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Abstract

5

It is now widely accepted that animals of the same age, sex and population often differ
consistently in suites of behaviours (animal personalities). However, some behavioural
plasticity should still be present to reap the benefits of a group living, as individuals
often need to adjust their behaviour to some extent to match that of their interacting
partners (social modulation of behaviour). Yet, assessing social effects on individual
behaviour is challenging because knowledge of an individual’s social environment is
often difficult to gain, especially for animals which form dynamic social groups. We
here capitalize on the availability of populations of migrant and resident sticklebacks
(Gasterosteus aculeatus) that exhibit strong differences in movement tendencies. By
creating mixed shoals of different proportions of migrants and residents in a series of
linearly-connected ponds, we tested if individuals modulated their movement tendencies (latency to exit the first pond and crosses between ponds) to the social environment
via social conformity and if this depended on individuals’ origin (migrant or resident).
In both populations, we found almost no effects of the social environments on individual movement tendencies although residents tended to leave the first pond faster
in presence of migrants, while migrant were unaffected. Instead, individual personality was the main predictor of the observed variation. We thus conclude that in our
stickleback populations, movement tendencies over larger scales are stable across social
environments and we provide proximate and ultimate explanations for why this may
be the case.

Introduction
Most of life is social and hence individuals’ social environments can play an important
role throughout their lifetime (Krause et al. 2002). Social interactions form the basis
for most behaviours from fighting, feeding to fleeing and mating. The benefits of social
interactions and group living especially have most commonly been ascribed to more
efficient foraging (Snijders et al. 2021), improved anti-predator vigilance, dilution of
risks (e.g., Foster and Treherne 1981; Lehtonen and Jaatinen 2016), predator confusion
(e.g., Treherne and Foster 1982; Jeschke and Tollrian 2007), cooperative breeding (e.g.,
Groenewoud et al. 2016), collective learning and decision making in the face of unpredictable environments (e.g., Couzin et al.), and improved locomotion performance (e.g.
in birds, Lissaman and Shollenberger 1970; in fish, Marras et al. 2015). In all these
cases, social interactions are highly dynamic and have the potential to cause strong
and instantaneous feedback to one’s own behaviour with respect to others’ (Couzin
and Krause 2003).
While behavioural consistency, one of the hallmarks of animal personality, may arise
from repeated social interactions (Wolf and Weissing 2010; Dingemanse and ArayaAjoy 2015), particularly during critical periods of development (e.g. Fischer et al. 2017),
social environments are rarely stable during an individual’s lifetime. Thus, when young
animals are adapted to a particular social niche, they may need later in life to either
(1) maintain themselves in similar social environments that match their personality
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(social niche choice or specialization, Bergmüller and Taborsky 2010; Montiglio et al.
2013), or (2) adjust their personality to match that of their interacting partners (social
modulation of behaviour Webster and Ward 2011; Van Den Bos et al. 2013).
Social modulation of behaviour often takes the form of conformity, where individuals
adopt the behaviour of their social group. For example, in three-spined sticklebacks
(Gasterosteus aculeatus), individuals chose to forage on suboptimal patches to stay
within a larger shoal even when they know it to be of lower quality (Webster and
Ward 2011). In this species, shy individuals also spent more time out of cover in the
presence of a bold than a shy partner (Jolles et al. 2014). Similarly in guppies (Poecilia
reticulata), individuals preferred staying with a shoal rather than following a single
individual toward a food source (Day et al. 2001). These examples clearly illustrate
that social interactions can affect an individual’s behavioural expression (Dingemanse
and Araya-Ajoy 2015).
One challenge for animal personality studies is that detailed knowledge of an individual’s social environment is often difficult to gain. For example, one would ideally
not only need the data on behavioural responses of the focal individual but also those
of all the interacting individuals. This is especially hard for animals which form dynamic social groups with individuals moving between groups. Another difficulty lies
in reciprocal interactions: e.g. whether the behaviour of a focal individual is caused
by its interacting partners or whether the interacting individuals changed to match
the behaviour of the focal individual (Dingemanse and Araya-Ajoy 2015). These have
typically led to studies testing conformity by comparing an individual’s behavioural
tendency in isolation vs in a social group. While this offers valuable insights, for a
highly social species, behaviour in isolation may reflect responses to a ‘novel’ situation or stress. These challenges can be overcome by collecting longitudinal behavioural
data of individuals across time and social groups and manipulating the compositions
of social groups.
We here make use of a unique system of behaviourally divergent populations of threespined sticklebacks (‘migrants’ and ‘residents’, Ramesh et al. 2022b) to investigate
whether social context can modulate individual movement tendencies. Mixed groups
of residents and migrants were studied in a mesocosm (system of connected semi-natural
ponds where fish movements can be tracked remotely (Ramesh et al. 2022a), to quantify
their movement tendencies over longer periods of time. This study aims to test whether
