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Age and ovarian development arerelated to worker personality
and task allocation in the ant Leptothorax acervorum
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Abstract Insocia insects, workers of different morphological castes and age are known to act differently. Yet, it is unclear how
body size and ovarian development influence worker persondities (i.e. consistent behavioral variation) and task alocation in
similar aged ant workers of monomorphic species. Behaviora variation is thought to be a key element of division of labor, but
few studies have linked worker personality to task allocation. We investigated individual behavior in Leptothorax acervorum ant
workers at two time points during the first three months of their life and in two different settings. We observed worker behavior in
the nest (i.e. task allocation) and in standardized aggression, exploration and brood care experiments (i.e. personality) and found
behaviora repeatability in foraging and exploration. Further, workers acted consistently across settings: workers with a more ag-
gressive and exploratory personality type were more active in the nest. Moreover, ovarian development was associated with
worker personality and task allocation: older workers with well-developed ovaries foraged less, but were more aggressive and
exploratory. In accordance with the typica age-polyethism of social insects, workers became more active and foraged more as
they grew older. Consequently, our study suggests that task allocation in Leptothorax acervorum is not only influenced by ovari-

an development and age, but moreover by the persondlities of its workers [Current Zoology 60 (3): 392400, 2014].
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Animal personalities and behavioral syndromes have
drawn much attention during the last few years in the
socia insect literature (Jandt et a., 2013): studies fo-
cused either on collective personalities of whole colo-
nies (e.g. Gordon et a., 2011; Wray et al., 2011; Pinter-
Wollman et al., 2012; Scharf et al., 2012) or on varia-
tion in personalities between single individuals (e.g.
Muller et a., 2010; Chapman et a., 2011; Modimeier et
al., 2012). Following Keiser and Pruitt (2014), we call
consistent individual variation in behavior “personality
types’ or “behavioral types’ (BTs) and correlations
across different behaviors “behavioral syndromes’.
Although the concept of personality has only recently
been used to describe consistent behavioral differences
in social insects, individuals in insect societies have
long been known to consistently differ in their behavior
and in the tasks they undertake (Holldobler and Wilson,
1990). A characteristic trait of social hymenopteran so-
cieties is reproductive divison of labor: queens are
morphologically and behaviorally speciaized on repro-
duction, while workers are either entirely sterile or else
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show amuch lower fertility (Robinson, 1992; Julian and
Cahan, 1999). Moreover, in most social insects, and
especiadly in ants, workers show a non-reproductive
division of labor. Some workers focus on offspring care,
whereas others forage or defend the nest. Task speciali-
zation is thought to increase worker efficiency, albeit
recent findings indicate that this is not always the case
(Dornhaus, 2008).

But how are the different tasks distributed among the
work force? There are two common patterns of division
of labor: temporal polyethism (i.e. age-polyethism) and
morphological polyethism (for reviews on division of
labor see: Gordon, 1996; Beshers and Fewell, 2001).
Tasks typically change with age: young individuals
perform tasks inside the nest, like brood care and nest
cleaning, before they switch to foraging and other risky
activities outside the nest (Seeley, 1982; Caabi et al.,
1983). Morphological polyethism describes task alloca-
tion according to body size. Some ant species exhibit
morphologically distinct worker castes, eg. minors,
majors, or soldiers, which strongly differ in their be-



