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Be meek or be bold? A colony-level
behavioural syndrome in ants

S. E. Bengston and A. Dornhaus

Department of Ecology and Evolutionary Biology, University of Arizona, PO Box 210088, Tucson,
AZ 85721-0088, USA

Consistent individual variation in animal behaviour is nearly ubiquitous and

has important ecological and evolutionary implications. Additionally, suites

of behavioural traits are often correlated, forming behavioural syndromes in

both humans and other species. Such syndromes are often described by testing

for variation in traits across commonly described dimensions (e.g. aggression

and neophobia), independent of whether this variation is ecologically relevant

to the focal species. Here, we use a variety of ecologically relevant behavioural

traits to test for a colony-level behavioural syndrome in rock ants (Temnothorax
rugatulus). Specifically, we combine field and laboratory assays to measure

foraging effort, how colonies respond to different types of resources, activity

level, response to threat and aggression level. We find evidence for a colony

level syndrome that suggests colonies consistently differ in coping style—

some are more risk-prone, whereas others are more risk-averse. Additionally,

by collecting data across the North American range of this species, we show

that environmental variation may affect how different populations maintain

consistent variation in colony behaviour.
1. Introduction
In 1932, the psychologist McDougall wrote ‘Personality may to advantage be

broadly analysed into five distinguishable but separate factors, namely intellect,

character, temperament, disposition, and temper’ [1, p. 15], implying that

people consistently vary along five independent dimensions in their behaviour.

Such reproducible variation across individuals in behaviour, called ‘personality’,

is taken for granted in humans. But inter-individual behavioural variation is also

well documented across many non-human animal taxa (e.g. gastropods [2],

insects [3,4], fish [5], birds [6,7] and mammals [8,9]). While any stable variation

across individuals within a species is considered evidence for ‘personality’ in ani-

mals, the number of studies that have tested for independent dimensions of

personality has only recently begun to grow [10–12].

In the past decade, researchers have begun to focus both on understanding

how behavioural traits are correlated in animals and what is driving variation

[10,13]. If behavioural or personality traits are related, they are considered part

of a behavioural syndrome. Behavioural syndromes, or correlated suites of be-

havioural traits within a population, have recently been described in many taxa

including fish, birds, laboratory rodents, non-human primates and arthropods

[14–18]. Behavioural syndromes are a property of the population [17–19]. For

example, one individual may be more aggressive than another individual both

when defending a food resource and also when guarding a mate. Such an

aggressive phenotype would be referred to as the individual’s ‘behavioural

type’, and if individuals in a population differ consistently in behavioural type,

they are considered to have ‘personalities’. Thus far, a relatively small range of

behavioural traits has been examined across contexts: particularly boldness,

aggressiveness and activity level [20]; we refer to these as ‘classic’ behavioural

syndromes [19]. Considerably, less work has related these traits to the wide var-

iety of other, sometimes species-specific, behaviours that animals may exhibit.

This may be due both to a bias towards syndromes that appear relatively ubi-

quitous, as well as practical consideration for behavioural traits that are most

easily observed or quantified. It is also less common for studies to examine
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how traits in these behavioural syndromes are related to one

another, meaning if or how traits usually included in one clas-

sic behavioural syndrome are related to the traits in another

(despite notable exceptions, e.g. Bourne and Sammons [21]

found a correlation between boldness, exploration and aggres-

sion in male molly fish: Poecilia parae). This is very relevant,

because the selection pressures that led to the evolution of a

syndrome and variation in behavioural type are near imposs-

ible to understand if it is not known which behaviours

are included in the syndrome or how many independent

dimensions exist.

We suggest more emphasis should be placed on determin-

ing which larger behavioural domains interact. Determining

such interactions allows for a better understanding of what

drives personality. As Bell describes, behavioural correlations

may be the result of internal constraints or of adaptation by

natural selection [11]. Internal constraints may be particularly

important when there is genetic heritability of behaviour.