and to what extent individuals modify their movement tendencies according to the
composition of the social group (i.e. varying proportions of residents and migrants) and
whether residents or migrants differ in their propensity to modulate their behaviour.
We propose four main (non-exclusive) hypotheses through which social effects may
affect individual movement tendencies (adapted from Webster and Ward 2011; Fig.
5.1.): A) No effect: migrant and resident sticklebacks do not modulate their movement
tendencies in response to social group composition. B) Majority effect: individuals in a
group tend to conform to the behaviour of the majority, such that e.g., residents placed
in a majority migrant group would display behaviour more similar to that of migrants
(or vice versa). C) Averaging effect: all individuals in a group adjust behaviour to some
extent, such that we observe an averaging effect. D) Differential responsiveness between
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Figure 5.1 – Four potential non-exclusive scenarios for social effects based on social
conformity, adapted from Webster and Ward (2011). We compare these expectations
with the patterns obtained from different measures of movement tendencies – i.e. the
number of pond crosses and the latency to exit the first pond.
groups: either migrants or residents respond by changing their movement tendencies
to match that of the others (Guayasamin et al. 2017). For example, if migrants exhibit
a ‘fast’ pace-of-life (associated with higher dispersal, higher activity and low HPA axis
reactivity) and residents a ‘slow’ pace-of-life (associated with lower dispersal, lower
activity and higher HPA axis reactivity; Réale et al. 2010), then migrants are expected
to be less responsive to changes in their environment while residents are expected to
conform to migrants regardless whether they are in majority or minority.
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Methods
Study populations
We used the same fish as in Ramesh et al. (2022a). These fish were caught between
March and April 2020 from two populations in the north-east of the Netherlands.
Migratory sticklebacks were caught during inland migration at the mouth of a river
(“NSTZ”: 53◦ 130 54.4900 , 7◦ 120 30.9900 ), whereas resident sticklebacks were caught in a
permanently closed-off sidearm of another river close by (“LL-A”: 53◦ 170 56.1400 , 7◦ 20 1.2800 ).
For the purpose of individual identification and monitoring using the RFID system
all fish were anaesthetised using MS-222 (0.3 g/l) and injected with a PIT tag (ID100A/1.4 Mini Transponder (8 mm); Trovan, Ltd., Santa Barbara, California) into the
abdominal cavity. Prior to testing, all fish were given at least 10 days to recover in 100
L housing ponds outside. Fish were fed brine shrimp and red bloodworms (3F Frozen
Fish Food bv, The Netherlands) ad libitum daily.
Experimental groups
In a previous experiment, the same fish were tested in connected ponds (‘mesocosm’)
in ‘pure’ groups consisting of 10 fish of either migrant or resident origin (Ramesh et al.
2022a). We found that between-pond movements were repeatable and that residents
consistently moved less than migrants (individual behaviour in these pure groups is used
as ‘baseline’ in our later models). Building-up on this first experiment, we here tested
for social conformity effects by manipulating the animals’ social environment. We
thus created mixed treatment groups consisting of a majority of residents (‘majres’: 7
residents + 3 migrants) or a majority of migrants (‘majmig’: 3 residents + 7 migrants).
First, fish were randomly assigned to one of the two treatments regardless of their own
origin (e.g., ‘majres’ or ‘majmig’). Next, the same fish were re-tested in the opposite
treatment (e.g., first test ‘majres’, second test in ‘majmig’). As a result, all individuals
were tested in all social contexts, i.e. a minimum of three tests per fish (‘pure’ group;
see Ramesh et al. 2022a, ‘majres’ and ‘majmig’), some fish had to be tested more often
but we only kept the first three tests in the analyses. In total, we tested 49 migrants
and 60 residents in 17 ‘majres’ and 18 ‘majmig’ groups. For each of the experimental
rounds, we monitored within-pond and between-pond movements (see below). Between
tests, fish were kept according to their origin in groups of 30 in smaller holding ponds
(100 L filled with natural freshwater) outdoors and were given a minimum of 2 days
between behavioural tests. Experimental groups were created 24h prior to testing and
kept in the same holding ponds during that acclimatisation period.
The mesocosm
The mesocosm consists of a row of five connected ponds (each 1.6 m diameter; 1200 L;
connected with tubes of 11 cm diameter). Ponds were fitted with circular RFID (Radiofrequency Identification) antennas (11 cm diameter) at different positions to remotely
monitor movements within- and between-ponds (see below). The system was supplied
with freshwater from a nearby water body, similar to natural stickleback habitats in
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the Netherlands (see details in Ramesh et al. 2022a).
Monitoring movements
Within-pond movements
On the morning of testing (10 a.m.) a group of 10 fish was released into the first pond
in the row of 5 connected ponds. Connecting tubes were closed off during the first 5
hours of the experiment so that fish were confined to pond 1. To record movement
within ponds, five circular RFID antennas were placed upright on the bottom of the
pond, and 4 antennas were placed just below the water surface in a square pattern. In
the previous study on pure groups (‘baseline’; Ramesh et al. 2022a), we did not find
any differences between migrants and residents in terms of movements within a pond
and hence did not expect social effects based on population composition to act here. In
this study we will mainly focus on between-ponds movements. However see Fig. 5.A2
for comparison of migrants and residents in within-pond movements.
Between-ponds movements