KUHBANDNER Set al.: Age and ovary development are related to personality 393

havior and the tasks they perform (Wilson, 1980). Larg-
er workers (majors) are usually engaged in external de-
fense tasks, while smaller ones (minors) show more care
and foraging behavior (Waser, 1998; Fournier et a.,
2008). Other important influences on behavior appear to
be social interactions, experience, and genetic or envi-
ronmental factors (Robinson, 1992; Gordon, 1996;
Ravary et a., 2007). In honey bees, the occurrence of
different worker patrilines within a single hive due to
multiple mating of the queen increases variability in
behavior and body size of workers (Frumhoff and Baker,
1988; Robinson and Page, 1988; Chapman et al., 2007;
Oldroyd and Fewell, 2007). Similarly, workers of dif-
ferent patrilines of the leaf-cutting ant Acromyrmex
echinatior are specialized in behavioral tasks like waste-
management or foraging (Waddington and Hughes,
2010). Yet in Cataglyphis ants, behavioral caste was
uncorrelated to patriline and mainly depended on body
size (Fournier et al., 2008). Last but not least, physio-
logy can influence task allocation: in honeybees, forag-
ing behavior is regulated by their reproductive physio-
logy (Amdam et a., 2004; Siegel et a., 2012). Further,
ovarian development was connected to division of labor
among workers of different ant species (e.g. Bourke,
1988; Fénéron et al., 1996; Pohl et a., 2011). In har-
vester ants, high levels of ovarian-produced ecdysteroids
resulted in a specialization on inside tasks, demonstrat-
ing the importance of endocrine physiology for the di-
vision of labor in workers (Dolezal et a., 2012). More-
over, the influence of ovarian activity on task speciali-
zation was independent of worker age in harvester ants
suggesting that endocrine mechanisms played a key role
in the evolution of social behavior (Dolezal et a.,
2013).

Here, we study how body size and ovarian develop-
ment are related to personaity and task allocation in
similar-aged workers in the monomorphic ant species,
Leptothorax acervorum. This ant has small colonies
with one to severa queens and on average less than 100
workers. At two points during their early life, we ana-
lyzed whether workers of the same age differ consist-
ently in their behavior and if yes, which parameters
co-vary with the different behaviora types. To search
for relationships between behaviors that are known to
be part of behavioral syndromes in other species (Bell,
2007), we observed workers both in the nest setting and
in standardized aggression, exploration and brood care
experiments. Finally, we measured body size and ovar-
ian development to study the associations of these
morphological traits to worker behavior. Leptothorax

acervorum is well-suited to study an association of
ovary development and behavior, because worker
egg-laying occurs even in queenright colonies (Bourke,
1991). Based on earlier work on other social insect spe-
cies we derived the following hypotheses and predic-
tions:

Age-polyethism also occursin L. acervorum and we
predict a shift in worker behavior from inactivity and
social behaviors to more outside work during the first
three months of the workers life.

Workers should not only show behavioral consisten-
cy over time (personality), but also suites of correlated
traits (behavioral syndromes).

We expect that morphology and physiology influence
worker behavior. In particular, we predict based on ear-
lier studies on ants (e.g. Dolezal et a., 2013) that work-
ers with more developed ovaries perform tasks inside
the nest, while workers with small degenerated ovaries
forage. If morphology is important for worker behavior,
we would expect that larger workers take over external
tasks like foraging and nest defense, while smaller ones
perform more brood care.

1 Materiasand Methods

1.1 Ant colonies

The Leptothorax acervorum colonies were collected
in summer 2008 in the Reichswald near Nuremberg,
Germany. We kept the ant colonies in our laboratory in
three chambered quadratic nest boxes (Buschinger,
1974; Heinze and Ortius, 1991) with a side length of 9.5
cm and a height of 3 cm and a plastered floor. The
chambers were connected by holes that allowed the ants
to enter al three chambers of the nest box. The left
chamber contained the nestsite, consisting of an inlay
plastic nest with red foil cover. We offered food in the
middle chamber and water in the right chamber. Ants
were fed three times per week with honey and pieces of
crickets. Colonies were kept in the laboratory under
these standardized conditions for six months before we
started the experiments. As we did not census the ant
colonies, inferences on the impact of colony size on ant
behavior cannot be made.
1.2 Markingswith wire

