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ABSTRACT

Background: The threespine stickleback (Gasterosteus aculeatus) varies in armour phenotype
from fully armoured to non-armoured morphs.

Aim: Investigate the connection between individual variation in behaviour and armour
morphology within and across populations.

Study organism and site: During the Spring of 2015, we assayed the behaviour of 250 stickle-
backs from seven populations on the Scottish island of North Uist, located in the Outer
Hebrides.

Hypotheses: The ‘phenotypic compensation’ hypothesis holds that individuals with poorer
defences should behave more timidly. Yet the energetic costs associated with bearing armour
should reduce both the activity and exploration behaviour of more heavily armoured
individuals.

Methods: We assayed individual stickleback for boldness, exploration, and activity. We then
stained the fish with Alizarin red, which allowed the characterization of the armour phenotype
of each fish.

Results: Across populations, bold fish were less armoured than their shy counterparts and
active fish were more armoured. Exploratory behaviour was not correlated with armour
phenotype.
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INTRODUCTION

Recent research has highlighted the existence of individual behavioural consistency across a
wide range of traits such as boldness (Brown and Braithwaite, 2004; Ward et al., 2004; Chapman et al., 2011a),
exploration (Fraser et al., 2001; Dingemanse et al., 2002; Careau et al., 2011), and mating behaviour (Chapman

et al., 2009). This has been observed in a wide variety of taxa, including mammals (Réale et al., 2000;

English et al., 2010; Careau et al., 2011), birds (Dingemanse et al., 2002; Foltz et al., 2015; McCowan et al., 2015), fish
(Brown and Braithwaite, 2004; Ward et al., 2004; Chapman et al., 2011a), and invertebrates (Chapman et al., 2011b;

Grinsted et al., 2013; Planas-Sitjà et al., 2015). This phenomenon, known as ‘animal personality’ (Dall

et al., 2004; Dingemanse and Réale, 2005), is perhaps surprising given that behavioural plasticity is
beneficial to maximize individual fitness in the heterogeneous environments that most
organisms experience during their lifetimes (Dingemanse and Réale, 2005). Hence a key question
in contemporary behavioural and evolutionary biology is to address the existence and
prevalence of animal personality within wild populations of varying ecology (Dingemanse and

Réale, 2005).
Many models of animal personality are derived from the link between behaviour and

state, where the concept of state refers to the various features of an animal that are relevant
factors in behavioural decisions that affect fitness. One of these features is morphology
(Wolf and Weissing, 2010). If morphology contributes to an animal’s state, which, in turn, affects
behaviour, one could predict that certain behaviours and morphological features may
covary. One empirical example of this is the link between boldness and defence morphology
in aquatic snails (Radix balthica), whereby bold snails have more defensible shells
(i.e. rounder shells with a wider aperture) (Ahlgren et al., 2015). Similarly, bold brown anole
lizards (Anolis sagrei) autotomize their tails more readily than shy ones when subjected to
an unrestricted diet (Kuo et al., 2015), and bold crucian carp (Carassius carassius) express more
pronounced inducible defences in response to sustained exposure to a piscivorous predator
(Hulthén et al., 2013). These findings are suggestive of ‘phenotypic compensation’, whereby
bold individuals compensate for their risky lifestyle by exhibiting more pronounced
anti-predation morphological features (Ahlgren et al., 2015). In broad terms, this hypothesis
suggests that the morphology of organisms is attuned to optimize the cost–benefit ratio of
displaying certain behaviours. Hence, if an organism consistently displays a certain level
of behaviour (being bold, exploratory, active, etc.), we expect that its morphology is
such that it maximizes the benefits and minimizes the cost of performing that behaviour.
Thus, bold, risk-taking individuals are expected to possess morphological features that
allow them to deal with these risks. Since both morphology and behaviour can possess
a certain plasticity, the direction of causality can run both ways in this hypothesis.
Behaviour can be adapted to morphology, but the reverse is also possible. Given this
hypothesis, we expect threespine stickleback (Gasterosteus aculeatus) that are more prone to
predation (i.e. bolder fish) to be more heavily armoured. The large variation in armour
phenotypes among threespine stickleback, from fully armoured marine fish to freshwater
populations with greatly reduced armour, provides a great resource to address this
hypothesis. Since armour is likely less plastic than behaviour, we focus on the direction of
causality that implies that the armour of an individual influences its behaviour, rather than
the reverse.

