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Social insects have been particularly evolutionarily successful: they dominate terrestrial ecosystems all over the globe. Their success
stems from their social organization, where one or a few individuals reproduce, whereas others carry out different colony tasks. From
an evolutionary standpoint, social species are particularly interesting because natural selection acts at both the individual and colony
levels. Therefore, we might expect to see selection acting simultaneously on personality at the individual level and colony level. In this
study, we tested whether captive colonies of the ant Aphaenogaster senilis exhibited different behavioral types and evaluated their
consequences for intraspecific competition. Our results demonstrate that colonies of the same age exposed to standardized labora-
tory conditions did indeed have different personalities. In addition, we found that A. senilis demonstrated a behavioral syndrome that
included proactive and reactive behaviors: colonies varied in their approaches to exploration, risk taking, food retrieval, and conspe-
cific interactions. This syndrome appears to be associated with a trade-off between competition for food resources and temperature-
related foraging risks. “Bold” colonies contained individuals who more readily explored novel environments, exhibited aggressive
behaviors, and demonstrated higher food-retrieval efficiency during intraspecific competition trials. However, such colonies were also
more risk prone: workers suffered higher mortality rates because they more frequently foraged over their critical thermal maximum.
The trade-off we observed under laboratory conditions might be key in maintaining colony-level personality, thus driving local-level
adaptations in collective behavior.
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INTRODUCTION to behave in a certain way only when the situation requires it and
should be able to adjust its behavior as conditions change. However,
the fact that certain intraspecific behavioral differences persist over
time and across varying situations highlights that trade-offs appear
to constrain behavioral plasticity and optimality (Krebs and Davies
1997). For example, in a competitive context, proactive individu-

The concepts of animal personality and behavioral syndromes
have challenged long-standing paradigms in the fields of animal
behavior and behavioral ecology; for instance, some behaviors
appear to be strikingly nonadaptive in specific contexts (e.g., high
activity levels in the presence of predators) (Sih et al. 2004; Dall

et al. 2012; Wolf and Weissing 2012). Animal personality refers to als—who are consistently more aggressive and bold—may reap
S more fitness benefits than reactive individuals (Wilson et al. 2013).

However, they may also incur higher costs in the form of higher
mortality rates because they take more risks in dangerous envi-
ronments (Smith and Blumstein 2008; Cole and Quinn 2014) or
engage in unnecessary confrontations over resources. Alternatively,
reactive individuals may avoid dangerous situations; although they
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interindividual behavioral differences that are consistent over time
and across different situations, whereas behavioral syndromes are
suites of correlated behaviors that are equally consistent (Gosling
2001; Sih et al. 2004; Wolf and Weissing 2012). Variation in indi-
vidual personality has been observed in a wide range of taxa and is

currently considered to be a ubiquitous feature of animal popula- . e .
tions (Dall et al. 2004). may suffer fewer direct injuries, they may also miss out on oppor-

tunities to exploit resources (Koolhaas et al. 1999; Sih et al. 2004;

From an evolutionary perspective, animal personality has been

difficult to explain because flexible behavior should provide a selec- Co cns et al'_QOIO)' . .
Social species are intriguing because natural selection acts

at both the individual and group levels (Keller 1999; Korb and
Heinze 2004; Eldakar et al. 2010; Chang and Sih 2013). In social
species, the group fitness is a nonadditive function of the fitness

tive advantage. An “optimally designed” animal might be expected
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fashion as the number of individuals participating increases (Ruel
et al. 2012). Therefore, we may expect to see behavioral syndromes,
and personality, evolve not only at the individual level but also
at the group level. Polymorphism in group-level behavioral traits
has recently been described in many taxa, including fishes (Dyer
et al. 2009); birds (Aplin et al. 2013, 2014); and insects such as ants
(e.g, Chapman et al. 2011; Gordon et al. 2011; Pinter-Wollman,
Gordon, et al. 2012; Scharf et al. 2012; Bengston and Dornhaus
2014; Hui and Pinter-Wollman 2014; Kleeberg et al. 2014;
Modlmeier, Keiser, Shearer, et al. 2014), bees and bumble bees
(e.g., Wray et al. 2011; Wray and Seeley 2011), and spiders (e.g,
Pruitt and Keiser 2014; Keiser, Jones, et al. 2014); reviewed in Jandt
ct al. (2014) and Kralj-IiSer and Schuett (2014).