Workers were individually marked with three differ-
ently colored wires with a diameter from 0.02 to 0.03
mm. Small pieces of wire were looped around the ant at
three different parts of the body: head and thorax, peti-
ole and postpetiole, or postpetiole and gaster (Mirenda
and Vinson, 1979). The ends of the wires were short-
ened, so they did not restrict the movement of the
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worker. With this method 110 randomly chosen workers
(of which 66 survived until the end of the experiment)
could be marked in nine colonies, one week after
eclosion from the pupae. It was necessary to wait a
week, because attempts to mark ants earlier were un-
successful as the cuticle of freshly eclosed ants was too
soft and nestmates showed aggressive behavior towards
them. One week old ants (‘ callows’) could be till relia
bly recognized by their lighter cuticle.
1.3 Scan Samplingsin the nest setting

In order to record the behavior of all marked workers
in the nest setting, we performed two series of scan
samplings. Observations for the first series started on
average 16.8 = 0.6 days (mean + SE) after eclosion and
lasted for 27.0 £ 1.4 days (n of observations per ant:
12.0 + 0.4). The second series started 92.6 + 0.9 days
after eclosion and lasted for 20 days (n of observations
per ant: 34.0 + 0.4). If an individual could not be de-
tected during a scan, this was treated as a missing value
and was not included in the total number of observa-
tions. The observed behavior was classified using the
following categories: foraging (waking outside the
nest), social care, and resting. Social care was defined
as feeding and cleaning of nestmates, and all behaviors
related to brood care (carrying, cleaning and feeding of
brood). Resting was defined as being inactive, i.e. not
moving or interacting with others. When more than one
scan was made on a single day (range: 1-3 scans per
day), observations were carried out at intervals of at
least two hours. The observed behavior was categorized
and the relative percentage of each behavior was calcu-
lated.
1.4 Individual behavior in standardized experiments

Experiments were carried out in two series 38.5 + 0.6
and 67.8 £ 0.2 days after eclosion and consisted of indi-
vidual aggression, brood care and exploration experi-
ments. Both the aggression and the brood care experi-
ments were conducted within a small test arena with a
diameter of 1.5 cm and a height of 0.3 cm. Individual
behavior was recorded every 30 seconds for 10 minutes.
First, aggression to non-nestmates was tested using
freshly frozen and defrosted workers from another,
so-called opponent colony. We used dead ants to ex-
clude potential effects of the opponents behavior. Fur-
ther, it has been shown that aggression to dead workers
is positively correlated to aggression to live opponents
(Modimeier and Foitzik 2011). Aggressive interactions
included mandible spreading (threat display), biting,
dragging, carrying and stinging. Second, in the brood
care experiment aworker was tested with aworker pupa

from the same nest. Brood care behavior included
cleaning, carrying and guarding of the pupa (i.e. pro-
longed contact). Afterwards, the relative percentages
(number of times behavior x was observed / total num-
ber of observations) for each behavioral category were
calculated. Third, for the exploration experiment a spe-
cia test arena was constructed with one central arena
(diameter 29 mm and height 3 mm) surrounded by eight
side chambers which were connected with the central
arenavia corridors (length 32 mm and width 7 mm). To
investigate exploration of novel objects, small pieces of
trees and spices (spruce needle, oregano, caraway,
thyme, sage, chamomile, common European oak wood,
one chamber was empty) were put into the side cham-
bers (similar to Modimeier and Foitzik 2011). After the
worker was released in the central chamber, we record-
ed the number of antennation events with all objects
(exploration of novel objects) and calculated the per-
centage of chambers entered (exploration of novel en-
vironment) within 10 minutes.
1.5 Measurements of head width and ovary develo-
pment