Even among closely related species, there is the possibility for

significant variation in heritability of traits [22–24]. In such

species that show a heritable component to personality, the

genetic architecture of personality’s independent dimensions

needs to be taken into account when looking at how selection

will affect the evolution of behavioural variation [25]. For

example, behavioural traits on the same dimension may be

constrained due to pleiotropy, and thus remain linked even

in the absence of selection for a syndrome. On the other

hand, correlations between behavioural traits may emerge as

a result of phenotypic plasticity, for example if organisms

develop under particular environmental conditions. Differ-

ences in genotype, heritability of traits and natural selection

can, therefore, create either similarity or dissimilarity between

populations. While personality and behavioural syndrome

studies may define these dimensions, we still do not have

a strong understanding of the mechanisms underlying

behavioural correlations. However, before an investigation of

mechanism can take place, we must first look at the overall

architecture of which behaviours are correlated and how

these correlations compare across populations.

Individual variation in social insects has also begun to be

considered in a behavioural syndrome framework. Much of

this research has focused on behavioural differences among

individual workers, such as those associated with behaviou-

ral specialization (e.g. nurses versus foragers) and their

physiological correlates. For example, some honeybees prefer-

entially forage for pollen over nectar, and these preferences

are associated with different sensory biases, locomotive

activity and gene regulation [15,26–29]. Other species show

different patterns of individual differences within colonies. In

Temnothorax ants, individuals show different levels of activity,

with some workers consistently less active than others [30].

Inter-individual differences within colonies may have eco-

logically relevant consequences; for example, the number of

individuals with an aggressive behavioural type determines

how well the group can defend its nest from social parasites

[31,32] and affects the colony lifespan [33,34].

Colonies can also exhibit behavioural variation. For

example, colonies have been shown to vary in their levels of

aggression [35–37], hygienic behaviour [38,39] and foraging

behaviour [40–43]. Colony behaviours may also be correlated

across situations [19,44]. For example, in honeybees, colony

responses to food and to disturbance may correlate and vary

within populations [44,45]. Because the reproductive unit of
social insects is the colony, colony-level variation may evolve

in a manner similar to individual-level variation in solitary

species and is likely to have ecological consequences. In

social insects, differences between colonies have been seen in

behaviours such as aggression, exploration, sociability and

activity between dispersers and residents, though less is

known about the timescale of consistency of these behaviours

(reviewed in [46]).

Here, we examine the overall architecture of inter-colony

behavioural variation in a social insect, how this variation

is structured across different behavioural dimensions and

across populations. We use a wide variety of behavioural

assays, with a focus on ecologically relevant behaviours.

Specifically, we use ants of the species Temnothorax rugatulus
and measure foraging distance, foraging effort to familiar

and novel resources, activity level and response to threat. We

specifically test the following hypotheses: (i) colony behaviour-

al responses are consistent over time; (ii) these behaviours are

part of a colony-level behavioural syndrome, i.e. responses in

different assays correlate with one another. Lastly, we test

(iii) whether there is more than one orthogonal dimension,

i.e. syndrome, of colony behaviour. This would imply that a

colony’s behavioural type with respect to one syndrome is

independent of its behavioural type with respect to a second

syndrome. Ultimately, we hope to determine whether there

are truly independent dimensions of behaviour which will

give us clues as to the function and mechanisms of this overall

behavioural variation.
2. Material and methods
(a) Model system
To address these questions, we used the myrmicine ant T. ruga-
tulus. This species ranges from northern Mexico through the

inter-mountain range of the western United States and north to

southwest Canada. Colonies prefer cool temperatures and are

often found in pine and juniper forests. Colonies range in size

from usually 50 to 400 ants, with some very large colonies reach-

ing 1300 ants [40]. Species in this genus can be seasonally

polydomous (having multiple nests for a single colony), often

living in small pre-formed crevices in rocks [47]. The small size

of the colony and the locations of their nests allow for easy collec-

tion of the entire colony, including queen and brood, without

need for excavation. This is important for live collection with mini-

mal loss of workers and brood. Their tolerance for laboratory

conditions allows for controlled empirical studies. This species

has been successfully used in behavioural studies in many con-

texts, meaning well-established methods for empirical studies

exist (e.g. emigrations [48], group decision-making [49] and star-

vation resistance [50]). In this study, all ants were collected from

seven field sites ranging from northern Washington, USA, to

southeastern Arizona, USA, during July 2012 (figure 1).

(b) Foraging distance and colony collection
Foraging is one of the most dangerous tasks for a colony to

perform. Leaving the nest, foragers are exposed to predators,

aggressive conspecifics and potential pathogens. Thus, travelling

farther may increase exposure to these risks, and variation in fora-

ging distance may suggest variation in tolerance for these threats.