An emerging idea in behavioral ecology is that the group’s over-
all behavioral type—that is, the particular configuration of behav-
iors expressed (Bell 2007)—influences collective behavior and
group performance (Webster and Ward 2011). Yet few studies have
experimentally tested this idea, despite its ecological and evolution-
ary implications. In water striders, group composition has been
found to impact overall group mating activity (Sith and Watters
2005; Eldakar et al. 2009; Chang and Sih 2013). In social spiders
(Stegodyphus sarasinorum), collective prey capture is dependent on the
relative boldness of group members (Pruitt et al. 2013). Another
example comes from guppies: Dyer et al. (2009) created mixed
groups of bold and shy individuals. In bold groups, individuals
were significantly more likely to enter a feeding area and thus feed
first, whereas individuals in the shy groups were more likely to feed
second. Similarly, overall group behavioral type influences foraging

activity in barnacle geese. Groups containing fewer neophobic indi-
viduals were more likely to discover new food patches than groups
containing more neophobic individuals (Kurvers et al. 2010).
Several factors that can affect group-level personality traits
should be controlled for when studying social species. For example,
the level of analysis (individual or group) as well as a colony’s age
and past experiences have been found to affect group personality
(Bengston and Jandt 2014); however, previous studies have failed to
control for all these factors in tandem. Although a collective behav-
ior might result from the average behavioral types of its members
(Pinter-Wollman 2012), an analytical approach that focuses on
individuals may lead to a mischaracterization of group-level per-
sonality. Indeed, the presence of a few “keystone” individuals has
been observed to shape the collective behavior of whole groups
(Modlmeier, Keiser, Watters, et al. 2014; Pruitt and Keiser 2014).
Therefore, a group-centered approach should be preferred when
studying group personality. Past experiences are another factor

that is known to affect collective behavior but that has rarely been
controlled for (Bengston and Jandt 2014). For example, if an ant
colony has come into repeated contact with a neighboring colony
in the past, its members will exhibit greater aggressiveness toward
non-nestmates (Knaden and Wehner 2003; Thomas et al. 2006;
Kleeberg et al. 2014). A single encounter with a slave-making ant

increases colony-level aggressiveness in Temnothorax (Pamminger
et al. 2011). Finally, colony behavior may change with age. For
instance, in harvester ants, older colonies were found to be more
stable to perturbation and more homeostatic (Gordon 1987).

In this study, we therefore decided to test whether ant colonies
express personalities while controlling for colony age and past
experiences. We also examined whether group behavioral type
affects collective behavior and group performance. We deter-
mined whether our study species, Aphaenogaster senilis, exhibited
behavioral syndromes related to resource acquisition; namely, we
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examined whether ant colonies demonstrated correlated suites of
proactive versus reactive behaviors, such as readiness to engage in
exploration, boldness, aggressiveness, and risk taking. In addition,
we analyzed the relationship between colony-level personality and
competitive ability by testing whether the outcome of competitive
interactions between colonies could be explained by colony behav-
ioral type. We predicted that high activity levels, aggressiveness,
and boldness would give colonies an advantage in competition for
resources. We aimed to better understand the role played by per-
sonality traits in driving the competitive performance of groups.

MATERIAL AND METHODS
Colony maintenance and experimental conditions

All experiments were conducted using A. senilis, a common ground-
dwelling omnivorous species that is widely distributed across the
western Mediterranean Basin. In Dofiana National Park (south-
ern Spain), A. senilis is particularly abundant in xeric sandy areas
dominated by open scrublands. Colonies are strictly monogynous
(1 queen per colony) and contain between 200 and 3000 workers
(Boulay et al. 2007). This species occupies a relatively low rank in
the community behavioral dominance hierarchy: it is a subordinate,
risk-prone species that forages very close to its critical thermal max-
imum-—the temperature at which locomotor ability is so reduced
that individuals can no longer escape lethal temperatures (Cerda
et al. 1998a). However, it is good at discovering and collecting food
resources using group recruitment. By using both group recruit-
ment and foraging at high temperatures, A. senilis may exploit some
food resources better than behaviorally dominant species such as
Tapinoma nigerrimum and Lastus grandis (Cerda et al. 2009).