To investigate the influence of body size on worker
behavior, head width was measured to the nearest 0.01
mm using a stereomicroscope (Zeiss Stemi 2000 C)
with an object micrometer and 128-fold magnification.
Despite being monomorphic, the measured L. acervo-
rum workers still showed considerable variation in size
(mean head width = 0.75 mm, range: 0.63-0.84 mm, SD
= 0.04). The influence of reproductive state of the
workers was investigated through dissection of the
gaster and measurement of the ovaries. This was done
under a stereomicroscope with an object-micrometer
and 41-fold magnification after the end of the second
trial series. Leptothorax acervorum workers generally
have one single ovariole per ovary (2 total) and we
measured the length of both and calculated a mean as a
measure of ovary development. Although we also
counted the number of fertile eggs, which was positive-
ly correlated to mean ovary length (Spearman’sr = 0.45,
P = 0.0001, n = 66), we decided to use mean ovary
length as a proxy for ovarian development. While cur-
rent fertility is important, endocrine mechanisms (e.g.
influence of ecdysteroid hormones) are most likely the
key regulators of behavior and ovarian physiology, even
in functionaly sterile workers (reviewed in Page and
Amdam, 2007; Dolezal et d., 2013). Therefore, we feel
confident that mean ovary length, which in this study
could nevertheless be a proxy for fertility, because it
was positively correlated to the number of fertile eggs,
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is an appropriate measure to examine the relationship of
behavior and ovarian development. Ants were frozen
and killed before ovary dissection, so that it was impos-
sible to measure ovary length at the end of the first trial
series. Hence, we analyzed the influence of ovary length
after the second trial series on behaviors of the first and
second trial series.
16 Statistics
1.6.1 Changesin worker behavior with age

Comparing the individual behavior of each ant in
both trial series enabled us to investigate changes in
worker behavior that are due to age and/or experience.
We decided to use non-parametric sign tests to investi-
gate age-specific differences in behavior between the
two trial series, because only exploration of novel envi-
ronments and resting in trial series one were normally
distributed (Kolmogorov—Smirnov test: P > 0.10), while
all other behaviors were not (K-Stest: P < 0.05).
1.6.2 Repeatability of behavior

Behaviors are considered repeatable when they show
low intra-individual variation and large inter-individual
variation (Bell et a., 2009). A repeatable behavior dif-
fers among individuals but is consistent across time.
The repeatability score has the same function as a cor-
relation coefficient and determines how consistent a
behavior is over time. As pointed out by Bell et al.
(2009), repeatability is the most widely-used measure
for behavioral consistency and has been used to not
only describe personality, but also as afirst step to study
the genetic basis of behavior (to define the upper bound
of heritability). To calculate the repeatability of indi-
vidual behavior between the two tria series, we used a
generalized linear mixed-effects model (GLMM) with
logit or log link following the guidelines outlined in
Nakagawa and Schielzeth (2010), and the R package
‘rptR’ (http://r-forge.r-project.org/projects/rptr) for the
free programming language R (R Development Core
Team, 2009). As the behavioral data consisted of count
(exploration of novel objects) and proportion data (all
other behaviors), we calculated repeatability with mul-
tiplicative overdispersion models fitted by PQL (penal-
ized quasi-likelihood) estimation with 1,000 permuta-
tions using the R functions ‘rpt.binomGLMM.multi’
(overdispersed binomial GLMM with logit link) for
proportion data and ‘ rpt.poisGLMM.multi’ (overdispersed
Poisson GLMM with log link) for count data. We cal-
culated link scale repeatability that estimates the under-
lying (latent) repeatability of behavior. Although work-
ers may differ in the amount of work they performed
between the two trial series, the latent repeatability

would still be significant if all workers equally increase/
decrease the work performed. In addition, to a discus-
sion of the P-values, we aso interpret the more in-
formative 95% confidence intervals (Cl) as suggested
by Nakagawa and Schielzeth (2010).

1.6.3 Behavioral Syndromes (suites of correlated
behavioral traits)

We investigated behavioral syndromes in similar-
aged workers and aso if these syndromes are consistent
across time (defined as structural consistency; Stamps
and Groothuis, 2010) by performing a principal com-
ponent analysis (PCA) each for the first and the second
trial series. We analyzed whether the principal compo-
nents remained consistent over time by correlating each
PC from trial 1 with its corresponding PC from trial 2
(following Pamminger et a., 2014). PCAs are fre-
quently used to study behavioral syndromes because
they circumvent multiple testing (Dingemanse et al.,
2010). Prior to the PCA, we performed a z-score trans-
formation for all individual scores, i.e. we subtracted
the mean value from the individual scores and divided
by the standard deviation (Ellison and Gotelli, 2004).
We included all z-score transformed behaviors of the
standardized experiments (aggression, brood care and
both exploration measures), but only extracted factors
with an eigenvalue greater than one. We did not include
behaviors from the nest setting, because these behaviors
are dependent on each other, i.e. aworker that is resting
cannot forage or do socia care. To facilitate interpreta-
tion, components were rotated using varimax rotation
(Ellison and Gotelli, 2004). According to Comrey and
Lee (1992), only loadings larger than 0.32 are dis-
cussed.