The foraging distance of each colony was established in the field as

in Bengston & Dornhaus [40]. A 10 � 10 m grid, separated into one

hundred 1 m2 plots, was established in the field with a dish of com-

mercially canned cat food placed in the middle of each 1 m2 plot as

bait. When a T. rugatulus forager was seen at any of the baits, the
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other dishes were removed. That forager was marked with flor-

escent pink powder and followed until it returned to its colony,

thus enabling discovery of the nest without disturbing it. The

marked forager was collected live with an aspirator before re-

entering the nest. The nest was then monitored and the subsequent

20 foragers who emerged from it were similarly marked with

powder and followed (20 foragers in total measured for each

colony). After the return of the 20th forager, the nest was opened

and all workers, brood and queens were collected live.

After collection, the ants were maintained in the laboratory as

described by Dornhaus et al. [51]. Each colony was established

inside a standard artificial nest which was constructed of a card-

board nest chamber between two glass slides (nest chamber size:

2.75� 2 cm). These nests were kept inside a fluon-coated con-

tainer (10 � 10 cm). Laboratory temperatures averaged 218C,

but varied between 20 and 238C. Humidity was not controlled

and averaged 40%. Laboratory lighting was on a 12 L : 12 D

cycle. Colonies were maintained on a diet of freeze-killed and

chopped cockroaches, freeze-killed fruit flies, freeze-killed

spring tails, a 10% sucrose solution ad libitum and free access

to water.

After colonies were established in the laboratory, each was

identified to species. Colonies were also photographed and the

number of adult workers, queens and brood items were counted.

Colonies that were not T. rugatulus, or did not include brood or a

queen in the census, were removed from the study.

(c) Familiar and novel resources
Temnothorax rugatulus ants are thought to primarily forage for

small soil arthropods. However, foragers have been seen to exploit

other resources such as a larger arthropod corpse or human food

waste (SE Bengston 2012, personal observation). Both populations

of soil arthropods and these larger food resources are probably

very ephemeral and will be exploited by both conspecifics and

other species. Therefore, the number of individuals exploiting

both familiar and unfamiliar resources (foraging effort) may

impact overall colony resource intake and thus reproduction.

Colonies were fed on a weekly basis in a small dish in their

container. Over two weeks, 90 min after the standard diet (‘fam-

iliar’ food) was placed in the dish, the number of foragers in the
dish who were processing food was recorded. To measure how

colonies responded to a novel resource, over a different

two-week interval, a novel food item was given instead of

the standard diet during the normal feeding time. Again, the

number of foragers in the dish was recorded 90 min after

the food was introduced. After the forager number was

measured, the novel food item was removed and the standard

diet was returned. The novel food on week one was canned

tuna fish. Week two was commercially canned applesauce.

(d) Activity level
Variation in activity plays an important ecological role in many

species. For example, it can be the result of different metabolic

investment, energy optimization strategies or response to stimuli

[52]. The activity level of the colony, defined as the amount of

movement in the colony in the absence of any manipulation,

was measured in each colony. To do this, each colony was

filmed at a random time between 12.00 and 16.00 for 5 min in

standard laboratory conditions. Each video was then analysed

using an algorithm which computes the motion of ants between

two frames of video using optical flow. Optical flow is computed

based on assumptions that objects remain the same colour

between frames and move relatively small distances between

frames. Motion between two frames is represented as a velocity

at each pixel location, the optical flow field. The Horn–Schunck

method, which adds a smoothness constraint to the preced-

ing assumptions, further assumes that adjacent pixels usually

move together. The optical flow measurements were provided

by Hoan Nguyen and Min C. Shin (University of Carolina,

Charlotte, NC, USA). Optical flow field was computed for

every frame (by comparing to its subsequent frame) and the fol-

lowing measures were calculated: (i) magnitude, i.e. the average

magnitude of optical flow for every individual pixels; (ii) percen-

tage of moving pixels, the percentage of pixels that moved at

least 2 pixels; (iii) magnitude of movement, the average magni-

tude of the pixels that moved. All videos were filmed at the

same resolution and magnification. We used percentage of

moving pixels as a measure of colony activity level, as it best cap-

tures the amount of movement within the colony between any

two given frames. We assume that all movement is due to ants
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moving, so the percentage of pixels changed was corrected for

differences in colony size by dividing the average change in

pixels by the number of ants and thus creating an average move-

ment per ant measure. This is a necessary correction as a very

small amount of movement by ants in a large colony may

create as much pixel movement as a lot of movement by fewer

ants in a smaller colony. This was repeated 14 days later.

