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Abstract
Limited attention constrains predators from engaging in cognitively demanding tasks such as searching for cryptic prey at the
same time as remaining vigilant towards threats. Since finite attention can result in negative correlations between foraging and
vigilance, the tendency of individual predators to focus attention on searching for cryptic prey may be correlated with other
behavioural traits which reflect risk-reward trade-offs, such as consistent inter-individual variation in boldness (a personality trait
describing risk-taking, defined in this study as the time taken to leave a refuge). We investigated the importance of personality in
prey detection by comparing inter-individual variation in the response of three-spined sticklebacks (Gasterosteus aculeatus) to
conspicuous and cryptic prey. Fish were slower to attack cryptic prey than conspicuous prey, consistent with cryptic prey being
harder to detect. Despite the greater challenge involved in detecting cryptic prey, inter-individual variation in the time taken to
detect preywas similar in the cryptic and conspicuous prey treatments, and was uncorrelated with boldness, which was repeatable
between individuals. We also observed a positive association between the rate of attack on conspicuous prey and whether
individual fish attacked cryptic prey in other trials. Our findings suggest that boldness is not related to prey detection or attention
in this context. Instead, consistent differences in motivation once exploration has begun between individual predators may
explain inter-individual variation in the time taken to attack both prey cryptic and conspicuous prey.

Significance statement
Using an experimental approach to manipulate the conspicuousness of prey, we show that individual fish consistently differ in
their rates of attacking prey. This demonstrates that fish show “personality variation” in predatory behaviour, but these inter-
individual differences were not related to the boldness of each fish (their tendency to engage in risky behaviours).
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Introduction

Consistent differences in behaviour between individual pred-
ators are an important factor influencing predation risk, with
the potential to shape ecological communities and maintain

variation within prey populations (McGhee et al. 2013; Start
and Gilbert 2017). Most previous research on this personality
variation in predators has concentrated on exploring the rela-
tionship between inter-individual differences in predator ac-
tivity or boldness (i.e. tendency to task risks) and encounter
rates with prey or the rate of prey consumption (Ioannou et al.
2008a; Pruitt et al. 2012; Michalko and Řežucha 2018).
Predator-prey encounters are defined as occurring when pred-
ators (or prey) have approached within a range which enables
them to detect prey (or predators) (Lima and Dill 1990). After
encountering prey, predators must therefore first detect poten-
tial targets before they can approach, attack, and eventually
capture prey. Consequently, prey have evolved a range of
camouflage strategies which allow them to evade detection
by exploiting the sensory or cognitive systems of their preda-
tors (Skelhorn and Rowe 2016). One of the most widespread
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camouflage strategies is background matching, which in-
creases prey survival by achieving a close resemblance be-
tween the hue, brightness, and pattern of a prey animal’s body
and a sample of the surrounding habitat (Endler 1978;
Troscianko et al. 2016), minimizing the signal produced by
the animal relative to noise from the background (Merilaita
et al. 2017). Inter-specific variation in predator visual systems
has previously been linked to the effectiveness of different
forms of cryptic colouration in prey (Stuart-Fox et al. 2008).
Within populations of the same predator species, individuals
also differ in characteristics relevant to the detection of cryptic
prey, such as their experience of searching for differently
camouflaged prey types, their capacity to learn from experi-
ence, and their motivation to gather additional information
about the profitability of certain prey types (Ehlinger 1989;
Sherratt 2011). However, despite the importance of consistent
inter-individual behavioural variation as a factor influencing
predation risk, little is known about the relationship between
personality in predators and prey defences such as crypsis.