To investigate whether the behaviors from the stand-
ardized experiments are related to behaviors in the nest
setting, we used Spearman rank correlations.

1.6.4 Influence of head width and ovary length

To study how morphology and physiology are related
to the studied behavioral traits, we correlated the PCs of
the first and second trial series and the behaviors from
the nest setting against head width and ovary length
with Spearman rank correlations. Unless otherwise
stated, statistical analyses were performed with Statis-
tica9.1 (StatSoft Inc., Tulsa, Oklahoma, USA). To con-
trol for multiple testing, we calculated the g-value for
all Spearman rank correlations. The g-value is the
minimum value at which atest should be rejected due to
false discovery (Storey, 2002). Hence, a test can be
considered significant if the p-value is below the g-
value.
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2 Reaults

Of the 110 workers that were originaly marked, 66
survived until the end of the experiment evenly spread
across the 9 colonies with 7.33+1.41 (meantstandard
deviation, SD) workers per colony (range 5-9 workers
per colony). For statistical analyses, we used only
workers that survived until the end of the experiment,
because we were interested in individual development
of personalities and not in colony averages.

2.1 Changesin worker behavior with age

In the nest setting, workers rested more and foraged
less during the first trial series compared to the second
series (Sign test; resting: Z = 3.32, n = 66, P < 0.001;
foraging: Z = 2.91, n = 66, P = 0.004). All other behav-
iors did not change with age (P > 0.16).

2.2 Repeatability of behavior

In the nest setting, foraging was highly repeatable
(GLMM: R=0.71, P = 0.01; Table 1). Resting (i.e. how
active an individual was) possessed very low repeatabil-
ity (R=0.02, P =0.02). Socia care was not repeatable
(P =0.65).

Table 1 Summary of behavioral repeatability estimates
of 66 L. acervorum workersdisplaying the resultsof GLMMs
using multiplicative over disper son modelsfitted to PQL

Behavior R 95% ClI P

Aggression 0.14 0.08-0.35 0.13
Brood Care 0.00 0.00-0.03 0.75
Exploration (object) 0.29 0.10-0.53 0.10
Exploration (environment) 0.04 0.00-0.09 0.03
Foraging 0.71 0.00-0.92 0.01
Resting 0.02 0.00-0.05 0.02
Social Care 0.00 0.00-0.21 0.65

Individual workers were tested in two trial series in standardized
experiments (aggression, brood care and exploration) and in the nest
setting (foraging, resting, social care). Presented are link (underlying)
scale repeatabilities. Significant P-values are given in bold.

In the standardized experiments, exploration behav-
ior (environment) was repeatable, dthough repeatability
was very low and the confidence intervals included zero
(R=0.04, 95% Cl = 0.00-0.09, P = 0.03). In contrast,
exploration (object) showed a weak trend with a much
higher repeatability (R = 0.29; P = 0.10) supported by
confidence intervals that were well above zero (95% ClI
= 0.10-0.53). Aggression was not repeatable consider-
ing the p-value (R = 0.14, P = 0.13), but the confidence
intervals suggest that the majority of workers showed at
least some consistency in their behavior (95% CI = 0.08—
0.35). Brood care behavior was not repeatable (P = 0.75).

2.3 Behavioral Syndromes

Principal component analysis of the first series of
experiments (~ 1 month after worker eclosion) gave two
PCs with an eigenvalue larger than one explaining
60.3% of the total variation in behavior (Table 2). The
first PC reveded that both exploratory behaviors, i.e.
exploration of novel objects and of novel environments,
are tightly linked in an overall exploration syndrome.
The second PC suggested that aggressive workers per-
form less brood care in the standardized tests.