5

Five hours after the start of the experiment we gently removed all RFID antennas
used to monitor movement within the first pond. At this point a pump connected to
the nearby water body was started, creating a flow (Fig. 5.A1). Fish were given 30
minutes to recover from the disturbance caused by removing the antennas after which
the connection from pond 1 to the other ponds was gently opened. All connecting
tubes were fitted with circular RFID antennas on both ends, and we recorded the fish’s
movement between ponds for the next 16.5h (∼3.30 p.m. - 8 a.m.). Specifically, we
monitored each fish’s latency to exit the first pond (i.e. time in hours to enter the
second pond) and the number of crosses from one pond to another – regardless of
direction (i.e. back-and-forth movements count the same as consecutive movement in
one direction). After the experiment, fish were returned to holding groups according
to their origin.
Statistical analysis
Our aim was to test whether the social group composition affects individual movement
tendencies characterised by the individuals’ number of crosses between ponds and their
latency to exit the first pond. Hence, we analysed variation in these two behaviours
separately in univariate general(ised) linear mixed models (GLMMs) where individual
baseline (i.e. number of pond crosses or latency to exit the first pond assayed in ‘pure’
groups, Ramesh et al. 2022a), treatment (‘majmig’ or ‘majres’ to test the effect of
social group), origin (resident or migrant - to test if residents and migrants differ in
their responses) and finally, treatment × origin (to test for differential responses of
migrants and residents to the treatment) were fitted as fixed effects and Individual ID
as random effect. GLMMs were fitted with Poisson errors for the number of crosses
between ponds and Gaussian errors for the latency to leave the first pond. For the
number of crosses, an observation-level random effect (‘Obs’) was added to control
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for overdispersion (OLRE, Harrison 2014). We used the confint function to obtain
95% confidence interval (CI) around the estimates. The statistical significance of fixed
effects was assessed based on these 95% CI. We consider an effect to be significant in
the frequentist’s sense when its associated 95% CI does not overlap with 0. All GLMMs
were constructed in R v. 4.1.0 (R Core Team 2021) using the lmer and glmer functions
of the ‘lme4’ package (Bates et al. 2015).

Results
Pond crosses
Results show that fish behave similarly to their baseline with residents making consistently fewer pond crosses than migrants, regardless of the social group composition
(Fig. 5.2a; significant effect of baseline but no clear effect of Treatment, Origin or
Treatment × Origin, Table 5.1). There was a slight tendency for both migrants and
residents to increase their pond crosses between tests, as seen by increased variance in
their number of crosses in Fig. 5.2a, supplementary Table 5.A1 and Fig. 5.A3.
Latency to exit the first pond
Our results show that residents in mixed groups tended to exit the first pond quicker
than their baseline (Fig. 5.2b; asymmetric CI of Origin and Treatment × Origin in
Table 5.1). Notably, the latency to leave the first pond of residents was much lower
in mixed groups compared to their baseline in pure groups and residents tended to
behave as migrants did (median baseline = 16 h vs. median = 0.65 h and 0.73 h in
majority migrant and majority resident groups, respectively) whereas the difference
was much less pronounced for migrants (median baseline = 1.59 h vs. median = 0.62 h
and 0.78 h in majority migrant and majority resident groups, respectively), supporting
the prediction in Fig. 5.1d.