Furthermore, being heavily armoured may impact the energy requirements and hydro-
dynamics of swimming. Movement-related behaviours such as exploration and activity
might therefore also be affected by armour phenotype. For example, a trade-off between
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armour and swimming hydrodynamics means that heavily armoured fish cannot reach the
fast-start performance and fleeing velocity less armoured fish can (Andraso, 1997; Bergstrom, 2002).
Findings in lizard species of the Cordylidae family support this. The degree of armature
among and within these species is highly variable and correlates negatively with distance run
from a predator (Losos et al., 2002), leading to the assertion that active flight and armoured
defence are incompatible anti-predator strategies. While we did not assess escape behaviour,
we propose that similar considerations could apply to exploratory behaviour and activity. In
a more general context, metabolism and growth rate, both of which are intimately tied
to energetic requirements, underlie a set of explanations concerning the occurrence of
behavioural types and syndromes (e.g. Biro and Stamps, 2008; Careau et al., 2008). Therefore, the
energetic costs of armour can affect the behaviour of an individual via a direct effect on
movement efficiency, as well as indirectly via its effect on metabolism and/or growth rate.
With regards to activity and exploration, we expect fish with more developed armour to
display lower levels of movement-related behaviours due to energetic costs.

The link between morphology and behaviour might also shed light on the existence and
maintenance of trait correlations. Regardless of the specific proximate mechanism(s),
the existence of behaviour–morphology covariation can (but need not) indicate selection
pressures that favour and reinforce certain trait correlations.

Here, we report a test of the ‘phenotypic compensation’ and ‘energetic cost’ hypotheses
through an investigation of the highly variable armour morphology of wild stickleback
populations on the Scottish island of North Uist. We predict that bolder individuals should
be more armoured than shy ones, both across and within populations. Furthermore, we
extend our investigation to include exploratory behaviour and activity, and postulate that
both are negatively influenced by the degree of armature.

METHODS

Fish capture and maintenance

Over a 4-week period in April and May 2015, 250 threespine stickleback were collected from
seven freshwater lakes on the Scottish island of North Uist (Table 1). Traps were set late
afternoon and the fish collected the next morning. Such catch methods may result in
non-random capture of behavioural types (Biro and Dingemanse, 2009), but this is difficult to avoid
in natural conditions.

Table 1. Sample sites

Loch Code Coordinates
Sampled individuals

(females, F; males, M) Trout present?

na Buaile BUAI 57�38�N, 7�11�W 40 (33 F, 7 M) No
Chadha Ruaidh CHRU 57�36�N, 7�12�W 40 (24 F, 16 M) No
an Daimh DAIM 57�35�N, 7�12�W 20 (11 F, 9 M) Yes
na Reival REIV 57�37�N, 7�31�W 30 (17 F, 13 M) No
Scadavay SCAD 57�35�N, 7�14�W 40 (23 F, 17 M) Yes
nan Struban STRU 57�34�N, 7�21�W 40 (20 F, 20 M) Yes
Tormasad TORM 57�33�N, 7�19�W 40 (40 F, 0 M) Yes
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During the behavioural experiments, the fish were kept in individual tanks
(0.12 × 0.20 × 0.12 m) in the field station (Drumcharry House, Lochmaddy, 57�61�N,
7�17�W). The behavioural assays started after one day of acclimatization and lasted for
4 days with one trial performed each day. The water in the experimental and individual
tanks was obtained from a nearby fishless loch (57�61�W, 7�17�W; pH, 6.68; electrical
conductivity, 243 µS ·cm−1), and its temperature was monitored daily (average, 6.85�C;
range, 6–8�C). The fish were exposed to a natural photoperiod (approximately 10/14 hours
light/dark) and not fed during the experimental period. Following each assay, half of the
water in the individual tanks was refreshed to prevent the build-up of waste and remove
possible chemical cues from previous fish.

