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The concept of animal personalities has recently become of major interest as researchers began to wonder
why animals within a given population show consistent behaviour across situations and contexts, what led
to the evolution of such behavioural inflexibility and what mechanisms might underlie the phenomenon.
A recent model explains individual differences in a population as the result of trade-off between present
and future reproduction. We tested this model on the two wing morphs, i.e. short-winged (brachypterous)
and long-winged (macropterous) specimens of the firebug (Pyrrhocoris apterus). Since it has been already
demonstrated that the two wing morphs differ in their life-history strategies, this species is an ideal subject
to test whether the specimens with different life-history strategies have different personalities as well. The
results show that individuals behave consistently over time and across contexts, meaning observed bugs
do have personalities. We also have found that in females, the two wing morphs have different personal-
ities supporting the theoretical predictions, i.e. winged ones, which are supposed to have lower future
reproductive value, are braver and more exploratory. We found no difference between the morphs in
males. Differences in reproductive investment might explain this discrepancy between the sexes.
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1. INTRODUCTION

Animals of the same sex and size in the same population
usually differ in their behaviour and the underlying physi-
ology even under standard conditions [1-3]. Moreover,
the same set of animals shows the same kind of differ-
ences in different situations (e.g. in level of predator
avoidance at different foraging sites) and contexts (e.g.
boldness in foraging and social interactions). For instance,
in the field cricket Gryllus integer Scudder, 1902 (Orthop-
tera: Gryllidae), more aggressive males who won more
fights had shorter latencies to become active when in a
novel environment and shorter latencies to emerge from
a safe refuge [4]. Besides being more aggressive, these
males are also more active in general, and possibly less
cautious towards predation risk [4]. Although individuals
could adjust their behaviour depending on situations,
nevertheless, consistent differences between individuals
usually remain [5]. These are frequently characterized as
animal personalities [6], temperament [7], behavioural
syndromes [5] or coping styles [8].

The acceptance of the phenomenon that animals have
personalities is now widespread, but its evolutionary
origin is still a mystery, since a more flexible structure
of behaviour should provide a selective advantage
[3,9,10]. Recently, Wolf ez al. [11] have presented a
model that offers an adaptive explanation to animal per-
sonalities. The model seeks answers to why different
personality types (e.g. bold and shy) coexist, why
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behaviour is not more flexible for a long time and across
situations and why the same traits correlate in different
taxa. According to this model, density-dependent selec-
tion often leads to dimorphic populations where,
because of the trade-offs between present and future
reproduction, some of the individuals invest more in
their future reproduction than others, resulting in the
coexistence of different life-history strategies. As a conse-
quence, the individuals with better future prospects are
expected to be risk aversive, while those who have less
to lose in the future take greater risks in a situation. As
these life-history differences between individuals persists
over time and across situations and contexts, one can
expect consistent individual differences in behaviour
that are correlated across situations and contexts,
i.e. the emergence of personalities and behavioural
syndromes.

To test the model by Wolf ez al. [11], one needs a
dimorphic population where individuals with different
life-history strategies can be readily recognized and then
the personality of the different types assessed. Populations
of common firebugs (Pyrrhocoris apterus (Linnaeus, 1758)
(Heteroptera: Pyrrhocoridae)) offer a good opportunity
for such investigations. This bug is one of the most
common species of Pyrrhocoridae in Europe, and has
two wing morphs: macropterous (long-winged) and
brachypterous (short-winged) ones. These morphs coex-
ist in the same population, and several studies
have shown that the macropterous individuals have a
better ability to disperse, despite their flightlessness,
and they delay reproduction, whereas the brachypterous
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individuals start to reproduce much earlier [12,13].
Consequently, these two forms seem to follow different
life-history strategies: they can be considered as two
alternative solutions to the dilemma of dispersing or stay-
ing [14,15]. The coexistence of disperser and phylopatric
morphs in the same populations is rather common
in insect species living in a metapopulation structure
[16—18], where local catastrophes eradicating local popu-
lations make dispersing to be essential for long-term
persistence [19]. In order that the two morphs have
different personalities, the model by Wolf er al. [11]
requires that the individuals belonging to the different
morphs should have different residual reproductive
values.

