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a  b  s  t  r  a  c  t

Coping  styles  theory  provides  a framework  for understanding  individual  variation  in  how  animals  respond
to environmental  change,  and  predicts  how  individual  differences  in stress  responsiveness  and  behavior
might  relate  to cognitive  differences.  According  to  coping  styles  theory,  proactive  individuals  are  bolder,
less  reactive  to stressors,  and  more  routinized  than  their reactive  counterparts.  A  key  tenet  of coping
styles  theory  is  that  variation  in coping  styles  is maintained  by tradeoffs  with  behavioral  flexibility:
proactive  individuals  excel in  stable  environments  while  more  flexible,  reactive  individuals  perform
better  in  variable  environments.  Here,  we  assess  evidence  for  coping  styles  within  a natural  population
of  threespined  sticklebacks  (Gasterosteus  aculeatus).  We  developed  a criterion-based  learning  paradigm  to
evaluate individual  variation  in  initial  and  reversal  learning.  We observed  strong  individual  differences  in
hreespined stickleback
earning
ortisol

ndividual differences

boldness,  cortisol  production,  and  learning  performance.  Consistent  with  coping  styles,  fish  that  released
more  cortisol  were  more  timid  in response  to  a predator  attack  and  slower  to learn  a  color  discrimination
task.  However,  there  was  no  evidence  that  reactive  individuals  performed  better  when  the  environment
changed  (when  the rewarded  color  was  reversed).  The  failure  to detect  trade-offs  between  behavioral
routinization  and  flexibility  prompts  other  explanations  for the  maintenance  of  differing  coping  styles.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Interest in individual variation in animal cognition is boom-
ng (e.g., Bensky et al., 2013; Chittka et al., 2009; Matzel et al.,
003; Niemela et al., 2013; Thornton and Lukas 2012). For example,

 growing number of studies are showing that there is substan-
ial intra-specific variation in performance on different cognitive
asks in a wide range of taxa (e.g., birds: Guillette et al., 2015;
ogs: Nippak and Milgram 2005; primates: Herrmann et al., 2009;
odents: Galsworthy et al., 2002). Additionally, there has been
ncreased interest in how individual variation in cognition may
orrespond with consistent individual differences in behavior, or
nimal personalities (Budaev and Brown, 2011; Carere and Locurto,

011; Locurto, 2007; Sih and Del Giudice, 2012). As a result, stud-

es exploring the nature of the correlations between various animal
ersonality axes and cognitive differences are on the rise (e.g.,

∗ Corresponding author.
E-mail address: bensky2@illinois.edu (M.K. Bensky).

ttp://dx.doi.org/10.1016/j.beproc.2016.12.011
376-6357/© 2016 Elsevier B.V. All rights reserved.
Bebus et al., 2016; Ruiz-Gomez et al., 2011; Sneddon 2003; also see
Guillette et al. 2017), and more attention is being called to devel-
oping best-practices for examining cognitive differences to address
these types of questions (Griffen et al., 2015). However, the prox-
imate and ultimate causes of correlations between cognition and
behavior are presently unknown.

Coping styles theory offers a framework for understanding indi-
vidual variation in cognition and behavior. According to this theory,
variation in cognition is a part of a suite of correlated traits adapted
for coping with changes in the environment, with individuals vary-
ing along the proactive-reactive axis (Koolhaas et al., 1999). At
one end of a continuous distribution are proactive individuals,
which are relatively exploratory, bold, and aggressive relative to
their reactive counterparts at the other extreme. A key tenet of
coping styles theory is that a cost of being proactive is reduced
behavioral flexibility: proactive individuals establish initial learn-
ing contingencies quickly, largely due to their exploratory nature,

but then become routinized and perform poorly when the reward is
reversed (Koolhaas et al., 1999). Reactive individuals, on the other
hand, are more stress reactive and timid, and may  be slow initial

dx.doi.org/10.1016/j.beproc.2016.12.011
http://www.sciencedirect.com/science/journal/03766357
http://www.elsevier.com/locate/behavproc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.beproc.2016.12.011&domain=pdf
mailto:bensky2@illinois.edu
dx.doi.org/10.1016/j.beproc.2016.12.011
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earners but then quickly respond to environmental change. Fol-
owing this reasoning, it has been suggested that variation along the
roactive-reactive axis is maintained by fluctuating selection pres-
ures (Thornton and Lukas, 2012). Specifically, proactive, inflexible
ndividuals might have higher fitness in stable environments while
eactive, flexible individuals may  be better suited for environments
hat experience moderate change (Benus et al., 1990; Guillette et al.,
011; Niemela et al., 2013; Ruiz-Gomez et al., 2011; Verbeek et al.,
994). Additionally, such variation may  be driven by frequency-
ependent benefits (Wolf et al., 2008) or differences in dispersal
tates (Canestrelli et al., 2016).