We collected colonies in Dofiana National Park (Spain) in April
2013. A week after collection, each queen was placed in an artificial
nest with 30 workers and all of her colony’s pupae. The workers
were marked with a small dot of paint (Mitsubishi Pencil UniPaint)
on the thorax. They were added to the nests to care for the queen
and the pupae, and they were removed 2 weeks after the callows
emerged. We thus ended up with 27 colonies, each of which was
composed of a queen and workers, which were less than 10 days
old. The colonies were placed in artificial nests made of high-qual-
ity polystyrene (30 X 15 X 6 cm?), kept in a climate chamber (Aralab,
Fitoclima 5000) at 25+ 1 °C and 50% * 10% relative humidity,
given permanent access to water, and fed mealworm (Zenebrio moli-
tor) larvae and pieces of butter cookies 3 times a week. Two sets of
behavioral trials were conducted, the first when the colonies were 6
weeks old (in June 2013) and the second when the colonies were 17
weeks old (in September 2013).

Behavioral trials

We created an experimental group of 100 workers and 10 larvae
from each colony. We selected only workers that were present in
the foraging arena. First, the experimental groups were placed in
a Fluon-coated cylindrical container (610X 10cm?) that contained
moist cotton for 30 min. Then, each group was subjected to 3 suc-
cessive trials that aimed to characterize 5 colony-level behavioral
traits: boldness, exploratory activity, brood rescue efficiency, forag-
ing activity, and risk taking (Iigure 1). All experiments were con-
ducted at room temperature (261 °C). Colonies were deprived
of food for 72h before the beginning of the trials. The ants in the
experimental groups were returned to their colonies immediately
following the last test.
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Figure 1

Experimental designs of the tests of colony-level personality in A. senilis: (a) exploratory and brood rescue behaviors, (b) foraging and risk-taking behaviors,

and (c) competition for food resources.

Boldness and exploratory activity

In the first trial, the cylindrical container was connected to a novel
environment, a 27 X 15 X 6 cm® arena, via a plastic tube. The group’s
relative boldness was defined as the mean amount of time spent in
the tube by first 8 individuals to enter it. Therefore, colonies that
spent less time in the tube were bolder. When a worker returned
to the container without entering the arena, she was attributed the
maximum recorded time (i.e., 100 s). We then counted the num-
ber of ants present in the arena every 30 s for 10min (each trial
was videotaped); the colony’s exploratory activity was defined as the
mean number of ants present.

Brood rescue efficiency

We measured the time taken by each group to collect 10 pupae
that had been placed at the center of the arena (the same one used
in the previous test); the trial lasted a maximum of 15min. We
defined brood rescue efficiency as the number of pupae returned
to the container divided by the time spent collecting them, from the
moment the first pupa was detected.

Foraging activity and risk taking
We connected the first cylindrical container to a second cylindrical
container, the arena, whose bottom had been removed. The arena
rested on a switched-off electric heating plate (Plactronic Selecta).
First, the ants were allowed to explore the arena at room tempera-
ture (26 =1 °C); pieces of butter cookie had been deposited in the
center. We counted the number of ants present in the arena every
minute for 16 min; the group’s foraging activity was defined as the
mean number of ants present.

We then switched the heating plate on and determined the
mean number of ants present in the arena each time the tempera-
ture rose by 1° from 46 to 60 °C. The plate took approximately

15min to reach 60 °C. Forty-six degrees is A. senilis’ critical ther-
mal maximum, which is defined as the temperature at which work-
ers’ locomotor ability is so reduced that they can no longer escape
from lethal temperatures (Cerda et al. 1998a). We thus considered
that colonies that were active at temperatures above 46 °C: demon-
strated collective risk-taking behavior.

Behavioral consistency over time

To assess the consistency of colony behavior over time, we repeated
the 3 trials on 17-week-old colonies in September 2013. Only 22
colonies could be tested twice because the others had died or they
had lost too many workers or their queen. Hence, overall, 22 colo-
nies were tested for 5 behaviors at 2 different time periods (June
and September) (Dingemanse and Dochtermann 2013).

Colony aggressiveness

Tollowing the second round of behavioral trials in September, we
also assessed colony aggressiveness toward conspecific intruders
using the 22 remaining colonies. We did so by introducing 5 alien
A. senilis workers, one at a time, into each colony for a period of
Imin. The intruders all came from the same colony, which was
collected in a different population found in Dofiana National Park
(Spain). The behavior of the residents toward each intruder was
classified as: 1) touch (contacts including prolonged antennation);
2) avoidance; 3) opened mandibles; and 4) fights. We calculated an
aggressiveness index for each colony whose value was defined as the
mean number of aggressive interactions (categories 3 and 4) divided
by the mean number of peaceful interactions (categories 1 and 2).