All of the performed research adhered to the Association for the Study of Animal
Behaviour Guidelines for the Use of Animals in Research, the legal requirements of the
country in which the work was carried out, and all institutional guidelines.

Behavioural trials

Boldness

Each fish was tested twice on consecutive days to assess responsiveness to risk (i.e.
individual boldness). Behavioural observations took place remotely using a Panasonic
HX-A100 camera and the Panasonic Image app to ensure a limited influence of the
observer on the behaviour of the fish. At the beginning of the trial, each focal individual
was placed in an experimental tank (0.20 × 0.40 × 0.30 m) and allowed to acclimatize for
3 minutes. After this time had elapsed, the tank was rapidly covered with a cardboard
plaque to elicit a fright response. The cardboard was removed in a single quick motion
upwards after 3 seconds. Fish characteristically froze, and individuals varied in the time
taken to return to normal movement. We chose this latency to return to movement after a
fright stimulus as our measure of boldness (Chapman et al., 2010; Piyapong et al., 2010) and calculated
the mean time taken to return to movement (defined as continuous motion for a distance
equal or greater than one body length) over both trials. Each trial had a ceiling value of 300
seconds. To generate a ‘boldness score’ in which bold individuals had a high score and shy
individuals a low score, we subtracted the mean latency to move from the ceiling value.

Exploration and activity

To assess exploratory behaviour and activity, we carried out a further series of trials. The
boldness and exploration/activity trials were separated by approximately 24 hours. One
focal individual was placed in an experimental tank (0.55 × 0.45 × 0.20 m). After an
acclimatization period of 5 minutes, recording and live tracking of the movement of
the experimental individuals was initiated using four mounted cameras (Panasonic
WV-CP314E CCTV cameras equipped with Computar T4Z2813CS-IR 2.8–12 mm lenses)
and specialized software (Ethovision XT recording, Noldus Information Technology,
Wageningen, Netherlands). One refuge and three other habitat structures, all made out of
white plastic cups to prevent unwanted interactions with the tracking software, were present
in each tank. Testing took place under standardized light conditions comparable to natural
twilight, which allowed optimal tracking and prevented reflections.

The Ethovision software recorded the coordinates of each fish in its randomly assigned
experimental tank. Based on these data, activity was quantified as the total time spent
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moving and exploratory behaviour as the area of the tank that the focal fish visited during
the 5-minute trial. The exploration and activity scores used in the analysis are the means of
both trials. The size of the explored area in square metres was obtained through processing
the heatmaps generated by the Ethovision software in ImageJ (http://imagej.nih.gov/ij)
(Fig. 1).

Quantifying defensive morphology

Following completion of the behavioural assays, fish were euthanized with MS222 (tricaine
methanesulfonate). Next, they were rehydrated and fixated in a solution of 10% buffered
formalin. After 2 weeks of fixation, all fish were washed with distilled water and incubated
in a 1% KOH solution for one hour. Subsequently, they were bleached (5 mL of H2O2 in 1 L
of KOH solution) overnight. Their bones and armour were then stained with 0.5% Alizarin
red solution. After washing the stained fish with distilled water and 1% KOH solution, they
were laterally photographed (Pentax K-50, smc DA 18–55 mm F3.5–5.6 lens) and stored in
40% isopropyl alcohol.

The photographs were analysed using ImageJ and as measures of armour we quantified
the number of lateral plates, the height of the largest of these plates, the total number of
spines (dorsal and pelvic), and the length of the first dorsal spine (if present).