Table 2 Component loadings from PCAs of the first and
second trial series

1. Trial 2. Tria

Trait

PC1 PC 2 PC1 PC 2
Aggression 0.064 -0.711 0.522 0.336
Brood care 0.078 0.723  -0.038 0.927
Exploration (object) 0811 -0.195 0.775 -0.264
Exploration (environment)  0.790 0.235 0.726 0.148
% variation explained 3227 28.04 35.01 26.61

Only components with an eigenvalue greater than one were extracted.
All behavioral data from the standardized experiments were included.
Components were rotated using varimax rotation. Loadings larger
than 0.32 are shown in bold.

The second series of experiments (~2 months after
worker eclosion) resulted in two PCs explaining 61.6 %
of the total behavioral variation (Table 2). Similar to the
first series of experiments PC 1 showed an overall ex-
ploration syndrome positively linking exploration of
novel objects and environments. In addition, aggression
loaded positively on PC 1 suggesting that very explora-
tory workers are also more aggressive. PC 2 was domi-
nated by a high positive loading of brood care behavior,
but also contained aweak positive loading of aggression.
Notably, principal component scores did not differ be-
tween colonies (one-way ANOVAS. P > 0.12).

Examining the structural consistency of the behav-
ioral syndromes revealed that PC 1 was consistent over
time (Pearson’sr = 0.31, P = 0.01, n = 66; Fig. 1). This
isin line with a comparison of the loadings: PC 1 from
trial 1 and 2 both showed a general exploration syn-
drome. In contrast PC 2 was not consistent over time (P
= 0.52): PC 2 in trial one suggested a negative relation-
ship between aggression and brood care, whereas PC 2
in tria two indicated a very weak positive relationship
between both behaviors.

Correlating the principal component scores from the
standardized experiments with the behaviors from the
nest setting demonstrated that during the first series of
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experiments, behaviors were not consistent across dif-
ferent settings (P > 0.26). However, during the second
series of experiments resting was negatively correlated
to PC 1 (Spearman’s r = -0.272, P = 0.03, q = 0.13):
workersthat rested less, i.e. were more active in the nest
setting, were also more exploratory and aggressive. No
other behaviors from the nest setting were correlated
with the PC scores.

PC1: first trial series

PC 1: second trial series

Fig. 1 Scatterplot describing the structural consistency of
a suite of correlated behaviors described by the first prin-
cipal component (PC 1)

Pearson’s r = 0.31, P = 0.01. The first trial series involved a strong
positive loading of both exploratory behaviors, while the second trial
series also included a positive loading of aggressiveness. Aggressive-
ness, exploratory behavior and brood care of 66 same-aged L.
acervorum workers was measured about one month (first trial series)
and two months (second trial series) after eclosion. Experiments were
performed separately for every worker.

2.4 Influence of head width and ovary length

Most of the principal components of the first trial se-
ries were not significantly related to head width or ova-
ry length (Spearman rank correlation: P > 0.21). How-
ever, PC 2 was positively related to head width (Spear-
man's r = 0.271, P = 0.03, g = 0.13) suggesting that
larger workers perform more brood care but are less
aggressive. We aso found that foraging was negatively
related to ovary length (Spearman’sr = -0.251, P = 0.04,
g = 0.16). The second trial series revealed a positive
relationship between ovary length and the first PC, i.e.
aggressive and exploratory workers had larger ovaries
(Spearman’sr = 0.269, P = 0.03, q = 0.13; Fig. 2). Fur-
ther, foraging was again negatively correlated to ovary
length (Spearman’sr = -0.598, P < 0.0001 < ).