Competition trials
To test for an association between behavioral types and intra-
specific competition, we selected the 6 most proactive colonies
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(colonies that were bold, that demonstrated high levels of explor-
atory activity, and that took greater risks by foraging at high tem-
peratures). Each proactive colony successively faced 2 colonies
that were randomly chosen among the 16 remaining colonies.
Ants were chilled on ice and marked with a paint spot on the
abdomen that reflected colony membership 1 day before the tri-
als started. Two groups of 50 foragers (1 group from each colony)
were each placed in a cylindrical container (510X 10cm?) with
10 larvae and moist cotton. The 2 containers were connected to
a shared arena (27X 15X 6mm?) via plastic tubes. After 1h of
acclimation, ants were allowed to enter the foraging arena, which
contained 10 pieces of butter cookie in its center (Figure 1). The
experiment ended when all 10 cookie pieces had been harvested
by the ants. We videotaped the first 20min of the experiment
using a Sony DCR-HC62 camcorder. We counted the number
of cookie pieces present in each of the 2 containers. We also
recorded the number of aggressive interactions that took place
and the number of ants present in the central arena every 2min
for a period of 20min. We calculated an aggressiveness index for
cach colony, whose value was defined as the number of aggressive
interactions initiated by a given colony divided by the total num-
ber of aggressive interactions.

Statistical analysis

To test for the presence of behavioral syndromes, we analyzed each
round of trials (i.e., when colonies were 6 and 17 weeks old) using
Principal component analysis (PCA). All the behavioral traits we
measured were included in the analysis, but only components with
eigenvalues greater than 1 were retained. To study the correlations
among the behaviors, we calculated 2-tailed Pearson’s correlation
coefficients for the pairs of behavioral scores obtained during the
different trials. We assessed the consistency of colony behavior
across trial rounds using the interclass correlated coefficient (ICC),
which is a standard measure of reliability (Bell et al. 2009), and
Cronbach’s o index. Finally, we determined whether proactive
and reactive colonies differed in competitive ability using a 1-way
Anova. These data were log(x + 1) transformed prior to conduct-
ing the statistical analyses. All statistics were carried out using SPSS

17.0 (SPSS Inc., Chicago, IL).

RESULTS
Colony-level syndrome

PCA of 6-week-old colonies revealed a behavioral syndrome
described by 2 components that accounted for 54% and 19% of
the total variance, respectively, in the 5 behavioral traits (Table 1;
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Supplementary data). The first principal component included
exploratory activity, foraging activity, and temperature-related
foraging risks (negative loading values) as well as boldness (mean
amount of time spent in the tube by the first 8 individuals to enter
the arena; positive loading value; i.e., colonies with high load-
ing values were shy colonies). The second principal component
included brood rescue efficiency (the number of pupae returned to
the container divided by the time spent collecting them) (negative
loading value).

The Pearson’s correlation tests revealed that there were signifi-
cant relationships among the 4 behaviors forming the first com-
ponent, which confirms the existence of a complex behavioral
syndrome in 4. semlis (Figure 2, Table 2). This result means that
colonies that readily explored novel environments were also bold,
demonstrated higher levels of foraging activity, and took more
temperature-related foraging risks. In contrast, colonies that less
readily explored novel environments were also shyer, demonstrated
lower levels of foraging activity, and took fewer temperature-related
foraging risks. These 4 correlated behaviors define a proactive—
reactive syndrome in A. senilis that does not include brood rescue
efficiency (correlations: P> 0.05).

Behavioral consistency

The PCA of the 17-weck-old colonies revealed the presence
of strong structural consistency, defined as consistent temporal
correlations among behavioral patterns expressed in 2 or more
contexts (Stamps and Groothuis 2010). The composition of the
principal components was the same in the second round of trials
as in the first (Table 1; Supplementary data). The first and sec-
ond components explained 49% and 22% of the observed varia-
tion, respectively. The first principal component again included
exploratory activity, foraging activity, and risk taking (negative
loading values) as well as boldness (positive loading value). The
second component consisted of brood rescue efficiency (negative
loading value).