(e) Response to threat
In the laboratory, T. rugatulus colonies can and do displace colonies

when competing for nest space [53]. Therefore, noting and respond-

ing to an intruder can both impact if and how they defend their

brood items and the nest. To measure the colony-level response

to a threat, we used a live conspecific ‘intruder’ from a colony col-

lected at a population not represented in the tests. The intruder was

marked with fluorescent powder to increase visibility (to the obser-

ver) and, using forceps, was placed approx. 1 cm into the nest

without otherwise disturbing the colony. The colony was filmed

for 5 min, and the video was analysed using the same algorithm

as in the activity level test. This assay was done immediately after

the previous (baseline) activity level measure was recorded and

the response to threat was reported as the absolute change bet-

ween the undisturbed activity level and the activity level after the

introduction of the intruder.

( f ) Aggression score
A change in activity level in response to threat can be informative

about the magnitude but not the directionality of the change in be-

haviour, meaning an increase in activity may be indicative of either

an aggressive (fighting) or a defensive (fleeing) response. This is an

important distinction, as during the assay it was noted that fleeing

colonies sometimes evacuated all brood and queens from the nest.

In the field, these colonies may be easier to evict from nest sites by

conspecific colonies. To consider this distinction, the videos of the

intruder response were also analysed for the types of behaviours

contributing to the change in activity levels. The video was divided

into four quadrants to minimize bias towards behaviours more

or less proximal to the intruder and five individuals from each

quadrant were observed for 5 s every 30 s. These 20 individuals

were chosen randomly at each 30 s interval. The behaviours were

scored by category, with higher scores indicating more aggressive

behaviours (electronic supplementary material, table S1). Individ-

uals who remained inactive or appeared to be wandering without

performing a definable task received a 0 score.

All of the assays, except for the measurement of foraging

distance, were repeated 14 days after the first trial to measure

consistency of these behaviours through time. Foraging distance

in the field could not be repeated due to the necessary collection

of the colonies at the end of the assay and no reliable way to

re-release and track colonies in the field.
3. Results
(a) Inter-colony variation
All behaviours (except for foraging distance, which could only

be measured once in the field) showed a strong correlation

between the first and second trials (figure 2). This suggests

that colony behaviour is consistent across at least two weeks.

Consistency of traits implies that a colony’s behaviour at one

time point more closely resembles its own behaviour earlier

than that of other colonies, meaning that there is variation in

behaviour between the colonies, demonstrating colony ‘per-

sonality’. Although the foraging distance assay could not be

repeated, there was consistency between foragers within
colony, meaning there was a significant difference between

colonies (Kruskal–Wallis p , 0.0001). The foraging distances

of colonies are summarized in figure 3.

(b) Behavioural syndrome
Using Pearson’s product-moment correlation test, we found

positive pairwise correlations between ‘response to threat’

and ‘foraging at a familiar resource’, ‘response to threat’ and

‘foraging at a novel resource’ and foraging at both familiar

and novel resources. We found negative correlations between

foraging distance and ‘foraging at a novel resource’, foraging

distance and ‘foraging at a familiar resource’, foraging distance

and ‘response to threat’ and finally between ‘response to threat’

and ‘aggression’ (all p , 0.05, figure 4). Activity level did not

show a significant correlation with any other behaviour. All

p-values for pairwise correlations were corrected using the

False Discovery Rate method [44].

These relationships between traits seen in the pairwise corre-

lations were confirmed by a principal component analysis

(PCA). Data were transformed (so that it was on the same scale

and no one variable was overly contributing) by dividing each

score for every assay by the overall mean value for that assay.

The first two principal components were used to define the

two behavioural dimensions, as per the Kaiser–Guttman stop-

ping rule where only components with an eigenvalue greater

than the mean are accepted [54,55]. The first behavioural dimen-

sion (PC1) was primarily explained by ‘activity’, whereas the

second dimension (PC2) was explained by a suite of correlated

traits (behavioural syndrome; figure 5a). Because ‘activity’ was

not correlated to the behavioural syndrome, we performed an

additional PCA with the activity assay removed. In this analysis,

PC1 was the only significant dimension (Kaiser–Guttman

stopping rule). The percentage of variation explained by the

components of each PCA is summarized in figure 5b. These

results suggest that there are two independent behavioural

dimensions: a behavioural syndrome consisting of several

correlated behavioural traits, and a second driven by ‘activity’.