Data analyses

The morphological parameters were summarized into a single armour score (PC Armour)
using principal components analysis (PCA). Next, we assessed the presence of a correlation
between armour score and boldness, exploration, and activity (all three behaviour scores are
the means of the two trials), both among and within populations. Since exploration was
normally distributed, we used a Pearson product–moment correlation; for boldness and
activity (not normally distributed), we performed a Spearman’s rank-order test.

Behavioural differences between the sexes (as determined via dissection) were assessed
using a two-sample t-test in case of normal data (exploration), and a Wilcoxon rank sum
test for non-normal data (i.e. boldness and activity).

Finally, to assess sources of variation for each of the three behaviours, we formulated
general linear models with PC Armour, body length, sex, population, and all possible
two-way interactions as fixed effects. When the residuals were not normally distributed (for

Fig. 1. The heatmaps generated by Ethovision (left) were imported into ImageJ, where they were
processed (middle and right) in order to calculate the size of the area visited by the focal fish.
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boldness), we used a gamma error distribution. The models for exploration and activity had
normal residuals and were run with a Gaussian error distribution.

All analyses were performed using R i386 v.3.2.1.

RESULTS

The PCA performed on the morphological traits resulted in a first principal component that
explained 73.84% of the variance (Table 2). All morphological variables loaded negatively
on this component; therefore, a high score reflects a low armour phenotype. In all further
analyses, this PC1 score was inverted (multiplied by −1) so that a high score (i.e. high ‘PC
Armour’) reflects a more armoured phenotype.

Across populations, boldness was significantly negatively correlated with PC Armour,
meaning that individuals in bold populations were less armoured than those in shy ones
(Fig. 2a, Table 3). No significant within-population correlations were found. Exploration
was not correlated with armour phenotype across populations (Table 3). In one population
(CHRU), however, exploratory behaviour did show a negative correlation with armour
(Table 3). Activity was significantly positively correlated with armour so that armoured fish
were also more active (Fig. 2b, Table 3). The same positive relationship between activity and
armour was also found in CHRU and REIV (Fig. 2b, Table 3).

Across populations, none of the three behaviours differed significantly between the
sexes (boldness: W = 6071, P = 0.219; exploration: t = 0.488, P = 0.626; activity: W = 6478,
P = 0.647). Within populations, only DAIM (t = −3.963, P = 0.001), REIV (t = 3.211,
P = 0.004), and SCAD (t = −2.114, P = 0.042) displayed significant behavioural differences
between the sexes, all in exploratory behaviour (Fig. 3). In REIV, males were less
exploratory than females; in DAIM and SCAD, this pattern was reversed.

All behaviours were significantly repeatable (boldness: 0.531 ± 0.022, P < 0.0001;
exploration: 0.366 ± 0.021, P < 0.0001; activity: 0.383 ± 0.0211, P < 0.0001) (following Lessells and

Boag, 1987; Nakagawa and Schielzeth, 2010).
The models revealed that population is a main source of variation for all behaviours

(Table 4). Furthermore, body length had a significant effect on exploration and boldness,
with smaller individuals being both less exploratory and less active than their larger
conspecifics. According to our models, activity is also influenced by sex, but this is not borne
out by our earlier analyses (see above). Significant interactions were between body length
and population for boldness, between sex and population for exploration, and between
PC Armour and population, as well as between PC Armour and body length, for activity
(Table 4).

Table 2. Results of principal components analysis
on the morphological parameters

Residuals PC1 loadings

Number of lateral plates −0.530
Height of largest plate −0.515
Number of spines −0.546
Length of first dorsal spine −0.395

Proportion of variance explained 73.84%

De Winter et al.284



DISCUSSION

Our results directly contradict our stated hypotheses. Bold fish are less armoured, and more
active fish are more armoured. Armour phenotype as characterized here did not correlate
with exploratory behaviour.

The phenotypic compensation hypothesis led us to suggest that risk-taking individuals
possess a more pronounced anti-predator morphology; hence we proposed that bolder
stickleback would be more armoured. Instead, we found the opposite to be the case.

