning and cultural inheritance arise (van der Post & Hogeweg
2006, 2008), and in which copying improves diet learning (van der
Post et al., unpublished data). Here we used this background to set
the parameter conditions to give context in which cultural inheri-
tance takes place, and copying improves learning in constant
environments. We then studied the impact of environmental
change on both these processes by varying the type and rate of
environmental change and the rate of copying.
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Figure A1. Spontaneous diet cultures in changing environments. Groups without
copying (C ¼ 0) with five resources changing per year. Diet profiles (top) and diet
energy (bottom) in time are shown for two groups (orange and blue) living together in
the same environment. Diet profiles show the amount of each resource eaten (circle
size) and resources are shown in the order they are present in the environment:
starting with 1–250 and ending with 501–750, with a shift of five resources per year.
Diet traditions can be observed as horizontal rows of circles that extend beyond
a single generation (20 years). Diet energy shows the group average energy obtained
from diets in a year.

Table A1
Parameters and values

Category Parameter/description Value

Timescale T (time step) 1 min
Day 1000 min
Year 100 days

Environment D (grid unit) 1 m
Field size 2.8 km2

Number of resources 250
Number of patches 4900
Patch radius 10 m
Number of resources per patch type 5
Number of resources per patch 3
Number of items per patch �3960
Number of items per grid unit �10

Grouping Distance to check for safety 10 m
Number of neighbours required to feel
safe

3

Maximum awareness for neighbours 150 m
Probability of adjusting direction after
rejoining group

0.9

Distance within which direction of
neighbour is observed

20 m

Learning U (update constant for preference
learning)

0.01

Maximum distance to observe feeding
neighbour

5 m

Duration of observation memory 30 min

Searching for
and selecting food

Percentage with which preference
expectation is updated

10%

Selectivity during foraging (N) 3
Maximum stomach contents 20 items
Private space for foraging/individual’s
reach

0.9 m

Distance resources can be observed 2 m
Field of vision 180�

Maximum number of resources that can
be observed

20

Actions Duration of search event 0.5 min
Distance when moving back to group 3 m
Duration of movement back to group 0.015 min
Distance moving forward 10 m
Duration when moving forward 0.15 min
Duration of doing nothing/duration of
eating

1 min

Digestion interval 100 min
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At the most basic level, parameters determine individual behav-
iour on small spatiotemporal scales. These are action durations,
movement distances and local food searching. Such parameters are
easily related to real foragers (e.g. for primates; see also Hogeweg &
Hesper 1990). Here we used general knowledge about primates to set
these parameters.

These behaviours structure phenomena that arise on longer
timescales, such as grouping and selective foraging (the biologically
relevant context in which we studied learning). Given that we
know monkeys form groups, and that grouping is a prerequisite for
social learning, we chose individual level grouping rules that
ensure grouping is reasonably represented. Note that it is not the
mechanism of grouping that we studied here, but the role of social
learning given that grouping occurs. Therefore, we chose parame-
ters that ensure cohesive grouping. The ‘maximum awareness’ for
detecting neighbours (see Table A1), is therefore large (150 m),
although not impossible.

The spatiotemporal scale we implemented at the individual
action level determines individual movement in time. We used
these movement rates, and viability constraints such as ‘enough to
eat’ (see also Hogeweg 1988), to determine environmental
parameters that provide sufficient space to allow groups to travel
through the environment in the order of days (such as monkeys in
their home ranges), and forage selectively throughout the year.
Moreover, we made sure the environment is rich enough (learning
is not too easy), and the timescale of learning is such that indi-
viduals learn to forage selectively on the order of years. These
considerations generate parameters of the right order of magnitude
for primate home ranges and resource diversity.
APPENDIX 2 : CASE STUDY OF SPONTANEOUS CULTURAL
INHERITANCE IN A CHANGING ENVIRONMENT

Here we show cultural inheritance arising from spontaneous
social influences on learning (individuals learn only by trial and
error) and adaptation of diet in a changing environment. Diet
traditions can be lost because of resource losses from the envi-
ronment, and this generally has an adverse effect on diet energy
uptake. In response, groups adapt their feeding habits through
a combination of diet innovations and falling back on existing
experience, and in doing so different groups diverge in diet. In
Fig. A1 we show in more detail how this happens with a case study
of two groups living in the same environment with an environ-
mental change of five resources per year. In comparison, in groups
of copiers, diet breadth is greater and diet adaptation is more
regular (see Appendix 3).

Both groups were initialized with an established diet from
a constant environment, and diet profiles are identical at the
beginning of the simulation. The diet profile (at the top of the
figure) shows the resources that are eaten and circle size indicates
how much of that resource is eaten in a year. Resources are
numbered 1–750 and the environment starts with resources 1–250
at year 0, shifts five resources per year and ends with resources
501–750 at year 100.

Diet traditions can be observed as horizontal bands of circles in
Fig. A1 that are maintained across ‘generations’ (every 20 years all
the individuals in the groups have been completely replaced). Each
horizontal band of circles generally represents several resources
from a given patch type, but this cannot be observed at this reso-
lution. Already with a change of five resources per year, as shown
here, traditions are limited to the 50 years that resources are
present in the environment. This is because naı̈ve individuals can
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only inherit food preferences by feeding together with more
experienced individuals. When traditions are lost this generally
leads to a reduction in diet energy (shown at the bottom of Fig. A1).
This happens for instance when resources 56–60 disappear at year
12 (both groups) and resources 185–195 disappear at year 37–38
(mainly blue group).