Given that different coping styles are expected to reflect vari-
tion in how individuals respond to challenging conditions or
tressors, one of the proximate mechanisms underlying coping
tyles is thought to involve the hypothalamic-pituitary-adrenal
HPA) axis (Koolhaas et al., 2010). Indeed, some studies suggest
hat proactive individuals have relatively low stress reactivity and
igher sympathetic activity (Carere et al., 2010; Sorensen et al.,
013), but some authors have suggested that stress responsiveness

s an independent axis of variation (Koolhaas et al., 2010). Upon per-
eiving a stimulus as stressful, the hypothalamus initiates a cascade
hat culminates in an increase in circulating glucocorticoid levels
Sapolsky et al., 2000). Once the stimulus is removed or no longer
erceived as a threat, feedback loops are triggered to shut down the
roduction of glucocorticoids (Lupien et al., 2009). Several studies

n diverse organisms have shown that individuals consistently vary
n stress responsiveness (repeatability of glucocorticoid hormone
evels: Boulton et al., 2015; Cockrem et al., 2009; Cook et al., 2012;
ürtbauer et al., 2015; Ouyang et al., 2011; selection on glucocor-
icoid responsiveness: Øverli et al., 2005; Pottinger and Carrick,
999; Roberts et al., 2007), therefore individual variation in the
ransient production of glucocorticoids has been hypothesized to
nderlie variation in the behavioral response to stress (Carere et al.,
010; Sorensen et al., 2013). These physiological mechanisms have
lso tied coping styles to potential fitness differences in terms of
tress-related health and disease susceptibility (Costantini et al.,
012; de Boer et al., 2016).

Individual variation in stress responsiveness has also been
inked to variation in cognitive performance (Lupien and McEwen,
997; Kosten et al., 2012). For example, lines of trout that had
een selected for divergent post-stressor cortisol levels differed in
ognitive performance: trout that produced high levels of corti-
ol in response to a stressor were quicker to alter their behavior
n response to food relocation during reversal trials (Ruiz-Gomez
t al., 2011). These reactive fish were also faster to stop a con-
itioned response during extinction trials (Moreira et al., 2004).
verall, there is a plethora of data (e.g. McEwen and Sapolsky, 1995;
verli et al., 2005, 2007; Schoech et al., 2011) demonstrating that
lucocorticoids are related to behavioral responses to stress and
ognitive performance. However very few studies have character-
zed HPA axis function, behavior, and cognition simultaneously, and
hose that have tend to mostly focus on selected lines or domes-
icated animals (e.g. Benus et al., 1990; Bolhuis et al., 2004; Øverli
t al., 2002; but see Bebus et al., 2016; Øverli et al., 2007). Attempts
o simultaneously characterize several different facets of coping
tyles in natural populations are rare due to the time intensive
ature of collecting extensive individual-based data on many sub-

ects.
Here, we took a high-resolution approach to test the generaliz-

bility of whether individual differences in cognitive performance
re part of a larger suite of behaviors, or coping styles, in a nat-
ral population. Again, much of the work on coping styles has

een focused on mammalian and avian species (Carere et al.,
010), and while significant work has also been done looking at
sh, particularly salmonids (Øverli et al., 2005), we were inter-
sted in further expanding the research applied to this taxa with a
rocesses 136 (2017) 1–10

focus on natural variation. Here we tested the threespined stickle-
back (Gasterosteus aculeatus), a species renowned for their natural
intraspecific variation in behavior (e.g., Bell 2005; Dingemanse
et al., 2007; Girvan and Braithwaite, 1998; Huntingford, 1976;
Mamuneas et al., 2015; Odling-Smee and Braithwaite, 2003; Stein
and Bell, 2012), and a system that was recently used to investigate
behavioral and endocrine associations in coping with increased
predatory threat (Fürtbauer et al., 2015). Additionally, this species
has been established as being conducive to fish cognition stud-
ies (Girvan and Braithwaite, 1998; Odling-Smee and Braithwaite,
2003). We  repeatedly measured stress reactivity and ‘boldness’
towards a model predator on the same individuals and then asked
whether those traits were related to variation in cognitive perfor-
mance. We  developed a criterion-based method to quantify the
distribution of individual variation in cognitive performance in a
discrimination-reversal learning paradigm. Subjects were trained
to associate a food reward with one of two colors. Then, after a
success criterion was  reached, the stimuli and reward association
were reversed. We  interpret performance on the reversal task as
behavioral flexibility (as in Pintor et al., 2014; see Stamps, 2015),
where persistent (proactive, routinized) individuals continue to
approach the previously learned cue while more flexible (reactive)
individuals more quickly modify their behavior and learn the new
association. According to coping styles theory, we  predicted that:
1) bolder (proactive) individuals are less stress reactive; 2) bolder
individuals learn faster; 3) bolder individuals are less flexible; 4)
individuals that are more stress reactive are more flexible.

2. Materials & methods

2.1. Overview of the experiment

We  measured stress reactivity, “boldness”, learning and behav-
ioral flexibility on the same individual sticklebacks in a fixed
order. Individuals were measured for stress responsiveness on two
occasions. We  used a non-invasive method that samples cortisol
released from the gills into the water following confinement stress
for 4.5 h (Sebire et al., 2007; Sebire et al., 2009; Aubin-Horth et al.,
2012). Individual differences in “boldness” were measured by test-
ing the same individuals for their response to a model predator
on four occasions. Finally, the same subjects were tested for learn-
ing performance in a color discrimination task and for behavioral
flexibility in a reversal-learning task.