To perform further analysis, we needed a quantitative

way to describe the behavioural type (the expression of the

behavioural syndrome) of each colony. To do this, we used

PC1 from the PCA that excluded activity as a phenotype

score for the foraging and defensive syndrome as it included

all of the multivariate components of the behaviours within

the syndrome. PC1 is calculated for individual colonies

using the loadings of each trait as weights on the traits.

A high score indicated that a colony showed an increased

foraging effort and response to threat and a decreased level

of aggression and shorter foraging distances. A low score

indicated lower foraging effort, but with longer foraging

distances and higher levels of aggression (figure 6).

(c) Explaining inter-colony variation
To determine what may be driving inter-colony variation, two

separate generalized linear models (GLMs) were used to look

at how activity and phenotype score are affected by latitude.

Latitude may reflect environmental characteristics on a larger

scale, such as overall weather patterns or day length, or it

may reflect microclimatic variation between sites, such as soil

moisture or forest type. Latitudes differed significantly in the

phenotype scores of colonies found at them (Kruskal–Wallis

p ¼ 0.009, d.f. ¼ 4; figure 7). Latitude had a significant nega-

tive effect on colony phenotype score (GLM Gaussian;
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latitude: p ¼ 0.0262, d.f.¼ 14), meaning colonies with a low

score (lower foraging effort, longer foraging distances and

higher levels of aggression) were found at more northern lati-

tudes. Additional colony attributes including number of

queens, colony size and number of brood showed no signifi-

cant effect on phenotype score (all p . 0.05, d.f. ¼ 14).

Activity was not affected by latitude (GLM Gaussian; lati-

tude: p ¼ 0.2087, d.f. ¼ 14). Neither was activity affected by

the number of queens in a colony, colony size or number of

brood (all p . 0.05, d.f. ¼ 14); however, as the brood to

worker ratio increased, there was a marginally significant

positive effect on activity (number of brood : number of

workers p ¼ 0.048).
4. Discussion
In this study, we have shown that colonies of the ant T. rugatulus
show consistent behavioural types, i.e. ‘personalities’: colonies
differ repeatably in their behaviour. We also show a colony-

level behavioural syndrome: colonies with high foraging

effort at resources (both known and novel) also show increased

activity in response to threat, lower levels of aggressive behav-

iour and shorter foraging distances in the field. The behavioural

type of colonies with regard to this syndrome correlates with

the latitude of the site where they were collected. Colonies

also differ in another dimension, activity level, and this trait is

independent of the syndrome, and also independent of latitude.

This means that there are at least two independent behavioural

dimensions in the species studied here.

In general, colony-level behavioural differences and corre-

lations of behaviours have been described in a variety of

social insects [19,30]. Our study measures behaviours that

are known to be relevant to the ecology of this species [40]

and includes more traits, and thus more potential behaviour-

al dimensions, than are included in many behavioural

syndrome studies. However, the behavioural syndrome

demonstrated here includes behaviours often considered
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part of a bold/shy syndrome, an exploratory syndrome and

an aggressive syndrome, suggesting that in this ant species

these are not independent dimensions, as often described in

other species [56,57], but instead are interrelated. Activity,

on the other hand, is not related to this behavioural syn-

drome. This deviates from some other studies, which find

a relationship between it and other classic behavioural syn-

drome traits such as aggression (e.g. crickets (Gryllus
integer) [58] and crayfish (Pacifastacus leniusculus) [59]).

The behavioural syndrome found here suggests that

colonies might show different levels of risk-tolerance: some

colonies deploy more foragers to exploit closer resources and

increase their defensive activity in the response to threat, but

avoid travelling farther distances or aggressively engaging con-

specific invaders. This might be considered a risk-averse

behavioural type. Other colonies travel farther and respond

more aggressively when confronted with a conspecific, but

appear to invest less (in terms of number of ants reacting) in
each given incident or food source. This might be considered

a more risk-prone behavioural type, i.e. colonies may tolerate

more danger in favour of potentially reaping higher rewards.