Boldness is a frequently studied personality trait which
indicates a tendency to prioritize rewards over risks (Réale
et al. 2007). Consistent inter-individual differences in bold-
ness have been shown to affect the tendency to venture be-
yond the safety of cover (Pearish et al. 2013) and disperse
more widely (Fraser et al. 2001), and are often highly corre-
lated with other widely studied personality traits such as ac-
tivity, the tendency to explore a novel environment, or aggres-
siveness (Bell and Sih 2007; Sih and Bell 2008; Quinn et al.
2012). This suggests that individual predators are likely to
vary in the proportion of time they spend actively searching
for prey, and the rate at which they encounter prey in their
environment. In agreement with the expected effects of pred-
ator personality on encounter rates, experiments in controlled
mesocosms have also demonstrated that stable differences in
the activity of individual predators can determine prey surviv-
al (Pruitt et al. 2012). Although this study highlights the im-
portance of predator activity levels and boldness in predicting
the threat posed to prey, the relevance of such traits beyond the
initial encounter stage remains unclear. While there is some
evidence that predators exhibit consistent inter-individual dif-
ferences in the speed with which they attack and their ability
to capture prey (Exnerová et al. 2010; Smith and Blumstein
2010; McGhee et al. 2013), relatively little attention has been
directed towards the possibility that individual predators differ
in aspects of their behaviour which are relevant to other im-
portant stages of the predation sequence, including prey de-
tection (Lima and Dill 1990).

Detecting prey can be cognitively challenging when prey
closely match the visual properties of the background.
Locating prey in these conditions can involve intensive search
effort, as demonstrated by evidence that predators concentrate
their attention on particular prey types by forming search im-
ages for specific prey features (Langley et al. 1996; Bond and

Kamil 1999). Due to constraints on the capacity of animals to
process information at any given instant, attention is regarded
as a finite cognitive resource (Dukas 2002). As a result, pred-
ators are less able to detect alternative prey when their atten-
tion is divided between searching for distinct prey types
(Dukas and Kamil 2001), or detect unexpected peripheral
stimuli, such as an approaching predator, during difficult
search tasks (Dukas and Kamil 2000). Limited attention is
also thought to underpin the widely reported trade-off between
foraging and anti-predator vigilance, which occurs when these
activities cannot be performed simultaneously (Godin and
Smith 1988; Krause and Godin 1996). Prey detection might
therefore be influenced by the tendency of individual preda-
tors to redirect attention away from their own anti-predator
vigilance and towards their efforts to locate prey, as well as
factors affecting search tactics, such as the extent to which
individuals relax their anti-predator vigilance as their search
progresses (Ioannou et al. 2008b). Since widely studied axes
of behavioural variation such as the bold-shy continuum also
reflect the priority given to resource acquisition over risk
avoidance, personality traits such as boldness may be related
to differences between individual predators in prey detection
(Sih and Del Giudice 2012).

Once predators are in the vicinity of prey, after an encoun-
ter has occurred, the capacity of individual predators to direct
their attention towards the detection of prey is likely to be an
important factor determining detection times. Conversely, for
conspicuous prey which can be readily detected without much
difficulty, attention should be less important and should play a
reduced role. If driven by limited attention, any consistent
differences between individual predators in prey detection
should therefore only be apparent when prey are cryptic and
not when prey are conspicuous against the background. Since
variation in boldness reflects a continuum ranging from risk-
prone (bold) to risk-averse (shy) behaviour, boldness may also
be correlated with the tendency to re-focus attention away
from anti-predator vigilance and towards the search for prey.
We therefore expected bold predators to detect cryptic prey
more rapidly than shy individuals, but to observe no, or re-
duced, differences between bold and shy fish when fish were
presented with conspicuous prey. We also predicted that there
would be greater differences between individual predators in
the time taken to detect cryptic prey than when detecting con-
spicuous prey.

To test these hypotheses, we experimentally manipulated
the visual conspicuousness of prey relative to the background
and repeatedly presented three-spined stickleback
(Gasterosteus aculeatus) predators with conspicuous or cryp-
tic prey items over the course of multiple trials. This experi-
mental approach has previously been shown to drastically
reduce the probability of visual detection for cryptic prey by
three-spined sticklebacks when fish were given a relatively
short period of time to search for prey (Ioannou and Krause
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2009). We adapted this approach by allowing fish to search
for prey over a longer period and by repeatedly testing the
same individuals, enabling us to compare the degree of
inter-individual variation in the time taken to detect prey be-
tween trials with cryptic prey and trials with conspicuous prey.
This experimental design also allowed us to test whether bold-
ness explained inter-individual differences in the response of
predators to cryptic and conspicuous prey. We chose to quan-
tify boldness by measuring the time taken for individual fish
to leave a refuge, as this measure has previously been shown
to be repeatable in three-spined sticklebacks (Ioannou et al.
2008a; Harcourt et al. 2009a; Ioannou and Dall 2016), is cor-
related with other measures of risk-taking (Wilson et al. 2011),
and, most importantly, has direct impact on foraging and pre-
dation risk (Orrock et al. 2013; Hulthén et al. 2017; Balaban-
Feld et al. 2019).