This structural consistency was partially confirmed by the
Pearson’s correlations. Correlations among behaviors persisted over
time, with the exception of those between boldness and both forag-
ing activity and risk taking (Table 2). As in the first round of trials,
brood rescue efficiency was not correlated with the 4 other behav-
lors composing the proactive-reactive syndrome (£ > 0.05).

Based on the ICC results, exploratory activity, foraging activity,
and risk taking were consistent over a period of at least 11 weeks
(P < 0.05) (Table 3). Boldness (P = 0.06) and brood rescue effi-
ciency (P = 0.05) demonstrated marginally insignificant consistency.
Cronbach’s a tests produced similar results.

Loading values from PCAs of 6-week-old (June) and 17-week-old colonies (September)

6 weeks old 17 weeks old

PC1 PC2 PC1 PC2
Exploratory activity -0.88 0.03 -0.84 —-0.35
Boldness 0.88 —-0.17 0.7 0.49
Brood rescue —0.32 -0.94 0.16 -0.7
Foraging -0.74 —-0.01 -0.8 0.22
Risk taking -0.73 0.17 -0.75 0.46
Eigenvalues 2.7 0.95 2.4 1.1
% variance explained 54 19 49 22

Significant values (>0.7) are shown in bold.
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Figure 2

Correlation between exploratory activity in a novel environment and boldness in 17-week-old colonies (r = —0.70, P = 0.006). A colony’s relative boldness was
determined by averaging the amount of time that it took the first 8 individuals present in the plastic tube to enter the foraging arena.

Table 2
Correlations among behaviors across time (6 weeks of age = shaded; 17 weeks of age = unshaded)

Exploratory activity Boldness Brood rescue Foraging Risk taking
Exploratory activity — -0.70 0.20 0.46 0.47
Boldness -0.80 —_ —0.08 —0.34 —-0.15
Brood rescue 0.23 —-0.13 —_ 0.06 0.20
Foraging 0.47 -0.43 0.20 - 0.68
Risk-taking 0.41 —-0.49 0.10 0.57 —

Correlation coefficients for each pair of behaviors are reported in the table. Significant correlations (P < 0.05) are in bold.

Table 3
Consistency of colony behavior across time (11 weeks of the
experiment)

Cronbach’s a 1CC 95% CI P

Exploratory activity ~ 0.57 0.37 —-0.04t00.69 0.04
Boldness 0.49 0.33 —0.10 to 0.65 0.06
Brood rescue 0.54 0.34 —0.08 to 0.66 0.05
Foraging 0.57 0.40 -0.02t00.70 0.03
Risk-taking 0.64 0.47 0.07 to 0.74  0.01

Consistency was measured using reliability tests, including Cronbach’s a
index and ICC. CI were set by an alpha of 0.05 (95% CI). Significant ICC
values (indicating consistency) are in bold. CI, confidence intervals.

Colony aggressiveness

Colony aggressiveness toward intruders was positively correlated
with exploratory activity (Figure 3, Pearson’s correlation: » = 0.51,
P = 0.02) and negatively correlated with boldness (Pearson’s cor-
relation: r = —0.49, P = 0.03). In other words, the most aggressive
colonies were also the boldest and those that most readily explored
novel environments. None of the other behaviors were correlated
with aggressiveness (P> 0.05).

Competition trials

Proactive colonies were more active during the first 20min of the
competition trials (I-way Anova, degrees of freedom [df] = 1,
F=11.66, P=0.002) and more efficient at harvesting food resources
(8 cookie pieces harvested on average vs. 2 by reactive conspecifics)

(I-way Anova, df = 1, F'= 36.67, P < 0.0001) (Table 4). They were
also more aggressive, engaging in more aggressive interactions
than reactive colonies (Mann—Whitney U test, P < 0.001, n = 12).
Furthermore, aggressiveness in the competition trials was positively
correlated with aggressiveness in the intruder test (Spearman’s cor-
relation, » = 0.81, P = 0.008) (Figure 4).