2.2. Subjects

Adult sticklebacks were collected from Putah Creek, CA in April
2014 prior to the onset of the breeding season. Fish were trans-
ported to the University of Illinois Urbana-Champaign where they
were housed in 37 L tanks in groups of five for approximately four
weeks until experiments began. Fish were housed in 20 ◦ Celsius
water and were placed on a summer (16L: 8D) photoperiod. A recir-
culating flow-through system consisting of a series of particulate,
biological, and UV filters (Aquaneering, San Diego, USA) was used to
clean the water. 10% of the water volume in the tanks was replaced
each day. The fish were fed a mixed diet consisting of frozen blood-
worm, frozen brine shrimp, and frozen Mysis shrimp ad lib each
day except during the learning trials (see below). Ten individuals
were randomly selected for this experiment (females: n = 6, aver-
age length = 43.8 mm,  average mass = 1.02 g; males: n = 4, average

length = 42.5 mm,  average mass = 0.87 g). Females were not gravid
during the experiment and males showed no evidence of nuptial
coloration. Each individual was  marked by clipping a unique com-
bination of their dorsal and/or pelvic spines.
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.3. Cortisol release rate

The purpose of this experiment was to determine whether
here were consistent individual differences in stress reactivity. The
ypothalamic-pituitary-interrenal (HPI) response of each fish was
haracterized by measuring the amount of cortisol released into
ater at five time points over the course of 4.5 h. This process was

epeated one week later in order to determine whether individ-
al differences in cortisol release rate were stable over a one-week
eriod.

Fish were transferred to individual static 100 mL  tanks and left
ndisturbed for 30 min. Then, a 50 mL  water sample was collected
rom a release valve at the bottom of the tank. The water supply was
urned on and allowed to run for 30 min  to flush the cortisol-laden
ater from the tank. Preliminary trials confirmed that turning on

he water supply for 30 min  flushed the tank sufficiently such that
ortisol could no longer be detected in the water. Following the 30-
in  flush, the water supply was turned back off to allow another

0 min  of static water to collect cortisol. This process was repeated
o that we generated water samples from minutes 0–30, 60–90,
20–150, 180–210, and 240–270. Fish were returned to their home
ank once sample collection was complete.

Water samples (10 fish × 5 samples/trial × 2 trials = 100 sam-
les) were frozen at −20 ◦C until steroid quantification. Freeze
torage of water samples does not influence steroid concentrations
Ellis et al., 2004). Steroids were extracted from water samples by
ulling water through C18 Sep-Pak cartridges (Waters Ltd.) that
ad been primed with 5 mL  methanol followed by 5 mL  distilled
ater. After the sample had dripped through at a rate of approxi-
ately 2 mL/min, the cartridge was washed with 5 mL  of distilled
ater and the steroids were then eluted with 5 mL  of diethyl ether.

he ether was dried under nitrogen and submitted to Metabolomics
enter, Roy J. Carver Biotechnology Center, University of Illinois at
rbana-Champaign.

Samples were analyzed via mass spectrometry with the 5500
TRAP LC/MS/MS system (AB Sciex, Foster City, CA). The 1200 series
PLC system (Agilent Technologies, Santa Clara, CA) includes a
egasser, an autosampler, and a binary pump. The LC separation
as performed on a Phenomenex C6 Phenyl column (2.0 × 100 mm,

 �m.)  with mobile phase A (0.1% formic acid in water) and mobile
hase B (0.1% formic acid in acetonitrile). The flow rate was
.25 mL/min. The linear gradient was as follows: 0–1 min, 80%A;
0 min, 65%A; 15 min, 50%A; 20 min, 40%A; 25 min, 30%A; 30 min,
0%A; 30.5–38 min, 80%A. The autosampler was set at 5 ◦C. The

njection volume was 5 �L. Mass spectra were acquired under pos-
tive electrospray ionization (ESI) with the ion spray voltage of
500 V. The source temperature was 500 ◦C. The curtain gas, ion
ource gas 1, and ion source gas 2 were 36 psi, 50 psi, and 65 psi,
espectively. Multiple reaction monitoring (MRM)  was used to
easure cortisol with the Q1–Q3 transition of 363.1–121.0 (m/z).

n order to control for possible size effects, cortisol release rates
ere calculated as the amount of released cortisol per gram of body
eight per hour (ng/g/hr).

.4. Boldness assays

Three weeks after the steroid measures were complete, each
ndividual was observed in a standardized behavioral assay
esigned to measure boldness in response to a predatory threat. The
esponse of each individual fish to a model predator was  recorded.
ach individual was tested on four consecutive days in order to
etermine whether individual differences in behavior were consis-

ent over time.

The testing arena was a circular plastic pool (150 cm diameter)
lled to a depth of 10 cm of water (Fig. 1a). An opaque refuge (10 cm
iameter, 10 cm height) was placed in the center of the pool. The
rocesses 136 (2017) 1–10 3

pool was divided into nine equally-sized sections (one centered,
eight around the perimeter), with drawn lines demarking each of
these sections. A rock was placed into each of the perimeter sec-
tions, providing objects to “explore” or additional refuges.