3 Discussion

Our study reveaed that same-aged workers of the ant
species L. acervorum exhibit clear associations between

PC 1: second trial series

0 02 04 06 08 10 12 14 16 18
Mean ovary length (mm)

Fig. 2 Positive relationship between mean ovary length
and thefirst principal component (PC 1 was dominated by
aggressiveness and both exploratory behaviors) of 66
same-aged individualsin the second trial series

Workers with longer ovaries behaved more aggressively and explora-
tory (Spearman’sr = 0.269, P = 0.03).

behavioral syndromes, task allocation and physiological
traits early in their life. In accordance with the typical
age-polyethism in social insects, we also found changes
in worker behavior with age: individuals became more
active and foraged more. We found an overall explora-
tion syndrome that persisted during both trial series
demonstrating that workers that are fast in exploring
novel environments are also more interested in novel
objects. In contrast, aggressiveness changed its associa-
tion with brood care during the study period from
strongly negative to weakly positive. Finaly, ovary
length was negatively associated with foraging behavior
during our study period, that is, foragers possessed
smaller (less developed or degenerated) ovaries. In ad-
dition, ovary length was positively associated with ex-
ploratory and aggressive behavior in the second trial
series (Fig. 2).

As predicted by our first hypothesis, we found indi-
cations for the classical tempora polyethism in L.
acervorum. The findings from the scan samplings in the
nest setting matched the expectations that the workers
activity and foraging frequency would rise over time.
Conversely, other behaviors like aggressiveness and
brood care did not change with age. Sendova-Franks
and Franks (1993) had shown that in the related Tem-
nothorax unifasciatus (formerly Leptothorax) division
of labor is only weakly age-related and more based on
workers ‘foraging for work’: workers finding work in
their current role will remain in their role, while work-
ers repeatedly not finding work will move to a different
task (Tofts and Franks, 1992). Hence, even young
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workers could become dedicated foragers, while older
ones remain nurses. In our study, older workers foraged
more and rested less. In general, behaviora differences
are probably due to a complex interplay of genetic, en-
vironmental and experiential factors, which are difficult
to disentangle.

According to the response threshold models behav-
iora differences in the nest are due to differences in
response thresholds among workers (reviewed in
Beshers and Fewell, 2001). An individual will only
perform a task if the stimulus exceeds its interna
threshold (Bonabeau et a., 1996). Different threshold
values for distinct tasks within a colony may result from
genetic differences (Gordon, 1996). Surprisingly, the
only repeatable behaviors were foraging, resting and
exploration of novel environments. However, only fora-
ging had a high repeatability score. Resting and explo-
ration of novel environments had very low repeatability
scores indicating strong developmenta effects and/or
high plasticity. In addition, the confidence intervals for
both resting and exploration of novel environments in-
cluded zero suggesting that many workers did not be-
have consistently. In contrast, the confidence intervals
for aggressiveness and exploration of novel objects
were well above zero indicating that these behaviors
showed arather strong repeatability.

In accordance with our second hypothesis we found
several suites of correlated behaviors. The PCA re-
vedled that aggressive workers undertake less brood
care early in life. Later in life (second trial series) ag-
gressive workers were more exploratory. Hence, this
could characterize a distinct guard/patroller caste that
does only little brood care (at least early in life), but is
scrutinizing every change in its environment and re-
sponds aggressively to intruders. Interestingly, the same
workers were also more active in the nest setting. Our
analyses aso revealed an overall exploration syndrome
between exploration of novel objects and environments.
Workers that were very fast in discovering their sur-
roundings also inspected more novel objects. Although
this relationship might in part be due to the experi-
mental set-up of testing both behaviors in one experi-
ment, earlier experiments with Temnothorax workers
showed that exploration of novel objects and environ-
ments do not always co-vary when tested in the same
experiment (Modimeier et al., 2012). A positive rela
tionship between both exploratory behaviors has also
been found in early exploratory behavior in male great
tits (Verbeek et al., 1994). Accordingly, individuals
were either quick and superficial, or slow and thorough

explorers. Asin our study these differences in explora
tory behavior were not age-related.