Both groups respond adaptively to tradition losses, although
they cannot always recover their original diet energy. Such diet
adaptation can occur via diet innovations. For instance, after the
loss of resources at year 13, the orange group starts to eat resources
306–310, which leads to new diet traditions. While this innovation
leads to an increase in diet energy, later innovations at year 40
(orange group) have less impact.

Groups do not necessarily innovate, but may fall back on
existing experience. For instance, the orange group does not
innovate after the loss of resources 301–310 at year 60–62, but
instead compensates for the loss by feeding more on resources
371–375 and 406–409 (circle sizes become bigger). Compensating
for diet losses in this way only allows for limited recovery of diet
energy because the remaining parts of the diet are generally not the
most preferred and higher-quality resources.

Both groups therefore respond to environmental change
through a combination of diet innovations and falling back on
existing experience.

APPENDIX 3: COPYING, DIET DIVERSITY AND CUMULATIVE
INCREASES IN DIET ENERGY UPTAKE

Here we show that copying increases diet diversity relative to
trial and error learning and enhances cumulative cultural increases
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energy uptake per year. (a,d) Trial and error learning only. (b,e) Copying (C ¼ 0.1). (c,f) C
(resource residence time of 50 years); blue: randomly changing environment with 500 res
group as a whole. Each line is the average of five simulations.
in diet energy. These effects are maintained in changing environ-
ments. This is apparent in Fig. A2 which shows average individual
diet diversity and energy in constant (black lines) and changing
(red and blue lines) environments.

Diet diversity was calculated in terms of the Shannon diversity
index:

H ¼ �
XR

r¼0

prlogðprÞ (A1)

where pr is the fraction of resource r in the total diet and R is the
total number of resource species (250). We calculated diet diversity
for all resources consumed in a year. For the case without copying
(Fig. A2a) we also show diet diversity when considering the group
as a whole (dotted black line). For group level diet diversity we
simply summed all resources consumed by the group as a whole.
Here group level diet diversity is greater than individual diet
diversity (solid black line), because there is variation between
individuals within the group.

Figure A2 shows that copying increases diet diversity (compare
Fig. A2b,c to Fig. A2a, black lines). This effect is maintained in
regularly changing environments, where five resources change per
year (red lines), and also in randomly changing environments
(shown for C ¼ 0.5, Fig. A2c, blue line). Copying helps individuals
share information on resources and expand diet breadth. This is
maintained in changing environments, indicating that groups with
copying are faster at integrating innovations into their diets.

Copying also leads to a large increase in diet energy uptake and
enhances a cumulative cultural increase in diet energy (Fig. A2d,
e, f). Although there is a slight cumulative cultural increase in diet
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Figure A3. Resource residence times in randomly changing environments. Resources
are replaced with probability 0.2 and the time taken for resources to return after
disappearing depends on total resources pool size. From top to bottom: 500, 750, 1250,
2000, 2500 possible resources. Frequency distributions are normalized for total
number of resources.
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energy uptake after year 20 with only trial and error learning
(Fig. A2d, black line), this is greatly increased by copying (Fig. A2e, f,
black lines). Even in changing environments, the cumulative
process can occur if copying preferences are high enough. For
C ¼ 0.5 (Fig. A2f) we observe cumulative increases in diet energy
uptake over the generations, both in regularly (red line) and in
randomly changing (blue line) environments. In fact, in this case
the cultural integration of information in changing environments
allows groups to keep up with the levels of diet energy uptake
achieved in constant environments (black line).

For groups learning by trial and error only, the impact of
environmental change on diet energy (Fig. A2d, red line) is very
abrupt and of large magnitude. As diet diversity is low, single
environmental changes can have a large impact (see also Appendix
2). For groups with copying, diet energy varies less abruptly and
generally with a smaller magnitude (Fig. A2e,f, red lines) than
groups learning by trial and error (Fig. A2d, red line). This makes
sense given that diets are broader and there is faster integration of
diet innovations.
APPENDIX 4 : RANDOM ENVIRONMENTAL CHANGE WITH
RETURNING RESOURCES

In this section we explain in more detail how we modelled
varying rates of change in randomly changing environments
with returning resources. The possibility of returning resources
requires a finite set of possible resources which, for a given rate
of change, determines how fast resources return to the envi-
ronment and how long on average they are present in the
environment. We maintained the same average resource quality
in the environment to relate changes in diet energy uptake to
learning, and only replaced resources with other resources of the
exact same quality. This means that if a resource was selected for
change, we selected a random resource from a set of resources of
that quality, including the resource presently in the environment
(i.e. it could return immediately). Here we chose a relatively high
rate of change: a 0.2 probability of changing resources every
year. To obtain a range of different environmental variabilities
we considered sets of 2, 3, 5, 8 and 10 resources by imple-
menting total pools of 500, 750, 1250, 2000 and 2500 resources.
This results in fractions of 0.88, 0.75, 0.61, 0.47 and 0.44 of
resources returning at least once within individual lifetimes, and
the distributions of total resource residence times of resources
shown in Fig. A3, with averages of 49.6, 33.1, 20.1, 13.4 and 11.0
years. Figure A3 also shows the variability of resource residence
times in randomly changing environments as mentioned in the
main text.
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