At the start of an assay, a randomly selected individual was  gen-
tly caught from their home group tank, identified via spine clips,
and then placed into the refuge at the center of the pool where
it was  allowed to acclimate for three minutes. Behavioral obser-
vations were recorded by an observer positioned behind a blind.
After three minutes, the observer opened the side of the refuge
remotely and waited for the fish to emerge. After fully emerg-
ing, the fish was given three minutes to freely explore the pool.
Baseline activity levels were recorded over this time period by
recording the number of transitions the fish made between sec-
tions (sections before the attack). We  then simulated a predator
attack by moving a clay predator model (sculpin, 20 cm length;
Fig. 1b) from a hidden location into the section of the pool that
contained the focal fish. Sculpin (genus: Cottus)  are a natural preda-
tor to freshwater populations of stickleback (Pressley, 1981). This
stimulus elicited a freezing response, which has been found to be
an effective antipredator response (McGhee et al., 2012). After the
individual resumed movement, we recorded the number of transi-
tions made between sections for three more minutes (sections after
the attack).  To confirm that the predator attack influenced behav-
ior, and that movement after the predator attack is a reasonable
measure of boldness, we  compared movement before and after the
attack. Locomotion is conspicuous, therefore we predicted that on
average the fish should move into fewer sections after the attack if
they were exhibiting an antipredator response. After the comple-
tion of each assay the individual was  placed back into their group
tank. One individual died of unknown cause between day 3 and 4
of the behavioral assays; the behavior of this fish was  not obviously
different from the others. Therefore the data from the deceased fish
is included in all analyses except those involving the learning trials
since those were carried out after the boldness assays.

2.5. Learning trials

Three weeks after the ‘boldness’ assays were complete, we
measured individual differences in performance in an associative
learning task. Each fish was  simultaneously presented with a yel-
low and a blue cup, with the yellow cup rewarded with food. We
infer that a fish learned the color association task when it reached
criterion (two consecutive days of at least 8 out of 10 correct trials).

Each fish was moved into a 36 cm long × 33 cm wide × 24 cm
high (26.5 L) tank where they were housed individually. Prior to
the learning trials, fish were acclimated to eating out of cups, and
to repeatedly being placed in a shelter. Additionally, through these
pre-training trials the fish were given the opportunity to learn that
food could potentially be available at two different food sites. The
fish only obtained food during the learning trials in order to main-
tain motivation. All the fish readily ate food from both food sites
over these pre-training sessions and consistently decreased their
latency to emerge from the shelter to approach one of these food
sites, which we interpreted as motivation to access these sites. Cri-
teria were used to assure that the fish were sufficiently acclimated
to the training environment and motivated to access the food sites
before training trials began on the following day. Specifically, indi-
viduals were required to eat out of both cups within 10 min  on
three consecutive days before moving on to the shelter acclima-
tion phase. For this phase, individuals needed to emerge from the
shelter, find the available food and eat it within 10 min  on two  daily

trials for three consecutive days before moving on to the training
trials.

Yellow/Blue Discrimination Phase: Fish received one learning ses-
sion per day. Each session consisted of 10 trials. All of the nine fish
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Fig. 1. Experimental set up. a) Top-down view of tank set up for boldness assay. Kiddie pool was divided into 9 sections and marked A–I. Starting shelter was placed in the
middle of section A. Black symbols in each section represent stones that were placed for investigation and additional shelter. Top-down view of the tank set up for training
trials.  Fish were acclimated to environment by repeatedly being placed in the starting shelter and then allowed to make a choice. The same set up was also used for actual
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raining  trials. Striped regions show the choice regions. Once a fish entered either o
)  Top-down view of the tank set up for training trials. Fish were acclimated to env
hoice. The same set up was  also used for actual training trials. Striped regions show

ompleted a trial before the next round of trials was  started (i.e.,
ll fish received Trial 1 before moving onto Trial 2), so there was an
verage of 15–20 min  between each trial for a single individual. The
ide that was rewarded during each trial was pseudo-randomized
or each individual fish according to the following two rules: 1) half
f the trials were rewarded on each side, and 2) a single side could
ot be rewarded more than two trials in a row. During each trial, the
sh was placed in the shelter at the back of the tank. While the fish
as in the shelter, two reward cups were placed as they were dur-

ng the pre-training trials (Fig. 1c). A petri dish was then placed into
he base of each cup. One petri dish was designated the “Incorrect
eward Dish,” which contained five bloodworms and was  covered
ith electrical tape to prevent access to the worms. Holes in the

ape allowed chemical/odor cues to emanate from the dish, but the
oles were too small for the bloodworms to be removed. The other
etri dish was designated the “Correct Reward Dish.” This dish had
lectrical tape lining its rim to limit the odor cues from the tape
eing used as a discriminatory cue, but nothing obstructed access
o the contents of the dish. As seen with many other visual dis-
rimination studies (e.g., Nippak and Milgram, 2005; Ruiz-Gomez
t al., 2011), making sure food cues were present in both poten-
ial food sites prevented the food cues themselves from directing
he animal’s choice. During this phase the yellow cup was  always
ewarded, so it was placed on the designated rewarded side and
he “Correct Reward Dish” was placed in it. Using a dropper, two
loodworms were placed into the “Correct Reward Dish” per trial.
he “Incorrect Reward Dish” was then placed into the Blue cup on

he opposite side. After the cups were set up, and the fish had been
n the shelter at least a minute, the cork of the shelter was  removed.
nce the fish had exited the shelter, we recorded whether the fish
pproached the designated choice region of the rewarded (yellow)
e regions, its choice was noted. b) Photo of sculpin model used for boldness assay.
ent by repeatedly being placed in the starting shelter and then allowed to make a

choice regions. Once a fish entered either of these regions, its choice was noted.