Fig. 2. Correlations between behaviour and armour phenotype across populations for (a) boldness
and (b) activity. Each population has its own symbol and the overall correlation is illustrated by the
bold black line.

Morphology–behaviour correlations in wild threespine stickleback 285



However, our finding is not without precedent. Comparing threespine stickleback that
differed in pelvic phenotype from two Canadian lakes did not yield an across-population
correlation between risk-taking behaviour and anti-predator morphology but did find such
a relation within one of the populations (Grand, 2000). In addition, in juvenile, laboratory-
reared stickleback there is a strong (but non-significant) suggestion that boldness correlates
negatively with armour (Lacasse and Aubin-Horth, 2012). Our results suggest that this might hold
in natural conditions as well, prompting a reconsideration of the extent to which the

Fig. 3. Differences in exploratory behaviour between males and females by population (only females
were caught in TORM).

Table 3. Correlations between armour phenotype and boldness, exploration, and activity

Boldness Exploration Activity

ρ P r P ρ P

Across populations −0.155 0.014 −0.076 0.235 0.254 <0.001*
Within populations:
BUAI 0.054 0.740 −0.142 0.382 0.057 0.725
CHRU 0.053 0.745 −0.360 0.024 0.707 <0.001*
DAIM −0.157 0.508 0.145 0.543 −0.343 0.139
REIV −0.247 0.197 0.061 0.753 0.453 0.014*
SCAD −0.082 0.615 −0.032 0.844 −0.090 0.579
STRU −0.231 0.151 0.176 0.276 0.193 0.233
TORM −0.016 0.923 −0.164 0.313 0.217 0.179

Note: Significant P-values in bold. *P-values significant following false discovery rate for multiple testing.
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phenotypic compensation hypothesis can explain behaviour–morphology correlations in
natural conditions. Within populations, however, we found no clear correlation between
boldness and armour phenotype, which suggests that the boldness–armour correlation we
observed is likely the result of ecological factors that differ substantially between popula-
tions, but not within them (predation, food availability, etc.), that affect both boldness and
armour development. The possibility of co-specialization should also be considered. In the
freshwater snail Physa gyrina, for example, it has been shown that predation can lead to
both anti-predator behaviour and morphological defence (Dewitt et al., 1999). If we consider our
measure of boldness as an anti-predator behaviour, this might mean that predation leads to
the development of more robust armour or increased boldness, which would lead to the
boldness–armour correlation we observed. An alternative, or complementary, consideration
is that the sample size for the across-population test was substantially larger than those of
the within-populations tests. As such, the power of the former is higher than that of the
latter.

We found a positive correlation between activity and armour, contradicting our energetic
cost hypothesis. This suggests that the energetic costs of armour are either negligible or
mitigated by potential benefits of being active. In two populations we also observed a
positive relation between armour and activity. In the other populations we did not find a
significant correlation. The same consideration as with boldness might apply here: the
ecological factors a population is subjected to are more significant influences on behaviour
than armour phenotype. Hence, if mitigation of the energetic costs of armour occurs, the
extent of it is likely to be influenced by environmental factors. The fitness consequences
of exploratory behaviour in great tits (Parus major), for example, fluctuate in a natural
changing environment (Dingemanse et al., 2004).

Perhaps the fish in certain populations are subjected to one or several specific environ-
mental influences, or combinations thereof, that allow sufficient mitigation (and, in some
cases, even a reversal compared with what would be expected under the energetic cost
hypothesis). One likely option is food availability. Previous work, both theoretical and
experimental, has shown that both food availability and predictability can influence
boldness (e.g. Chapman et al., 2010; Luttbeg and Sih, 2010) and exploratory behaviour (Chapman et al., 2010).