Discussion
Overall, our results show that individuals maintain their personality (here movement
tendencies) irrespective of the changes in their social environment, i.e., the effect of
‘baseline’ on subsequent movement tendencies is strong. Nonetheless, residents tended
to initiate movements faster, up to the level of migrants in mixed groups while migrants
did not change their behaviour (supporting the prediction in Fig. 5.1d). In addition,
we found that over repeated tests fish moved more between ponds, regardless of the
social group. This could be explained by habituation, which is often seen when animals
are tested repeatedly in the same environment that is no longer novel (e.g., Dingemanse
et al. 2002, Supplementary table 5.A1, Fig. 5.A3).
A previous study in sticklebacks showed that personality variation within groups was
not affected by the social environment (i.e. familiar vs. unfamiliar social groups did
not affect an individuals’ behavioural tendency, Laskowski and Bell 2014). Similarly,
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Table 5.1 – Results of general(ised) linear models of movement tendencies
(pond crosses and latency to enter pond 2). Estimates of fixed effects (β) are
given with their 95% confidence intervals (CI) and variance components are given with
their standard deviation. Significant fixed effects are denoted in bold, when the confidence intervals do not overlap with zero. Sample sizes: N migrant = 49 individuals, N
resident = 60 individuals. 1:‘major migrant’ is used as reference category; 2:‘migrant’
is used as reference category
Pond crosses
β (95% C.I.)

Latency
β (95% C.I.)

Intercept

0.89 (0.10, 1.63)

3.90 (1.88, 5.91)

Baseline

0.04 (0.02, 0.05)

0.24 (0.09, 0.38)

Treatment1

0.32 (-0.30, 0.94)

0.04 (-2.12, 2.20)

Origin2

0.35 (-0.56. 1.27)

-2.19 (-4.84, 0.46)

Treatment1 × Origin2

-0.60 (-1.47, 0.25)

1.40 (-1.57, 4.39)

Variance (std. dev)

Variance (std. dev)

Obs

1.84 (1.36)

-

Individual ID

2.20 (1.48)

15.27 (3.91)

-

28.83 (5.31)

Fixed effects

Random effects

5

Residual

we did not find evidence for social interactions leading to a smaller differences between
migrants and residents, i.e., no effects of conformity. We propose several explanations
for the lack of social effects on personality. From a proximate view, it is known that
the early social environment may be particularly important for juvenile sticklebacks,
where they tend to form groups and have strong social interactions (Ostlund-Nilsson
et al. 2006). Social effects may thus mostly affect personality variation during sensitive periods of development that lead to stable personalities in adults (Groothuis and
Trillmich 2011; Langenhof et al. 2016). Beyond such sensitive periods, individuals may
be much less responsive to changes in their social environment (Fischer et al. 2017).
Furthermore, the specific behaviours tested here may also not be sensitive to changes
in the social environment, at least for migrants during the migratory period, as migrants depend on their inland migrations for reproduction. Hence in our experiment,
we may have tested fish outside such sensitive periods. Furthermore, the differences
in movement tendencies between migrants and residents may be too large to conform
by behavioural plasticity alone, especially when considering between-pond movements.

Discussion

81

Figure 5.2 – a) Number of pond crosses in each of the social groups. b) Latency
of migrants and residents to enter second pond. h) by social group. Sample sizes:
Nmigrant = 49 individuals; Nresident = 60 individuals.