To show this, we consider a metapopulation where the
two morphs coexist and where a female can produce both
morphs. For simplicity, we assume that the two morphs
differ only in their migratory tendency: the brachypters
never migrate from a patch while the macropters always
do so. From their similarity, it follows that their reproduc-
tive values just before egg laying (the number of adult
descendants gained in the next generation) are the
same, W, if they are in the same patch, i.e. if the macrop-
ters have immigrated into an already occupied patch. On
the other hand, when a macropter colonizes an empty
patch, it gains W, adult descendants in the next gener-
ation. We assume that W, > W, because of density-
dependent effects. The probability of reaching an empty
patch is given by the proportion of empty patches, p
(i.e. the macropters choose patches at random), and the
probability of surviving migration, ¢g. Then, the reproduc-
tive value of brachypters is Wy = W), while that of the
macropters before migration, Wy, is as follows:

WM = [[)Wo + (1 —p)Wl}q.
For Wy < Wp, the following condition must be fulfilled:

1
< .
1+p(Wo/W1 +1)

q

An acceptable estimate of p can be 0.01, meaning that a
patch exists for 100 years on average, which is reasonable
for linden trees, the main habitats for common firebugs
[13]. As a brachypter female can have around 150
hatched larvae under ideal laboratory conditions [20],
a reasonable value for Wy/W; + 1 would be 50. With
these values, Wy < Wy holds for ¢ < 0.67. Given that
brachypters are more fecund than macropters in
many cases [18], which contradicts our no-difference
assumption above, the condition of Wy < W5y can hold
for even larger values of ¢q. Therefore, we may conclude
that macropters have lower residual reproductive value
than brachypters. Consequently, based on the model by
Wolf ez al. [11], one would predict that macropterous
morhps would be braver and more exploratory than the
brachypterous morphs. Furthermore, as several differ-
ences were found between males and females in firebugs
(e.g. macropterous females have lower sexual activity
[13]) and females invest more in reproduction, we
expect that different life-history strategies would have a
larger effect on females.

In this paper, we first investigate whether firebug indi-
viduals behave consistently over time and across contexts,
i.e. whether they have personality. Second, we test the

Proc. R. Soc. B

following predictions: (i) macropters are braver and
more exploratory than brachypters and (ii) these differ-
ences are more expressed in females than in males.

2. MATERIAL AND METHODS

(a) Experimental animals

The experimental animals were collected in four batches
(to obtain enough of the rarer macropterous forms) from
wild populations in Debrecen (47.52° N, 21.62°E; 130 m
a.s.l.; subcontinental climate), northeast Hungary, in 2008
and 2010. Each bug was accommodated for a maximum
of 8 days in the laboratory before the behavioural obser-
vations. The bugs were kept and the behavioural tests were
performed in an air-conditioned laboratory that provided
buffered conditions (mean air temperature: 23.25°C, range
23.0-24.0°C). Food (sunflower and lime tree seeds) and
water were provided ad libitum.

One group of 60 brachypterous female bugs was used to
test the consistency of behaviour over time. During these
investigations, the firebugs were tested (see below) four
times over a period of 5 days (the first two tests were separ-
ated by a 1 day break from the second two tests because of
logistical reasons). These bugs were kept separately in jars
between tests. In the other three groups (84 bugs (macrop-
ters: 79, 35J; brachypters: 89, 34J), 80 bugs
(macropters: 139, 27d'; brachypters: 139, 27J) and 100
bugs (macropters: 309, 20; brachypters: 309, 20d")
collected in the spring, summer and autumn, respectively),
we tested our predictions.

(b) Behavioural test and walking path analysis

The tests were carried out in a circular arena of 55 cm in
diameter with black wall (46 cm high), where four coloured
plugs (made of gum, 0.75 cm high, 1.83 cm in diameter) as
novel objects were placed on the floor. The floor of the
arena was covered with white filter paper. This paper
and the plugs touched by bugs were replaced after each
run (they were used only once to avoid uncontrolled
olfactory cues). The experimental arena was lit by two
18 W fluorescent-type MASSIVE tubes during the tests.

In the first part of the test, we measured fear responses
(emerging from a refuge), while in the second part, we per-
formed an open field test (responses to startling stimulus
after arrival to a new environment). At the beginning of the
test, the experimental animal was put into the arena in a
brown semi-transparent vial (length: 9 cm, diameter:
2.56 cm). The bug was kept in the vial covered with paper
(to prevent it from leaving) for a minute to get used to the
environment. After the minute had passed, the vial was
flicked as a startling stimulus (also to ensure that all bugs
were at the end of the vial), laid on its side and the paper
removed so that the bug could leave the refuge. Then we
waited for the bug to leave the vial for a maximum of
10 min. Both the time when the antennae appeared first
and the time when the bug actually came out were registered,
but later we only used the time of the first appearance of the
antennae (referred to as emergence hereafter) because many
bugs (115 out of 264) did not emerge at all from the vial.
We consider emergence as a measure of boldness.