or unrewarded (blue) cup (see Fig. 1c). If the fish first approached
the choice region of the yellow cup, the trial was  marked as a “cor-
rect choice.” If the fish first approached the choice region of the blue
cup, the trial was marked as an “incorrect choice.” Regardless of
whether the first choice was correct, the fish was allowed to explore
the tank until it found the “Correct Reward Dish,” and was given a
chance to eat the worms. This was  important because it gave each
individual an equal opportunity to associate the rewarded stimu-
lus cues with the food reward, regardless of the first choice. If the
fish entered at least one of the choice regions, but did not eat the
worms within 5 min  of making a choice, the trial ended and it was
noted that they did not receive food on that trial. The Yellow/Blue
Discrimination phase continued until the fish had met  the criterion
of two consecutive days of at least 8 correct choices out of 10 trials.
This criterion is similar to those used in other published discrimi-
nation learning studies (Guillette et al., 2011; Nippak and Milgram,
2005; Tapp et al., 2003), though we decided to base our criterion
exclusively on consecutive day performance in order to help ensure
long-term retention of the trained contingencies. From a statistical
standpoint, this criterion makes it very unlikely that a fish would
perform at criterion level simply due to chance (binomial distribu-
ton: p = 0.003). Once this criterion was met, the Reversal Learning
Phase started during the next session.

2.6. Measuring individual differences in learning flexibility

The purpose of this experiment was  to quantify individual dif-

ferences in reversal learning performance, which we interpret as
flexibility (Bond et al., 2007; Stamps, 2015). This experiment was
the same as the Yellow/Blue discrimination phase except that now
the blue cup was rewarded during each trial. The criterion was again
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ig. 2. Cortisol repeated measures. a) Average cortisol release rate across the five 

solation compared to 30 min  (n = 10). b) Individual differences in average cortisol re

hat the fish had to get 8 out of 10 trials correct on two consecutive
ays.

.7. Statistical analysis

Given previous findings showing correlations between bold-
ess and sex (e.g., Brown et al., 2007; Harris et al., 2010) and body
ize (e.g., Brown and Braithwaite, 2004), we tested for differences
etween the sexes using t-tests, and we tested for an effect of body

ength on bold behavior using Pearson correlations.
To estimate repeatability, we used Bayesian statistics with

arkov Chain Monte Carlo simulations using the MCMCglmm
ackage (Hadfield, 2010) in R 3.1 (http://www.r-project.org/). We
omputed the repeatability of stress reactivity by computing the
verage cortisol across the five measures within a week, and esti-
ated the repeatability of average cortisol across the two weeks.
verage cortisol was normally distributed. Week and Individual
ere included as random effects. We  estimated the repeatability of

oldness (sections after the attack)  across four days, while including
ay and Individual as random effects and Sex as a fixed factor since

here was evidence of a sex effect on behavior (see Results). As our
easure of boldness is a count-based measure, a Poisson distri-

ution was used. For all analyses, we used non-informative proper
riors (Hadfield, 2010) with 500 000 iterations, thinning of 100 iter-
tions and a burn-in of 1000 iterations. Through these simulations,

5% confidence intervals were generated and reported (in brackets)
round our repeatability estimates. To determine the significance
f our estimates we evaluated the lower bounds of the 95% confi-
ence interval and looked to see that they were not near zero. To
ing periods. Cortisol release rate was significantly lower 270 min  after the start of
rate across the two sampling weeks. Each line represents an individual fish (n = 10).

confirm that the fish were responding to the predator attacks, we
compared the average sections entered before and after the attacks,
and performed a t-test to test to see if there was significant decrease
in movement after seeing the predator.

Finally, to test the predicted associations made by coping styles
theory, we  analyzed pairwise correlations between average cortisol
release rate, sections after the attack, sessions to reach criterion on
initial learning, and performance on the first reversal session using
Pearson correlations. In the case of correlations involving boldness,
since there was  a trend for an effect of sex, we used partial corre-
lations controlling for sex. All statistical analyses were carried out
using R 3.1 (http://www.r-project.org/).

3. Results

3.1. Cortisol release rate

On average, cortisol release rate declined over time within a
session, such that cortisol release rate was lower four hours after
isolation compared to initially (t9 = 2.37, p = 0.0417, Fig. 2a). Addi-
tionally, there were consistent individual differences in cortisol
release rate over time, with some individuals consistently releasing
more cortisol than others across the two sampling periods (repeata-
bility of sample average, R = 0.6159 [0.2252, 0.9218], n = 10, Fig. 2b).
3.2. Boldness

There were consistent individual differences in boldness across
the four measurements (R = 0.4980 [0.0817, 0.8244], n = 10, Fig. 3a).
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Fig. 3. Boldness measures. a) Repeatability of boldness (total sections entered after
predator attack) across four days. Each line represents an individual fish (n = 10),
with the same symbols for individuals as in Fig. 2b. One individual (Fish 10) died
after day 3. b) Difference in activity before and after predator attack. Fish moved
less after the attack suggesting that predator model was  perceived as a threat by the
fish. The values on the y-axis represent the number of times each fish moved into a
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ifferent section of the pool over the time observed. Grey lines indicate the average
ehavioral change in response to the predator attack for each individual fish, with
he  same symbols for individuals as in Fig. 2b.