DISCUSSION
Colony personality and behavioral syndromes

Using colonies of the same age that were kept under standardized
laboratory conditions for 11 weeks, we found consistent intercol-
ony variation that persisted over time and across different situa-
tions; this variation is the basis for colony personality (Jandt et al.
2014). First, exploratory activity, foraging activity, and risk taking
were consistent across time, and boldness and brood rescue effi-
ciency showed the same, if marginally insignificant, trend. Second,
A. senilis colonies exhibited consistent behavioral differences across
different situations. For example, colony aggressiveness in compe-
tition trials was positively correlated with colony aggressiveness
toward conspecific intruders. The consistent behavioral differ-
ences that we observed are in line with those reported in previ-
ous studies on aggressiveness (e.g., Modlmeier and Foitzik 2011;
Modlmeier et al. 2012) and foraging activity (e.g., Gordon et al.
2011; Wray et al. 2011; Pinter-Wollman, Gordon, et al. 2012) in
insects and vertebrates (see Sih et al. 2004). In contrast, explor-
atory activity has not always been found to remain constant over
time. For example, Temnothorax longispinosus colonies demonstrated
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Figure 3

Correlation between exploratory activity in a novel environment and colony
aggressiveness toward conspecific intruders (r = 0.51, P = 0.02).

Table 4

Results of the competition trials staged between proactive and
reactive colonies

Proactive colonies Reactive colonies P
Activity 14+1.7 8+1.2 <0.001
Food 7.5+0.6 2.5+0.6 <0.001
Aggressiveness 0.78£0.06 0.22+0.06 <0.001

“Activity” refers to the mean number of workers present in the foraging
arena, “food” refers to the mean number of food items collected, and
“aggressiveness” refers to the mean aggressiveness index of each colony type.
All means are * standard error.
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Figure 4

Correlation between colony aggressiveness in a competitive context and
colony aggressiveness toward conspecific intruders (r = 0.81, P = 0.008).

different levels of exploratory activity at 2 time points separated
by 5 months (Modlmeier et al. 2012). Our findings may not con-
cur with those of Modlmeier et al. (2012) because of methodolog-

ical differences. Modlmeier et al. randomly collected individuals
from the entire colony; we only sampled foragers, which probably
helped to reduce within-group variability.
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Furthermore, the PCAs of the 6- and 17-week-old colonies
revealed the existence of a continuum of colony-level behavioral
types, related to resource acquisition; colonies ranged from being
reactive to being proactive. Proactive colonies were more aggres-
sive, as well as more apt to explore novel environments and take
greater risks by foraging at higher temperatures. In contrast, reac-
tive colonies were shyer and less aggressive; they were more cautious
when introduced to new environments and took fewer temperature-
related risks. This proactive-reactive syndrome (also known as
proactive vs. reactive coping) has been described in a wide range
of animals, including pigs (Hessing et al. 1993), rodents (Koolhaas
et al. 1999), and birds (Pascual and Senar 2014). However, this
syndrome remains poorly quantified in ants (Jandt et al. 2014).
Modlmeier et al. (2012) observed that in 7. longispinosus, colonies
that displayed more exploratory activity were also more aggressive.
In Mpyrmica species, patrollers display an aggressiveness—boldness
syndrome, where aggressive workers are also bold when responding
to an alarm stimulus (Chapman et al. 2011). We found no correla-
tion between the traits making up this proactive-reactive syndrome
and brood rescue efficiency. Contrary to our expectations, proactive
colonies did not rescue larvae more rapidly than reactive colonies,
likely because brood rescue is performed by a very small subset of

specialized workers. For example, in Zemnothorax species, task distri-
butions are skewed: a few ants carry out most of a given task and
many ants carry out a small part of it (Pinter-Wollman, Hubler, et al.

2019).

Intraspecific competition

Previous studies have linked colony personality and success. In
the harvester ant, Pogonomyrmex barbatus, colonies were found to
differ in their collective responses to changing conditions; their
responses were related to variation in the production of offspring
colonies (Gordon 2013). Group behavioral type is also related to
differences in survival (Pruitt and Goodnight 2014) and collective

foraging (Pruitt and Keiser 2014) in social spiders. To our knowl-
edge, this study is the first to link colony behavioral types with
specific performance trade-offs: we found that colony personality
is directly related to resource competition and temperature-related
foraging risks. Proactive 4. senilis colonies retrieved more food items
than their reactive counterparts, probably because they contained

more active and more aggressive foragers. Therefore, being bold,
active, and aggressive may provide a selective advantage. However,
as the existence of behavioral syndromes inherently suggests that
behavioral plasticity is limited, such syndromes are often associated
with trade-offs (Sih et al. 2004). For instance, we found that pro-
active A. senilis colonies took unnecessary risks by foraging at high
temperatures.