5
Residents in our population are much smaller than migrants (Ramesh et al. 2021)
and hence may have lower swimming capacities than migrants (Tudorache et al. 2007;
Dalziel et al. 2012). However, we note that there is a tendency for residents to exit the
first pond earlier in the presence of migrants, showing some level of conformity. This
could be because the latency to exit the first pond does not require the same morphological and physiological adaptations necessary for swimming long distances between
ponds.
From an evolutionary point of view behavioural plasticity in response to the social
environment may not be favoured in a species with a highly dynamic, fission-fusion
social system, such as in sticklebacks. Alternatively, variation in individual behaviours
within a group (i.e. heterogeneity) could in some cases indeed outweigh the benefits of
conformity. In guppies, individuals in small shoals consisting of a mix of bold and shy
individuals were found to forage more efficiently in the lab than in shoals consisting
of only shy or bold individuals (Dyer et al. 2009). Similarly, in collective decision
making, heterogeneity in behaviours may lead to the emergence of leaders and followers
and ultimately more efficient decision making than in homogeneous groups (Couzin
et al.). In lions (Panthera leo) and other group hunting predators, heterogeneity among
individuals comprising the group enables them to assume different roles, important for
a successful hunt (Stander 1992). In all these cases, individual heterogeneity allows for
some division of tasks or behavioural specialization within the group, increasing the
overall group efficiency, and thus acting as a key mechanism maintaining individual
differences (Montiglio et al. 2013).
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In conclusion, in our study, we found that individual movement tendencies in adult
sticklebacks override social effects to a large extent. Potential future studies may be
done using similar-sized sticklebacks to control for potential assortative shoaling by
size, or by doing experiments during ontogeny to identify sensitive periods in which
social effects influence personality. Furthermore, an interesting avenue would be to
use the mesocosm system to allow free movements of fish of different and test whether
there is assortative shoaling and non-random associations among groups (social network
analyses) and if that affects group performance.
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Figure 5.A1 – The mesocosm setup of linear ponds used to assess ‘betweenpond’ movement of sticklebacks. A mixed group consisting of 10 sticklebacks is
introduced in the first pond as shown. The corridors are fitted with RFID antennas
on both ends to assess the movement and direction of movement of individual fish. In
total, 35 groups were tested, with Nmigrant = 49 individuals; Nresident = 60 individuals.
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Figure 5.A2 – Within-pond movements across different social group compositions. a) Number of bottom antenna crosses in each of the social groups. b) Number
of top antenna crosses in each of the social groups. The plots show that migrants and
residents within-pond movements are not affected by the social environment. Sample
sizes: Nmigrant = 49 individuals; Nresident = 60 individuals.
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Figure 5.A3 – Plot of movement tendencies over all the test rounds. Individuals were tested multiple times as non-focal, to form the social group and hence some
individuals were tested in their majority group for as much as seven times. There is
a small tendency to increase pond crosses with test order (see Table 5.A1), suggesting
some habituation effect.
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Table 5.A1 – Summary of general(ised) linear models of between-pond (pond
crosses and latency to exit pond 1). For pond crosses, we used a GLMM with
Poisson errors and for latency to exit pond 1, we used a LMM with Gaussian error
structure. Estimates of fixed effects (β) are given with their 95% confidence intervals
(CI) and variance components are given with their standard deviation. Significant
fixed effects are denoted in bold, when the confidence intervals do not overlap with zero.
Sample sizes: N migrant = 49 individuals, N resident = 60 individuals. The effect of
‘test order’ indicates the order of repeats. 1:‘migrant’ is used as reference category.
Pond crosses
β (95% C.I.)

Latency
β (95% C.I.)

1.97 (1.21, 2.72)

6.09 (3.92, 8.25)

-1.59 (-2.61, -0.59)

3.01 (0.08, 5.95)

Test order

0.11 (-0.06, 0.29)

0.53 (-1.11, 0.05)

Origin1 × Test order

0.16 (-0.09, 0.41)

-0.87 (-1.69, -0.06)

Variance (std. dev)

Variance (std. dev)

Obs

1.42 (1.19)

-

Individual ID

2.67 (1.63)

15.27 (3.91)

Group ID

0.45 (0.67)

2.94 (1.71)

Residual

-

25.59 (5.06)

Fixed effects
Intercept
Origin1
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Random effects
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By means of a simulation study, DiNuzzo and Griffen (2020) investigate whether individual variation in a personality trait can explain ‘undermatching’, an often-observed
deviation from the ideal free distribution (IFD). Here, we raise five points of concern
about this study, regarding (i) the interpretation of the results in terms of personality variation; (ii) deficiencies in the technical implementation of the model, leading to
wrong conclusions; (iii) the effects of population size on deviations from the IFD; (iv)
the measure used for quantifying deviations from the IFD and (v) the analysis of the
mud crab data. Finally, we provide an overview of the evolutionary ramifications of
the relation between animal personality and the IFD.