On average, sticklebacks were less active after the simulated
redator attack compared to before (t9 = 4.026, p = 0.003; Fig. 3b),
hich suggests that the fish perceived the model predator as

 threat. There was no indication that the decline in activity
eflects habituation to the testing environment: there was  no
ecline in activity across the 3 min  prior to the predator attack
1st minute = 11.23 sections, 2nd minute mean = 12 sections, 3rd

inute mean = ll.95 sections). There was a trend for males to be
ore active than females after the attack (t 8 = 2.248, p = 0.055;
ales: n = 4, mean ± sd = 27.34 ± 7.599 sections; females: n = 6,
ean ± sd = 17.42 ± 6.343 sections). We  did not detect a differ-

nce in body length between male and female fish (t 7 = 0.472,
 = 0.651; males: n = 4, mean ± sd = 42.5 ± 4.203 mm;  females: n = 6,
ean ± sd = 43.83 ± 4.622 mm),  and did not detect a significant

orrelation between length and boldness (t 8 = 0.6288, p = 0.547).
herefore, variation in activity among individuals or between males
nd females was not driven by differences in body size.

.3. Learning

Sticklebacks learned to associate the yellow cup with food.
ndeed, all individuals met  the criterion (80% correct for two con-
ecutive sessions) in the initial learning phase (Fig. 4a). During the
rst few sessions, individuals appeared to choose randomly, but
verage performance improved with subsequent training (Fig. 4a).

n average, it took 5.78 sessions (sd = 2.86) to reach the criterion,
ut individuals differed: the fastest individual met  the criterion in
wo sessions, while the slowest individual took eleven sessions to
each criterion.
rocesses 136 (2017) 1–10

3.4. Flexibility

It took longer for fish to learn to associate the blue cup with
food after they had been trained to associate the yellow cup with
food. Indeed, performance during the first session of reversal train-
ing was  very poor: on average, sticklebacks went to blue, the
previously-learned cue, during 79% of the trials in the first session,
which suggests that sticklebacks were relying on a previously-
learned association (Fig. 4b). On average, it took 8.67 sessions
(sd = 3.77) to reach criterion during the reversal phase (Fig. 4b). The
fastest fish during this phase met  the criterion in three sessions
while the slowest learner never reached criterion, even after 17
sessions. Interestingly, the individual that took the longest to reach
criterion during the initial learning phase also took the longest to
reach criterion during the reversal learning phase.

3.5. Testing the predictions of coping styles theory

Coping styles theory predicts that bolder individuals are less
physiologically responsive to stress. Consistent with this hypothe-
sis, we found that bolder fish had a lower average cortisol release
rates across the two  weeks sampled (partial r controlling for
sex = −0.707, n = 10, p = 0.022, Fig. 5a). We  also found support for the
prediction that bolder individuals learn faster: bolder fish reached
criterion during in the color discrimination task in fewer trials
than relatively shy fish (partial r controlling for sex = −0.712, n = 9,
p = 0.032, Fig. 5b). Moreover, the individuals that released more cor-
tisol over time were also the ones that took more trials to reach
criterion in the color discrimination task (r = 0.722, n = 9, p = 0.028,
Fig. 5c).

Coping styles theory also predicts that bold (proactive) individu-
als are more routinized and less behaviorally flexible. However, we
did not detect any statistically significant relationships between the
number of sessions to criterion during reversal training and any of
the other measures, and indeed the direction of the observed rela-
tionships between traits is opposite to our predictions. For example,
we predicted a negative relationship between initial color discrim-
ination performance and reversal learning. However, sessions to
initial criterion and sessions to reversal criterion were not neg-
atively correlated, and indeed the (non-signficant) pattern was
positive (r = 0.467, n = 9, p = 0.206, Suppl. Fig. 1a). Similarly, contrary
to our predictions, a negative correlation was not observed between
boldness and reversal learning, and indeed the (non-significant)
pattern was  that bolder individuals performed better during rever-
sal learning (partial r controlling for sex = −0.491, n = 9, p = 0.180,
Suppl. Fig. 1b). Finally, again contrary to our original predictions,
we observed more stress reactive individuals took longer to reach
the reversal criterion, although this was not statistically significant
(r = 0.458, n = 9, p = 0.2155, Suppl. Fig. 1c).