Table 4. Results from the general linear model for each of the tested behaviours

Boldness Exploration Activity

χ
2
df P χ

2
df P χ

2
df P

PC Armour 0.2281 0.633 0.0011 0.983 1.7931 0.181
Body length 0.7261 0.394 8.8831 0.003 15.4821 <0.0001
Sex 0.1361 0.712 0.6061 0.436 4.7871 0.029
Population 46.7266 <0.0001 137.1106 <0.0001 65.4366 <0.0001
PC Armour × Body length 0.7081 0.400 3.1661 0.075 4.7481 0.029
PC Armour × Sex 0.2091 0.647 0.0151 0.904 0.8911 0.345
PC Armour × Population 2.0736 0.913 3.9166 0.688 14.2526 0.027
Body length × Sex 2.3611 0.124 0.0191 0.890 0.5741 0.448
Body length × Population 15.3946 0.017 4.9746 0.547 12.5836 0.050
Sex × Population 9.6245 0.087 17.9855 0.003 3.8485 0.571

Note: Significant P-values in bold.
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Our results suggest that this might also be the case for activity. When ample food is
available, fish might be able to acquire sufficient energetic resources to maintain high
activity levels even with well-developed armour.

Furthermore, possessing armour could lead to a higher metabolism, which, in turn,
affects hunger levels, possibly leading to more active behaviour in order to discover food
patches. This idea is in line with proposals coupling metabolism to behavioural variation
(Careau et al., 2008, 2011; Careau and Garland, 2014). We did not, however, find a correlation between
exploration and armour phenotype. One reason for this might be that interpreting
behaviour is notoriously difficult. Our measure for exploration, the proportion of a novel
environment explored, involves a certain aspect of risk and might thus also involve a certain
aspect of boldness. In fact, our quantification for exploratory behaviour combines elements
of risk (i.e. boldness) with elements of movement (i.e. activity) (the behaviours are all
positively correlated with ρ = roughly 0.25 for the two boldness correlations and r = ±0.5 for
the activity–exploration correlation). Maybe the negative correlation between armour
and boldness and the positive one between armour and activity negate each other in our
exploration assay, but this is, of course, highly speculative.

The overruling effect of population ecology is not limited to behaviour. For example,
when investigating the stress reactivity of marine and freshwater stickleback, the ecological
factors are highly significant for both cortisol levels and stress reactivity (Di Poi et al., 2016). Di
Poi et al. suggest that the divergence in stress reactivity could have its roots in different
natural selection pressures (e.g. predation) between the sampled populations, mirroring our
suggestions concerning population differences in behaviour.

We did not find behavioural differences between males and females across populations,
and significant differences between the sexes were only found in three populations for
exploratory behaviour. This contrasts with other studies which found that males of guppies
(Poecilia reticulata), threespine stickleback, and the live-bearing fish genus Brachyraphis
tend to be bolder and more exploratory than females (Harris et al., 2010; King et al., 2013; Ingley et al.,

2014). The differences we found did not show a consistent pattern, so we surmise that
behavioural differences between the sexes depend on the prevailing (or past) ecological
conditions of the specific population or reproductive status at the time of testing.

Our work involved wild-caught fish. This means that the variation we observed in both
behaviour and morphology arises via a complex web of interactions including genetic and
plastic effects. Even maternal effects cannot be ignored (see, for example, Lancaster et al., 2010). As
such, our results should be interpreted with caution and extrapolation to underlying causal
mechanisms should be done with care. Nevertheless, the relationships we observe point the
way towards future work that may help unravel the complex causal web in which individual
variation in behaviour is embedded. A fruitful research avenue, for example, would be to
investigate the ecology of these populations in more detail. This may provide more information
and could help to better our understanding of the behaviour–morphology–ecology triad.

Overall, we found that, across wild populations of threespine stickleback, bolder fish are
less armoured and higher activity is linked with a more pronounced armour phenotype.
There is no clear correlation between armour phenotype and exploratory behaviour.
Within-population correlations between any of the three tested behaviours and armour
are rare and are likely the result of specific (combinations of) environmental factors.
Such potential dependence of behaviour–morphology covariation on ecological facets
cautions against extrapolating findings from one or a few populations to establish a general
hypothesis.
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