Personality variation and the IFD
The individuals in DiNuzzo & Griffen’s model tend to maximize their intake rate. At
each point in time, they are perfectly informed about the distribution of resources
(which remains constant) and the distribution of foragers (which can change due to
movement). Individuals differ in ‘activity’, that is the rate at which they recognize
that their current intake rate is sub-optimal; once they observe a discrepancy, they
move instantaneously to the habitat patch yielding a maximal intake rate. In this
model, each individual has to move at most once: if all individuals have moved (or
stayed at their initial position, as this already yielded a maximal intake rate), the
IFD is reached. It is therefore obvious that less active individuals that, by definition,
take on average more time steps for making a movement decision, retard the approach
of the population to the IFD. Hence, it is also obvious that the ‘time to reach IFD’
increases with an increase of the proportion of inactive individuals. In other words, it
is not personality variation per se that retards the approach to the IFD but rather the
presence of inefficient movers.

Problems with the technical implementation of the model
Above we argued that it is obvious that the ‘time to reach IFD’ increases with the
proportion of inactive individuals. In view of this, it is surprising that DiNuzzo &
Griffen report a hump-shaped relationship in one of their simulation scenarios (their
Fig. 4e) and even a monotonic decline in the time to reach IFD with increasing proportions of inactive individuals in case of a type II functional response (their electronic
supplementary material, Fig. S1, reproduced here in Figure 1a). We think both results
are artefacts. The pattern in their electronic supplementary material Fig. S1 is caused
by a comparison between intake rates calculated with two different formulas. As a
consequence, individuals can ‘believe’ that they are already in a habitat maximizing
their intake rate, while really they are not.
In addition, an incorrect formula of a ratio-dependent functional response type II is
used (following Abrams and Ginzburg 2000 ). A detailed explanation of these mistakes
can be found in our electronic supplementary material (Netz et al. 2021). If these
mistakes are corrected, the time to reach IFD shows the expected increasing trend
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with the proportion of inactive individuals (Figure 1b), rather than the decreasing
trend reported by DiNuzzo & Griffen. Hence, a saturating type II functional response
leads to a similar relationship between the proportion of active consumers and timeto-IFD as an unlimited linear (type I) functional response. Special explanations for
discrepancies between type I and type II models (the ‘domino effect’ explanation in
electronic supplementary material, 1.4 of DiNuzzo and Griffen 2020) are not needed
and are actually misleading.
We can further show by a simple mathematical argument that the correspondence between the two model variants considered by DiNuzzo & Griffen should be even stronger:
the special version of the type II functional response used by DiNuzzo & Griffen (following Abrams and Ginzburg 2000) should lead to exactly the same time-to-IFD and
the same consumer distribution over patches as their type I functional response (see
part 3 of our electronic supplementary material Netz et al. 2021). We were therefore
surprised that our figure 6.1b does not exactly match with Fig. 3 in DiNuzzo and
Griffen (2020): it generally takes 100 time steps longer to reach the IFD. Re-running
the scenario underlying Fig. 3 in DiNuzzo and Griffen 2020 with DiNuzzo & Griffen’s
published NetLogo code, we did obtain an exact replicate of our Figure 1b. We conclude that DiNuzzo & Griffen must have used a different version of their simulation
program to produce their Fig. 3.
In addition, the simulation program in DiNuzzo and Griffen (2020) produces a substantial bias in reported time to reach the IFD. Each simulation run stops once movement
has ceased for 50 time steps, assuming that this is a clear indication that the IFD
has been reached. The problem is that movement can cease for 50 time steps even
in situations where the population is still far from an IFD (Figure 2a). This easily
happens in populations with a large proportion of highly inactive individuals. the lack
of movement may just reflect the reluctance of these individuals to move (rather than
having reached a habitat with maximal intake rate, where movement is no longer necessary). Figure 2 shows two replications of Fig. 4e in DiNuzzo and Griffen (2020),
one with the published NetLogo code (Figure 2b) and a second with an improved version (see our electronic supplementary material; Netz et al. 2022) where DiNuzzo &
Griffen’s stopping criterion is replaced by a check whether the IFD has indeed been
reached (Figure 2c). It is obvious that the stopping criterion has a large effect on the
simulation outcome. Notice that neither outcome shows the puzzling ‘hump’ of Fig.
4e in DiNuzzo and Griffen (2020). As we produced figure 2b with DiNuzzo & Griffen’s
published NetLogo code, we have to conclude again that a different version of their
simulation program was used to derive their Fig. 4e.
A more detailed account of the technical issues reported above (and some additional
issues) and corrected versions of the NetLogo program can be found in our electronic
supplementary material (Netz et al. 2021).
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Figure 1 – Replication of DiNuzzo & Griffen’s electronic supplementary
material Fig. S1 (a) using their original NetLogo code and (b) using a corrected version of their code. Both panels show the time to reach the ideal free distribution (IFD)
for various proportions of ‘active’(80% activity) and‘inactive’(20% activity) consumers
with a type II functional response in 1000 replicate simulations. According to DiNuzzo
& Griffen’s NetLogo code, the time-to-IFD increases with the proportion of active consumers. A corrected version of the code (see our electronic supplementary material,
Netz et al. (2022) for details) yields the expected pattern of decreasing waiting times
with increasing proportions of active consumers.