It is possible that the number of mistakes during the first rever-
sal session might be a better measure of behavioral flexibility than
time to criterion (Bebus et al., 2016; Bond et al., 2007). For exam-
ple, individual differences in time to reversal criterion might reflect
a general difference in learning performance rate, whereas initial
performance (number of mistakes) might more effectively capture
how individuals immediately respond to a change in the environ-
ment. If this is the case, then proactive individuals might have made
more mistakes during the first reversal session. However, we found
no evidence that proactive individuals made more mistakes; we
did not detect any significant correlations between the number of

mistakes and the other measures (time to criterion during initial
learning (r = 0.064, n = 9, p = 0.870), cortisol (0.483, n = 9, p = 0.188),
boldness (partial r controlling for sex = −0.080, n = 9, p = 0.838);
Suppl. Fig. 1d–f).
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Fig. 4. Individual learning curves during the a) initial learning, and b) reversal learning discrimination phases. Lines represent the performance of individuals across sessions,
with  the same symbols for individuals as in Fig. 2b. Criterion was  reached when the propo
line)  on two consecutive sessions. Note the poor performance during the first and second
previously-learned association.

Fig. 5. Scatterplots showing results consistent with coping styles theory. Each data
point represents a different individual, coded by sex (open circles = females, closed
circles = males) a) Bolder individuals (i.e., fish that entered more sections after the
predator attack) had lower average cortisol release rates across two weeks. b) Bolder
individuals reached criterion in the initial color discrimination task in fewer ses-
sions. c) Individual fish with higher average cortisol release rates took more sessions
to  reach criterion in the initial color discrimination task.
rtion of correct choices was  greater than or equal to 0.8 (marked by horizontal grey
 sessions of the reversal learning phase, suggesting that fish initially relied on the

4. Discussion

We observed strong inter-individual variation among wild-
caught individual sticklebacks from a natural population. These
results are consistent with several studies that have documented
extensive variation among individuals within stickleback popula-
tions (e.g. Bell, 2005; Dingemanse et al., 2007; Fürtbauer et al.,
2015; Huntingford, 1976). For example, some sticklebacks were
consistently more bold than others toward a model predator. Stable
individual differences in boldness is consistent with previous stud-
ies showing dramatic inter-individual differences in boldness in
this species (Bell, 2005; Huntingford, 1976; Mamuneas et al., 2015)
and with the growing literature on personality in animals generally
(Bell et al., 2009). Also consistent with past studies on fish boldness
was the trend that males are bolder than females (e.g., Brown et al.,
2007; Harris et al., 2010; King et al., 2013). Additionally, we  also
observed that some individual sticklebacks were consistently more
stress reactive than others. This result agrees with previous studies
in stickleback (Fürtbauer et al., 2015) and other animals showing
intraspecific variation in the responsiveness of the hypothalamic-
pituitary-adrenal axis to stressors (e.g. Boulton et al., 2015; Cook
et al., 2012; Cockrem et al., 2009; Ouyang et al., 2011). Finally,
some individual sticklebacks were also clearly faster at learning
a color discrimination task than others, and there was  substan-
tial inter-individual variation in performance on a reversal learning
task. Examining the correlations of these facets, previous work on
stickleback found basal cortisol and anti-predator behavior covar-
ied within individuals across multiple trials (Fürtbauer et al., 2015).
In the current study we  found evidence that across individuals bold-
ness covaried with stress reactivity and initial learning as predicted
by coping styles theory, but we  found no support for the prediction
that timid, stress reactive individuals are more behaviorally flexible
even after controlling for the effect of sex on boldness.

One of the strengths of this study is that our criterion-based
learning protocol captured a wide swath of variation in per-
formance on a cognitive task. While our approach required an
extended pre-training period and prolonged testing of certain indi-
viduals (e.g. it took one individual 11 sessions to finally reach
criterion during initial testing), all of the animals in this study even-

tually learned to associate the yellow cup with the food reward.
Further evidence of the effectiveness of our training protocol is
revealed by the animals’ poor performance during the first ses-
sion of reversal testing: whereas individuals appeared to choose
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andomly between the two colors during the first few sessions of
nitial testing, they showed a strong preference for yellow (the pre-
iously rewarded color) during the first few sessions of reversal
esting (Fig. 4b). Yet, again the fish were all eventually able to reach
he reversal criterion, suggesting that the use of this paradigm was
ppropriate for this system.

Consistent with the predictions of coping styles theory and
ith previous studies (Hennessy et al., 2001; Raoult et al., 2012;

udorache et al., 2013; but see Boulton et al., 2015; Ferrari et al.,
013), individual sticklebacks that were bolder were also less
tress reactive. Moreover, less stress reactive individuals learned
aster, and bolder individuals learned faster (similar to Bebus et al.,
016). While the effects of cortisol on learning and memory can
e quite dynamic, these findings are consistent with previous
esearch suggesting that long-term baseline elevations in cortisol
mpede learning (Lupien et al., 1998, 2009). The positive associ-
tion between boldness and cognitive performance is consistent
ith other studies (e.g. Dugatkin and Alfieri, 2003; Guillette et al.,