The bugs leaving within 10 min were put back into the
vial, while bugs remaining in the vial were left in it. In both
cases, i.e. when (i) the bug left the vial itself and then was
put back or (ii) remained in the vial, the vial was then flicked
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again (to be in the end of the vial) and the bug was kept in it
for another minute, which was followed by yet another flick
(to detach the bug from the wall of the vial), after which
the bug was placed into the arena by shaking it out from
the vial preferably into the centre of the arena. The time
when the bug started to move after its placement into the
arena (walking latency, another measure of boldness) and
the time when it reached the wall (wall time, a measure of
exploration) were registered and an observation lasted
10 min. We also recorded how many novel objects were
visited (number of novel objects, measuring explorativeness).
A Quickcam S5500 webcam was used to record the move-
ment of the bug at 1 s intervals, until it reached the wall for a
maximum of 10 min. From the pictures taken, we recon-
structed the path of each bug as a list of x-, y-coordinates.
These lists were then used to derive the following variables
for each bug: (i) the mean and (ii) the variance of step
sizes (the distance between two consecutive positions), and
(iii) the mean and (iv) variance of turning angles [21-24].

(c) Statistical analyses

To test the consistency of the behaviour over time, we
measured the behavioural variables (see above) four times
for each individual in a group of 60 brachypterous females.
Then we calculated Kendall’s W coefficient of concordance
for each measured variable. Values of W significantly differ-
ing from random expectation mean that the individuals’
rankings based on a given behavioural variable are in agree-
ment among the different times of measurement [25], i.e.
the individuals behave consistently over time [26]. We used
permutation tests to infer levels of significance [25]. As we
did not vary the situations over the tests (i.e. the level of
risk was the same across all four repetitions), this procedure
is unable to detect behaviour plasticity.

We have also investigated whether the behaviour of fire-
bugs is consistent across contexts by calculating Kendall’s
W involving all measured behavioural variables. This analysis
was performed on the combined dataset of the three larger
groups of bugs (see above). To account for the possible
effects of grouping, we subtracted the appropriate group
median from each individual measurement for those vari-
ables where a Kruskal-Wallis test indicated significant
difference among the groups (we used median because
of the highly skewed distribution of many of the variables).
To identify possible associations among the behavioural
variables, i.e. possible personality axes, we followed the
procedure outlined in [25]. In short, we computed a
Spearman rank-correlation matrix among the variables and
performed an agglomerative clustering (‘agnes’ function of
the R environment with Ward’s clustering
method) using one minus the absolute value of correlation
coefficients as dissimilarity measures. Groups of correlated
variables were identified by inspecting the mean overall
silhouette values for the given number of groups
(M. Maechler, P. Rousseeuw, A. Struyf & M. Hubert
2005, wunpublished data; http:/cran.r-project.org/web/
packages/cluster/citation.html). To assess the robustness of
this partition of the variables, we calculated consensus par-
tition from 1000 random permutations of the original data
frame [27]. A random permutation is obtained by randomly
permutating a randomly chosen column of the original data
frame. To test for significant associations, we submit each
group of variables to a separate test of concordance. To
characterize the bugs with these personality ‘axes’, we

statistical
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calculated a composite rank variable for each group of vari-
ables. This composite variable is simply the sum of the
individuals’ ranks for the variables in the given group [25].

To test the effect of wing morphology and sex on person-
ality traits, we performed general linear model analyses on
the composite variables. In these models, the given compo-
site variable was entered as response and the wing
morphology (two levels: macropterous and brachypterous)
and sex (male, female) were entered as explanatory variables.
We also analysed the individual behavioural and path vari-
ables. As most of the behavioural variables were highly
skewed and often truncated, we dichotomized these variables
(using the medians as cut points) and used generalized linear
models with binomial error distribution and logit link func-
tion (i.e. logistic regressions). Here, the categorized
behavioural variable (e.g. ‘slow’ and ‘fast’ emergence) was
the dependent variable while wing morphology and sex
were entered as explanatory variables.

All statistical analyses were carried out in the R interactive
statistical environment [28] with irr [29], cluster
(M. Maechler, P. Rousseeuw, A. Struyf & M. Hubert 2005,
unpublished data), boot [30,31] and vegan [32] packages.

3. RESULTS

(a) Consistency of behaviour over time

We found that firebugs behave consistently over time as all
but two W calculated for the behavioural and path vari-
ables were significantly different from random
expectation (emergence: W= 0.386, p = 0.003; walking
latency: W= 0.481, p < 0.001; wall time: W= 0.402,
p < 0.001; number of novel objects: W= 0.283, p=
0.236; mean turning angle: W= 0.271, p = 0.322; var-
iance of turning angle: W= 0.394, p=0.002; mean
step size: W= 0.443, p < 0.001; variance of step size:
W= 0.495, p < 0.001).

(b) Consistency of behaviour across contexts
Firebugs responded similarly in the different contexts as
shown by the significant Kendall’s coefficient of concor-
dance (W=10.198, p <0.001). This means that the
bugs were similarly ranked by all variables.