Effects of population size
DiNuzzo & Griffen investigated the effect of population size on the time to reach the
IFD. However, the timescale of their model implementation is quite different from a
‘natural’ timescale. In their simulation program, individuals make decisions sequentially, and only one individual can make a decision in each time step. As in a larger
population more individuals have to take decisions, this automatically increases the
time to reach a certain target distribution. Moreover, the time to reach the IFD is
inflated by the fact that active individuals are restricted in their movement because
they have to ‘wait’ for inactive individuals. For these reasons, it is more natural to use
a continuous timescale, where individuals take movement decisions independently of
each other, at a rate that is proportional to their activity level. This can be done in a
straightforward manner, by translating the discrete-time model of DiNuzzo & Griffen
into an otherwise equivalent event-based model (making use of the Gillespie algorithm,
Gillespie 1976; a description and implementation of such a model can be found in Netz
et al. (2021). Figure 3 shows how in the event-based version of the model the time to
reach the IFD depends on the population size, N and the proportion of active individuals. For each population size, the time to reach the IFD is, as expected,positively
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Figure 2 – Systematic bias in outcomes due to premature termination of
simulations. The NetLogo code underlying the simulations in [1] assumes that the
IFD is reached after 50 time steps of inactivity. (a) The proportion of simulations that
have actually reached the IFD after 50 time steps of inactivity in the scenario underlying
Fig. 4e in DiNuzzo and Griffen (2020). (b) Replication of Fig. 4e, using DiNuzzo &
Griffen’s NetLogo code. (c) The same set of simulations for an improved version of the
NetLogo code, where a simulation now stops when the IFD is actually reached. In all
simulations,‘active’consumers have an activity level of 90% while‘inactive’consumers
have an activity level of 10%.