A. semlis 1s a relatively thermophilic species that uses group
recruitment at temperatures of up to 45 °C when exploiting valu-
able food resources in the field (Cerda et al. 1998b); this tempera-
ture is very close to its critical thermal maximum (Cerda et al.
1998a). In the risk-taking trial, proactive colonies continued forag-
ing even at extreme temperatures (of up to 57 °C). These risk-prone
colonies may suffer greater mortality by foraging at temperatures
above their critical thermal maximum. Therefore, although proac-
tive colonies may outcompete reactive colonies under stable con-
ditions, they may not be able to adequately adjust their behavior
in response to changes in temperature. Individuals or groups with
different behavioral types often differ in their responses to environ-
mental changes. For example, in fishes, birds, rodents, and ants,
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proactive types tend to outperform reactive types under stable
environmental conditions, but reactive types outperform proac-
tive types under variable environmental conditions (Coppens et al.
2010; Bengston and Dornhaus 2014). Studies of rats have shown
that shy, docile, and reactive individuals demonstrate more plastic

behavior (Koolhaas et al. 1999). In contrast, bold, aggressive, and
proactive individuals tend to fail to respond to environmental shifts.
The behavioral syndrome we may have identified is thus associated
with a trade-ofl’ between resource exploitation efliciency and risk
of mortality in context-dependent situations. We recognize that
our tests of competition and risk taking may not entirely replicate
natural conditions. However, regardless of the limitations associ-
ated with laboratory studies of animal personality (Niemelda and
Dingemanse 2014), the proactive-reactive syndrome we detected
was probably not the product of the laboratory environment. The
fact that workers were born in the laboratory and that behaviors
involved in resource acquisition were consistent across time suggests
that the syndrome has a genetic basis. In nature, A. senilis experi-
ences highly variable environmental conditions; for instance, in
the summer, surface temperatures in Doflana may vary from 20 to
70 °C over the course of a few hours. Such variation is probably
key in maintaining this proactive-reactive syndrome. However, the
next step is to study this trade-off in wild populations of A. senilis,
by monitoring the daily foraging activity of different colonies and
determining their respective levels of fitness. Because this colony-
level syndrome is potentially related to the ability of colonies to
acquire resources, it is likely that it affects colony fitness. Studying
the underlying trade-off will help disentangle why both colony per-
sonality types could have been maintained by selection. One would
expect that proactive and reactive strategies would persist only if
they both conferred equal fitness.

In conclusion, our study demonstrates that a link exists between
group behavioral types and specific performance trade-offs in social
species. Selection for specific strategies (proactive versus reactive)
may depend on both the intensity of competition and environmen-
tal conditions. Because proactive colonies are better at resource
competition, colonies in dense and/or resource-poor areas should
be more proactive (either because of plasticity or natural selection).
If there is a genetic basis for proactive behavior, then conditions
such as high population density and limited resources could select
for traits that make colonies more proactive. Inversely, under harsh
conditions and when competition is relaxed, traits that make a
colony more reactive could be selected for. Temporal variation in
competition and environmental conditions might therefore contrib-
ute to the maintenance of colony personality. There is some evi-
dence in the literature that certain specific behavioral traits, such
as aggressiveness, exploratory activity, or risk taking, are repeatable
and heritable in vertebrates (Dingemanse et al. 2002; van Oers
et al. 2004); however, examples remain rare in invertebrates (Pruitt
et al. 2010; Kralj-Iiger and Schneider 2012). Because social insects
can be analyzed at multiple levels (i.e., individuals, castes, and

colonies) (Jandt et al. 2014), they are a unique study group, offer-
Ing exciting new perspectives when it comes to examining ontog-
eny and the heritability of personality traits (Bengston and Jandt
2014). Cross-fostering experiments can yield insights on the ontoge-
netic and hereditary processes that shape phenotypic traits (Purcell
and Chapuisat 2012; Keiser, Wright, et al. 2014). By performing
cross-experiments, Libbrecht and Keller (2013) have recently dem-
onstrated that both maternal and paternal lineages have effects
on behaviors such as foraging and brood care in the invasive ant
Linepithema humile. Conducting similar experiments with 4. senilis, a
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species with single-mated queens, will help clarify the role played by
heritability in behavioral variability among colonies.
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