009; Sneddon, 2003; though see Cole and Quinn, 2011), and with
revious work on trout that found that bold individuals were more
ehaviorally labile than their timid counterparts (Frost et al., 2007;
homson et al., 2012). In some previous work, however, it is diffi-
ult to know whether bold individuals learned faster because they
ere more exploratory and had more opportunities to interact with

heir environments and therefore faster to learn (DePasquale et al.,
014; Sih and Del Giudice, 2012). Importantly, we  ran trials until
he fish found the correct cup, even if the correct cup was not their
rst choice, which standardized the opportunity to gain informa-
ion from each trial for all individuals in this study (Griffen et al.,
015). Therefore, bold individuals were not able to gather any more

nformation that timid individuals.
Our results suggest that there are many advantages to being bold

nd proactive: proactive individuals have lower cortisol (chroni-
ally high cortisol can be harmful, Sapolsky et al., 1985, 1990) and
hey are better learners. Therefore what is maintaining timid indi-
iduals within this population? A popular idea from coping styles
heory is that proactive individuals are better at learning novel
ontingencies, but become routinized and have a difficult time
reaking away from established behavioral patterns when learn-

ng contingencies change (e.g., Bolhuis et al., 2004). According to
his reasoning, reactive individuals are maintained within popu-
ations because they are behaviorally flexible, and perform better

hen the environment changes.
However, we found no evidence that proactive individuals were

ess behaviorally flexible: neither of our two measures of behav-
oral flexibility (number of mistakes and time to criterion during
he reversal phase) were significantly correlated with the other
raits. One possible explanation for the failure to detect tradeoffs
ith behavioral flexibility is because we did not have sufficient

tatistical power to detect them. While the use of a high reso-
ution approach was very successful in producing a rich dataset
hat allowed us to simultaneously explore multiple facets of cop-
ng styles within each individual, it was extremely time intensive
nd resulted in a limited sample size. However, the observed cor-
elation coefficients between behavioral flexibility and the other
raits ranged from 0.4 to 0.46, or ‘medium-large’ effect sizes (Cohen,
992), and the direction of the relationships were opposite to those
redicted.

A lack of positive results could also be due to the learning
aradigm chosen. Reversal learning is commonly used to mea-
ure behavioral flexibility (Stamps, 2015), but the exact behavioral
echanisms driving performance of this task are unclear (Izquierdo
nd Jentsch, 2012; Izquierdo et al., 2016). Traditionally, perfor-
ance during reversal learning was largely thought to reflect

ifferences in inhibition control. However, more recent studies
n rats of the underlying neural substrates suggest that differ-
rocesses 136 (2017) 1–10

ences related to sensory perception and awareness of unexpected
results are also likely to be involved (Chudasama and Robbins,
2003; Schoenbaum et al., 2009). In other words, there might be mul-
tiple independent neural networks underlying reversal learning
performance (Jentsch et al., 2014) and the facets linked to proac-
tive/reactive behavioral types may  be difficult to isolate with this
paradigm. Additionally, tasks aimed at measuring attention sen-
sitivity and behavioral inhibition separately (e.g., 5 choice serial
reaction time task [5CSRTT]) in rats find that these behaviors can be
manipulated independently (Chudasama and Robbins, 2003; Paine
et al., 2007). So perhaps the use of tasks aimed at isolating specific
behavioral factors underlying reversal learning performance (e.g.,
5CSRTT or barrier tasks) would provide better insights to coping
styles predictions.

Another possibility for the failure to detect tradeoffs with behav-
ioral flexibility is that it might not be as costly as is often assumed.
While it has been suggested that there are cognitive trade-offs
between novel learning and learning flexibility due to physiologi-
cal and behavioral constraints (Chittka et al., 2009; Koolhaas et al.,
1999; Sih and Del Giudice, 2012), there are mixed results in the
literature about the relationship between performance during ini-
tial and reversal learning (e.g., Bebus et al., 2016; Boogert et al.,
2006; Guillette et al., 2015; Head et al., 1998) and some authors
have suggested that flexibility and initial learning are independent
(Ferrari et al., 2013; Koolhaas et al., 2010; Steimer et al., 1997), or
even positively correlated (Galsworthy et al., 2002; Matzel et al.,
2003). For example, as in humans (Plomin, 2001), there might be
a domain-general intelligence factor (g) in nonhuman animals that
causes some individuals to be simply “smarter” relative to others
in the population, and some individuals consistently do better on
most cognitive tasks (Galsworthy et al., 2002; Matzel et al., 2003).
Our findings are consistent with this idea, in that performance
during initial and reversal learning were weakly (but nonsignifi-
cantly) positively correlated (r ∼ 0.4), and the individual that took
the longest to reach criterion during the initial learning phase also
took the longest to reach criterion during the reversal learning
phase. Finally, it is possible that tradeoffs with behavioral flexibil-
ity do not help to maintain reactive individuals within populations,
and there are other costs of being proactive such as increased vul-
nerability to predation (Bell and Sih, 2007; Smith and Blumstein,
2008).

There is growing interest in understanding the physiological and
cognitive causes of behavioral variation. Testable theory such as
coping styles provides a framework for understanding how and
why different axes of variation are associated. Coping styles the-
ory surmises that there is an entire suite of traits that distinguish
between proactive and reactive individuals. Until recently, coping
styles research has largely focused on extreme, discrete variation
that results from selective breeding programs. This study adds to
the growing number of studies in a wide range of species that have
developed paradigms (e.g., criterion-based learning: Guillette et al.,
2011, 2015; stress response: Boulton et al., 2015) that can accu-
rately measure natural intraspecific variation of different facets of
coping styles in a way  that is objective and non-biased.
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