related to the proportion of inactive individuals. However, the event-based version of
the model does not support DiNuzzo & Griffen’s conclusion that the time to reach the
IFD increases with population size. This only occurs for very low population densities
(N=8 and N=40 in Figure 3),and even in these cases, the effect is small. At higher
population sizes, the time to reach the IFD decreases with population size: as shown in
Figure 3, the IFD is reached much faster in a population with N=1000 individuals than
in any of the smaller populations. This can be explained as follows. In the case of the
low population sizes considered by DiNuzzo & Griffen, the initial density of individuals
is very low (typically only one individual per patch). In such a case, an individual
can only improve its intake rate by moving to a more profitable patch. In case of a
large population size (and a higher initial density per patch), there is an additional
option: if an individual on a patch decides to leave in order to improve its intake rate
elsewhere, all remaining individuals on that patch profit as their intake rate increases
due to alleviated within-patch competition (see Wolf et al. 2008). This effect is not
addressed by the study of DiNuzzo & Griffen, although the authors state, ‘in most
natural systems, there are many more consumers than patches’.
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Quantifying the approach to the IFD
DiNuzzo & Griffen conducted their study in order to investigate whether personality differences can explain‘undermatching’, the commonly observed phenomenon that
high-resource patches tend to be relatively under-exploited, while low-resource patches
are relatively over-exploited. Yet, they devote only one figure (their Fig. 2) to this
phenomenon. In general, they quantify deviations from the IFD by measuring the time
to reach the IFD. This measure has at least three disadvantages. First, ‘time-to-IFD’
is determined by the last individual that moves to a patch with an optimal intake rate.
In other words, a single individual with very low activity can have a very large effect
on the time-to-IFD. Second, ‘time-to-IFD’ depends on the initial conditions; it takes
longer to reach the IFD if the initial spatial distribution of individuals differs a lot
from the IFD. Third, ‘time-to-IFD’ is only a sensible measure when the IFD is actually
reached. This, however, will only be the case in highly standardized simulation models
with a fixed resource distribution. As stated by DiNuzzo & Griffen: ‘In most systems,
the IFD is a moving target owing to temporal environmental variation and directional
change (i.e. habitat degradation)’. In 1.5 of their electronic supplementary material,
DiNuzzo & Griffen show some simulation results for a scenario with temporally varying
patch quality. Surprisingly, ‘time-to-IFD’ is also used for this scenario (their electronic
supplementary material Fig. S2), where it is difficult for us to understand how the IFD
can ever be reached in the case of rapid environmental change. How can movement
cease for 50 time steps (the criterion for reaching the IFD) if the distribution of patch
qualities changes completely every 10 or 20 time steps? Under such changing conditions, we would advocate using a more robust, population-level measure for deviations
from the IFD, such as the variance in intake rates across patches.

Analysis of the mud crab system
We are puzzled by the fact that DiNuzzo & Griffen revert to a simple calculation of
activity ratios in their analysis of the refuge use data on the mud crab, Panopeus
herbstii (Toscano et al. 2014), instead of taking advantage of their individual-based
model. The model becomes necessary because such a simple calculation does not
suffice, as it ignores the distribution of personality in the population. Hence, their
Fig. 5 illustrates the influence of personality on the IFD only in the sense that no
single crab is ‘ideal’ in immediately leaving its refuge and moving to the patch with
highest profitability, but not the implications of the distribution of activity levels in
the population. Additionally, the data come from a special (predation cue) treatment,
not from standard conditions, and the crabs differ substantially in size (actually body
size is used as a proxy for activity level) and accordingly also in their resource needs
and competitive abilities.

Outlook
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Figure 3 – Probability distributions of the time until the ideal-free distribution is reached, based on 1000 replicate simulations per setting. In a system
with 49 habitat patches, the panels show how the time to reach IFD depends on the
proportion of ‘active’(movement rate 0.8) and‘inactive’(movement rate 0.2) individuals
for four population sizes, N.

Outlook
We have the impression that DiNuzzo & Griffen view ‘personalities’ mainly as (maladaptive) deviations from optimal or efficient behaviour. By contrast, many studies
show that personality variation is often shaped by adaptive evolution (Dall et al. 2004;
Wolf et al. 2007; Dingemanse and Wolf 2010; Wolf and Weissing 2010; Luttbeg and
Sih 2010; Bergmüller and Taborsky 2010; Wolf and Weissing 2012). For example, Wolf
et al. (2008) demonstrate that ‘inactivity’ (called ‘unresponsiveness’) may be viewed as
an efficient strategy in achieving a high foraging success and approaching an IFD. An
adaptive perspective on personality variation leads to novel eco-evolutionary questions
regarding the interplay of individual behavioural variation and the spatial distribution
of foragers. The IFD is a prototype example of a model linking ecology (the spatial distribution of foragers) to evolution (optimal or evolutionarily stable movement
decisions). Future research is needed to reconcile the IFD with the eco-evolutionary
causes and consequences of personality for at least two reasons: first, the IFD model
presupposes that the resource intake rate is a proxy for fitness (Tregenza 1995). But
how, then, can different personality types persist at stable proportions, when inactive
individuals consistently achieve a lower intake rate than their more active conspecifics?
Second, a personality perspective may change what spatial distribution is optimal. In
animals, differences inactivity are usually associated with (adaptive) differences in energy metabolism (Careau et al. 2008). When foraging individuals differ in energetic
expenditure, they should not take maximizing the intake rate as their sole guiding principle (Campos-Candela et al. 2019). In other words, individuals differing in activity
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should use different decision rules, and the optimal behaviour of a polymorphic population may, even at equilibrium, deviate considerably from the IFD of a monomorphic
population.
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