Methods

Subjects and housing

Three-spined sticklebacks used in the study were caught from
the River Cary, Somerset, UK, on a single date in early
November 2017, using large hand-nets dragged through veg-
etation. Of 275 fish initially caught for use in different behav-
ioural experiments, 54 individuals were tested in this experi-
ment (mean standard body length, 30.8 mm; standard devia-
tion, 4.63 mm), and were haphazardly caught from this larger
total. In the lab, fish were housed in glass tanks (width =
40 cm, length = 70 cm, height = 34 cm) with daily 13:11
dark:light cycle and water temperature was maintained at
16 °C (± 0.5 °C). As these lighting and temperature conditions
prevented the sticklebacks from entering a reproductive state,
it was not possible to non-invasively sex the fish used in the
experiment (Borg et al. 2004; Harcourt et al. 2009a; Ioannou
and Dall 2016). Throughout non-experimental periods, fish
were fed defrosted bloodworms (Chironomidae larvae) once
a day.

Experimental trials took place in November and December
2017, with a minimum of 5 days between fish being caught
and the first fish being tested. During experimental periods,
pairs of fish were transferred to breeding nets (width = 12 cm,
length = 16 cm, height = 13 cm) consisting of a fine-meshed
fish net material supported by a plastic frame. Breeding nets
contained an artificial plant as a refuge and were positioned
within one of the stock tanks. To ensure individual fish could
be easily identified, fish were paired on the basis of differ-
ences in body size. To standardize hunger levels across indi-
viduals, fish were fed one bloodworm per day over the course
of the experimental period after testing on that day. Once fed,
fish did not have an opportunity to feed until the next trial, and
as trials were performed one day apart, this is likely to have

allowed sufficient hunger levels to build up between consec-
utive trials for fish to be motivated to search for prey when
tested (Heller and Milinski 1979; Salvanes and Hart 1998;
Harcourt et al. 2009b). After being tested in the experiment,
fish were returned a separate glass tank (width = 40 cm,
length = 70 cm, height = 34 cm) and kept isolated from untest-
ed fish to avoid retesting of the same individuals.

Experimental procedure

Experimental trials were conducted in four identical arenas
(width = 40 cm, length = 60 cm, height = 18 cm; Fig. 1), filled
with aged water to a depth of 10 cm. Each arena was divided
into two compartments: a covered refuge, and an uncovered
zone which contained a feeding patch (a grid of alternating red
and white squares). The covered refuge was separated from
the uncovered zone by a white plastic barrier, with a retract-
able door situated within the barrier. Trials were filmed using
a GoPro Hero 5 video camera mounted above the arenas. The
group of four experimental arenas were surrounded by white
PVC sheeting, preventing disturbance to the fish during ex-
perimental trials.

During experimental trials, the visual conspicuousness of
prey was manipulated by placing four bloodworms on either a
single white grid square (conspicuous treatment) or a single
red grid square (cryptic treatment) before the start of each trial.
In previous experiments using this methodology in which tri-
als lasted 15 min, cryptic prey were almost never detected by
three-spined sticklebacks when fish were given a relatively
short period of time to search for prey (Ioannou and Krause
2009). While olfactory cues are important in alerting stickle-
backs to the presence of prey, experimental evidence suggests
that visual cues are used to pinpoint the exact location of prey
(Johannesen et al. 2012). Trials commenced when fish were
transferred to the refuge and left to acclimatize for 5 min; after
which, the door to the uncovered zone containing the grid was
remotely opened, and left open for the remainder of the trial
(40 min).