In accordance with our third hypothesis, we found an
association between worker physiology and behavior.
Body size in L. acervorum workers was with one ex-
ception unrelated to behavior: during the first series of
experiments, larger workers performed more brood care,
but were less aggressive. However, this relationship
disappeared in the second trial series. Many other studi-
es have been able to find an association of behavior and
morphology not only in polymorphic, but also in mono-
morphic species (e.g. Herbers and Cunningham, 1983;
Waser, 1998; Fournier et a., 2008). Why we did not
find alasting association of behavior and morphology is
unclear, but possibly worker behavior in the small mo-
nomorphic colonies of L. acervorum is more influenced
by the development of the ovaries, which are an impor-
tant source of hormones in many insects (e.g. Dolezal et
a., 2012; Dolezal et al., 2013). Indeed, our study
demonstrated that workers with well-developed ovaries
foraged less suggesting that foraging activity is tightly
linked to ovary length. This is in line with numerous
studies demonstrating that ovarian development leads to
a specialization on tasks inside the nest (e.g. Bourke,
1988; Fénéron et al., 1996; Pohl et a., 2011; Pamminger
et a., 2014). Interestingly, in our study division of labor
between foragers and intranidal workers (that stay in the
nest) also occurred within same-aged workers. Thisisin
line with a study by Fénéron et a. (1996) that had
demonstrated that physiological differences (i.e. differ-
ent ovarian development) can lead to division of labor
within an age class in ponerine ants.

In general, anatomical and physiological differences
between ovary size and the animal’s behavior may de-
pend on the workers age and on socia interactions with
other workers and the queen (Bonavita-Cougourdan and
Morel, 1985; Muscedere et a., 2009). Further, mean
ovary length was positively related to aggressiveness
and exploration in the second trial series. In Temno-
thorax allardycei (formerly Leptothorax) high ranking
workers (in queenright colonies) dominate co-workers
(if necessary by fighting), have larger ovaries, lay more
eggs and receive food from subordinates without recip-
rocation (Cole, 1981). Accordingly, the formation of
dominance hierarchies among freshly eclosed worker in
L. acervorum could help explain our results. young
workers striving for a higher rank will be more aggres-
sive, perform less brood care and have better devel oped
ovaries. Conversely, Bourke (1991) found that fights
between workers within a nest were not related to
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worker reproduction in L. acervorum. Nevertheless,
studies in honey bees and harvester ants have found an
association of non-reproductive ovarian activity and
behavior (reviewed in Page and Amdam, 2007; Dolezal
et a., 2013). Hence, endocrine mechanisms could be
involved in the regulation of aggressiveness of not only
reproductive but also non-reproductive workers. Further,
a study on ant queens also revealed a strong link be-
tween individual aggressiveness and fertility status in
polygynous nests (Ortius and Heinze, 1999). If queens
and workers follow a common *‘ovarian ground plan’ (as
suggested by West-Eberhard, 1996) these results could
explain a positive relationship between aggressiveness
and ovarian development in workers.

To conclude, we could show that there are clear be-
havioral differences between workers of the ant Lepto-
thorax acervorum, which are consistent over time and
across different settings. Albeit we found a generd in-
crease in activity and foraging with age, individuals
showed high repeatability in foraging and rather low
repeatability in resting and how fast they explored novel
environments. Notably, both aggressiveness and explo-
ration of novel objects demonstrated strong repeatability
when we took confidence intervals into account. A gene-
ral exploration syndrome was present in both trial series
indicating that exploration of novel environments and
novel objects have a common regulatory basis. Across
settings, a positive relationship was found between
activity in the nest and exploration/aggressiveness in
standardized experiments. Our results also emphasize
the importance of investigating physiological traits (like
ovarian development) when studying behaviora syn-
dromes. In our L. acervorum workers foraging was neg-
atively correlated to ovary length. Furthermore, aggres-
sive/exploratory workers possessed longer ovaries,
which could indicate that these behaviors are regulated
by endocrine mechanisms. Hence, as shown in honey-
bees and other ant species ovarian development could
be an important component regulating personalities and
division of labor in ants.
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