On the basis of the Spearman correlation matrix and
the cluster analysis, our variables can be divided into
the following groups (figure 1). The first group consists
of emergence and walking latency, so it might be con-
sidered as a kind of shy—bold axis of personality.
Kendall’s W calculated for this group of variables is
highly significant (W= 0.625, p = 0.003). The second
group identified can be considered as the exploratory
axis of bugs’ personality since it contains the variables
of wall time, variance of turning angle and number of
novel objects visited. Kendall’s W calculated for this
group is also high and significant (W= 0.594, p=
0.003). The third group consists of mean step size and
variance of step size (Kendall’s W= 0.920, p = 0.003).
Finally, mean turning angle appears not to correlate
with any of the other variables. The interpretation of
these last variables is less clear. The three composite vari-
ables and the mean turning angle are not significantly
consistent (Kendall’s W= 0.254, p = 0.429). The separ-
ate analyses of the composite rank variables show that
macropterous female bugs are bolder (they have a lower
rank) than the rest of the population (sex X wing morph
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Figure 1. (@) The dendrogram shows the relationship between the investigated variables according to the cluster analysis
(agglomerative coefficient is 0.448). ‘Height’ gives similarity based on the absolute values of the Spearman correlation
matrix among the variables (see text for details). Groupings indicate possible personality axes. This partitioning is robust
against small random changes in the dataset as the consensus partitioning based on 1000 random perturbations gives the
same result. (b) Silhouette plot to identify possible groupings of the variables.

interaction; Fj ;553 =4.666, p=0.032). No significant
differences were found between sexes and morphs with
respect to the other two composite variables and the
mean turning angle.

Analysing each measured variable separately showed a
similar picture. Macropterous females emerged sooner
from the vial (sex x wing morph interaction, i = 6.32,
p=0.012; figure 2) than the rest of the population,
while brachypterous females visited fewer novel objects
(sex x wing morph interaction, x?=8.28, p=0.004;
figure 3) than the rest of the population. We found no
significant effect of sex and wing morph on the other
behavioural and path variables (results are not shown).

4. DISCUSSION

Our results show that there are personality differences
between the individuals of the firebug as we found that
they behave consistently over time and across context.
According to the cluster analysis of the behavioural vari-
ables, two axes of firebug personality can be identified:
boldness and explorativeness. We also found that person-
ality of the macropterous and brachypterous females
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differs; macropterous females are bolder and more
explorative than the brachypterous ones. This latter
result supports the model of Wolf er al. [11], which
offers an explanation for the presence of individual differ-
ences in a population, namely that individuals choose
different strategies to find the balance between present
and future reproduction. In the case of firebug, it is
known that there are differences in the behaviour of
brachypterous and macropterous individuals, e.g. in the
higher walking activity [14] and lowered mating propen-
sity of macropterous individuals [13]. Furthermore,
reproduction is delayed in the macropterous form [33],
which is a common phenomenon in wing-polymorphic
insects [34]. All of these indicate a difference in the life-
history strategies of the two wing morphs despite the evol-
utionary loss of the flight capability in macropters [12].
Specifically, the lower sexual activity of macropterous
individuals was found only in females and not in males
[13]. This is in accord with our results on the bolder
and more explorative behaviour of macropterous females
compared with brachypterous ones (figures 2 and 3)
[12,13]. The finding that individuals of higher dispersal
tendency are bolder and more exploratory indicates the
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Figure 2. Macropterous females emerged quicker from the
vial so they are bolder (expected probabilities, +s.e., from
binomial glm, sex x wing morph interaction, )(% =6.32,
p=0.012, response variable was dichotomized because of
its highly skewed distribution). Wing: black bars, no; grey
bars, yes.
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Figure 3. Brachypterous females visited fewer novel objects
(expected probabilities, +s.e., from binomial glm, sex x
wing morph interaction, )(f = 8.28, p = 0.004). Wing: black
bars, no; grey bars, yes.

importance of these personality traits in dispersal. Simi-
larly, Cote et al. [35] reported personality being a good
predictor of dispersal tendency. The sex differences
found can be attributed to the differences in investment
into reproduction by the two sexes: as females invest
more into reproduction, one would expect a stronger
trade-off between current and future reproduction, which
in turn can result in a larger difference in personality
between morphs in females than in males.

Note that we studied specimens from wild popu-
lations, thereby our results validate those of Socha and
co-workers [12—15] who found morph differences in fire-
bug behaviour in captive populations maintained for
many generations under laboratory conditions.
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Further exciting research could investigate why it is
only females among which behavioural differences can
be detected, to what extent human disturbance alters a
given population, whether ‘city dweller’ bugs that have
to endure more environmental stress have different per-
sonalities compared with the specimens that live in an
undisturbed environment (e.g. in a forest or a park) and
to what extent the ratio of macropterous and brachypter-
ous morphs is variable and whether it can be related to
the environmental effects that influence the population.
Such studies would bring us closer to the solution of an
important issue of evolution, the coexistence of different
morphs in terms of both life history and personality.
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