Risk-averse or risk-prone behaviours are often linked to

different life-history strategies [16,60]. For example, in the con-

tinuum of r- versus K-type life-history strategies, r-individuals

are more risk-prone, whereas K-individuals are more risk-

averse. This is probably due to environmental stability;

r-type individuals may be best suited to unpredictable con-

ditions in which they need to be bolder in order to exploit a

new resource and allocate more energy towards reproduction

early, for example. Conversely, K-type individuals are

expected to be found in more stable conditions, where less

risk-taking is advantageous and long-term self-maintenance

is beneficial [61–63]. Thus, the behavioural type of an individ-

ual should always be matched to the life-history strategy of the

individual, while variation in life-history strategy may be

dependent upon external, environmental conditions such as

mortality risk, competition and environmental predictability.

In our study, the collection sites probably differed in the

length of the reproductive season experienced by ants: sites 1

and 2 often see snow into late May, while those in sites 3, 4

and 5 usually see snowmelt in April (figure 1). Sites 6 and 7

may not maintain a consistent snowpack overwinter (as
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based on data from the past 5 years from the National Weather

Service). Therefore, colonies at higher latitudes may take greater

risks to acquire the necessary resources fast enough to pro-

duce reproductive alate queens and males. However, further

research is necessary to determine what mechanisms, either

adaptively or as a constraint, are shaping behavioural-type

variation across a latitudinal gradient.

In research on intra-species behavioural variation (‘per-

sonalities’) and clusters of correlated behavioural traits

(‘behavioural syndromes’), often neither the evolutionary

forces maintaining the variation nor those maintaining the

correlation are known [16,57]. In our study, including several

different behavioural measures relevant to the ecology of our

study species helped discover a broad behavioural syndrome

that was not restricted to the ‘classic’ traits [19]. The corre-

lated traits all seem linked to risk-taking behaviour and

thus may have consequences for colony life history, though

more research is needed, such as information on growth

rates, and reproductive investment. Intra-species variability

in life-history strategies, and the ecological and evolutionary

forces maintaining both diversity of such strategies as well as

their consistency across contexts, are well studied [63–65].

Therefore, if behavioural syndromes are often linked to such

life-history strategies, and perhaps emerge as a result of vari-

ation in life-history strategy, that would answer many of the

outstanding questions about them [16,60]. In our study

system, it seems indeed likely that the differing colony behav-

ioural types reflect high-risk, fast growth versus low-risk, slow

growth life-history strategies.

Besides testing multiple ecologically relevant behaviours, a

second goal of our study was to broadly measure which beha-

viours were linked and which were independent. We found

that general activity level (movement inside the nest) differed

strongly and consistently between colonies, but was not corre-

lated with any other behaviours or the overall colony
behavioural type in the risk-tolerance syndrome. Activity

level may of course be linked to other behavioural or physio-

logical traits not measured in this study, such as metabolic

rate. It is important to note that ‘activity level’ has been used

to describe several different behavioural measures, such as

the distance travelled to forage, the number of foragers outside

at a given time or, as in this study, the in-nest movement of

ants. However, we show here that neither foraging distance

nor number of active foragers can be used to predict the level

of in-nest activity; these should therefore be considered unre-

lated traits. Foraging distance is probably a better reflection

of overall foraging effort, recruiting effort, diet preference,

resource distribution or search patterns; in-nest movement

may reflect physiological state, task specialization or other

traits. It is thus important to consider how traits may play

different roles in a species’ ecology, as opposed to only focus-

ing on a generalized terminology. Considering the ecology of

a species can guide us towards otherwise missed components.

To conclude, we have sampled enough behaviours

to show that T. rugatulus colonies have at least two indepen-

dent behavioural dimensions, one of which makes up a

behavioural syndrome and the other being dominated by

activity level. The behavioural syndrome that colonies show

may reflect differences among colonies in risk-tolerance,

and thus in life-history strategy. This syndrome is likely to

be driven by different environmental conditions, possibly

the length of the reproductive season, though further research

is necessary. The existence of a behavioural syndrome at the

colony level in ants opens up a new line of investigation for

those interested in the evolution of linked behavioural

traits: it represents an independent origin of such processes

at a different level of biological organization. If ant colonies

evolve ‘personalities’ and behavioural syndromes in connec-

tion with their life-history evolution just as solitary animals

do, this would be strong evidence for the universality of

this process.
Acknowledgements. We would like to thank Min C. Shin and Hoan
Nguyen for the collaboration with the optical flow algorithm, the
Dornhaus laboratory members, Stephen Pratt, Jennifer Jandt and an
anonymous reviewer for helpful feedback and Chantal Binder and
Kevin Harrington for their assistance in the field and laboratory.

Data accessibility. Dryad; doi:10.5061/dryad.p2qt8.

Funding statement. We also thank the NSF for funding (grants no.
IOS-1045239 and IOS-0841756).

http://dx.doi.org/10.5061/dryad.p2qt8


8
References
rspb.royalsocietypublishing.org
Proc.R.Soc.B

281:20140518
1. McDougall W. 1932 Of the words character and
personality. J. Pers. 1, 3 – 16. (doi:10.1111/j.1467-
6494.1932.tb02209.x)

2. Burrows MT, Hughes RN. 1991 Optimal foraging
decisions by dogwhelks, Nucella lapillus: influences
of mortality risk and rate-constrained digestion.
Funct. Ecol. 5, 461 – 475. (doi:10.2307/2389628)

3. Müller U. 1996 Inhibition of nitric oxide synthase
impairs a distinct form of long-term memory in the
honeybee, Apis mellifera. Neuron 16, 541 – 549.
(doi:10.1016/S0896-6273(00)80073-2)

4. Papaj DR, Rausher MD. 1983 Individual variation in
host location by phytophagous insects. In Herbivorous
insects: host-seeking behavior and mechanisms
(ed. S Ahmad), pp. 77 – 124. New York, NY: Academic
Press.

5. Kohda M. 1994 Individual specialized foraging
repertoires in the piscivorous cichlid fish,
Lepidiolamprologus profundicola. Anim. Behav. 48,
1123 – 1131. (doi:10.1006/anbe.1994.1345)

6. Sutherland WJ, Ens BJ. 1987 The criteria
determining the selection of mussels Mytilus edulis
by oystercatchers Haematopus ostralegus. Behaviour
103, 187 – 202. (doi:10.1163/156853987X00341)

7. Golet GH, Kuletz KJ, Roby DD, Irons DB. 2000 Adult
prey choice affects chick growth and reproductive
success in pigeon guillemots. Auk 117, 82 – 91.
(doi:10.1642/0004-8038(2000)117[0082:APCACG]
2.0.CO;2)

8. Hoelzel AR, Dorsey EM, Stern SJ. 1989 The foraging
specializations of individual minke whales. Anim.
Behav. 38, 786 – 794. (doi:10.1016/S0003-3472(89)
80111-3)

9. Mattson DJ, Reinhart DP. 1995 Influences of
cutthroat trout (Oncorhynchus clarki) on behaviour
and reproduction of Yellowstone grizzly bears (Ursus
arctos), 1975 – 1989. Can. J. Zool. 73, 2072 – 2079.
(doi:10.1139/z95-244)

10. King JE, Figueredo AJ. 1997 The five-factor model
plus dominance in chimpanzee personality. J. Res.
Pers. 31, 257 – 271. (doi:10.1006/jrpe.1997.2179)

11. Bell AM. 2005 Behavioural differences between
individuals and two populations of stickleback
(Gasterosteus aculeatus). J. Evol. Biol. 18, 464 – 473.
(doi:10.1111/j.1420-9101.2004.00817.x)

12. Dingemanse NJ, Wright J, Kazem AJ, Thomas DK,
Hickling R, Dawnay N. 2007 Behavioural syndromes
differ predictably between 12 populations of three-
spined stickleback. J. Anim. Ecol. 76, 1128 – 1138.
(doi:10.1111/j.1365-2656.2007.01284.x)

13. Endler JA. 1995 Multiple-trait coevolution and
environmental gradients in guppies. Trends Ecol.
Evol. 10, 22 – 29. (doi:10.1016/S0169-5347(00)
88956-9)

14. Dall SRX, Bell AM, Bolnick DI, Ratnieks FLW. 2012
An evolutionary ecology of individual differences.
Ecol. Lett. 15, 1189 – 1198. (doi:10.1111/j.1461-
0248.2012.01846.x)

15. Page RE, Fondrk MK, Rüeppell O. 2012 Complex
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