Fig. 1 Top-down view of the set-up used in the experiment. A retractable
door situated within the barrier (dotted line) was used to habituate the fish
in the refuge zone before allowing them access after the door was opened
remotely. An additional barrier was positioned immediately in front of the
door opening, preventing visual contact between the refuge and the feed-
ing grid
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Over the course of the experiment, individual fish were
repeatedly tested: two trials with conspicuous prey and two
trials with cryptic prey, resulting in four trials per individual.
Trials were conducted once per day over a 5-day period, with
a day-long gap separating blocks of two trials occurring on the
first (trials 1 and 2) and last 2 days (trials 3 and 4). Treatments
were pseudo-randomly assignedwithin 2-day blocks such that
each treatment occurred only once within trials 1 and 2, and
only once in trials 3 and 4. When determining where to place
prey items within each treatment, the choice of grid square
was also pseudo-randomized: in trials 1 and 2, a grid square
was randomly chosen from the row nearest to the refuge, and
in trials 3 and 4, a grid square was randomly chosen from the
row furthest from the refuge.

Video analysis

Three behavioural variables were extracted from video record-
ings of each experimental trial. The time taken to first leave
the refuge was recorded as a measure of risk-taking tendency
(i.e. boldness). Encounters with prey were defined as occur-
ring when fish swam over the feeding grid, and the time taken
to first encounter prey was the time difference between the
instant the fish left the refuge and the point at which it first
swam over the feeding grid. Attacks on prey occurred when
fish consumed prey, and the time taken to attack was calcu-
lated in two different ways: either as the difference between
the first encounter with prey and the point at which prey were
first consumed, or the time difference between the fish leaving
the refuge and when the fish began to consume prey. Two
separate definitions of the time taken to attack were used in
the analysis to test whether the results were sensitive to when
an encounter with prey was considered to have occurred (vi-
sual contact with prey was possible from when fish first left
the refuge, but prey detection was more likely when fish
approached within a much closer range by directly swimming
over the feeding grid). As similar results were obtained regard-
less of how the time taken to attack was defined, results based
on the time taken to attack prey relative to when the fish first
left the refuge are presented in the Supplementary Material.
To minimize observer bias, blinded methods were used when
behavioural data were extracted from videos.

Statistical analysis

All statistical analyses were conducted in R version 3.6.0 (R
Development Core Team 2019). The degree to which individ-
ual fish differed consistently in their risk-taking tendency
(time taken to first leave the refuge) was assessed by estimat-
ing the adjusted repeatability of this trait, using a generalized
mixed-effects modelling approach contained within the rptR
package in R (Stoffel et al. 2017). In this context, the adjusted
repeatability represents the proportion of the total phenotypic

variance that can be attributed to individuals, excluding vari-
ation explained by fixed effect explanatory variables of trial
number (i.e. 1 to 4) and standard body length (Nakagawa and
Schielzeth 2010). Trials in which individual fish failed to
leave the refuge were disregarded from this stage of the anal-
ysis (22 out of 216 trials), in order to avoid influencing esti-
mates of within-individual variation and thus affecting the
resulting repeatability estimate (Stamps 2016). Statistical sig-
nificance of the repeatability estimate was assessed using a
combination of P values obtained via a likelihood ratio test
and the overlap of 95% confidence intervals with zero com-
puted through parametric bootstrapping.

Data on the time taken to first encounter and attack prey
included multiple censored observations, in which fish failed
to either encounter (10 out of 194 trials in which fish left the
refuge; conspicuous treatment: 8 out of 99 trials; cryptic treat-
ment: 2 out of 95 trials) or attack the prey before a trial ended
(102 out of 184 trials in which fish encountered prey; conspic-
uous treatment: 41 out of 91 trials; cryptic treatment: 61 out of
93 trials). Cox proportional hazards (PH) models were there-
fore used to analyze the effect of prey treatment and other
explanatory variables on the time taken to first encounter or
attack prey, using the coxme package in R (Therneau 2018).
This statistical approach is capable of handling truncated or
censored observations, and enables the relationship between
the explanatory variables and the hazard rate (in this context,
the instantaneous rate at which prey are first encountered or
attacked, given that the event has not yet occurred) to be
examined, without making any assumptions about the precise
shape of the baseline hazard function (Therneau and
Grambsch 2000). Random effect terms can also be incorpo-
rated within Cox PH models in order to account for non-
independence arising from repeated observations from the
same groups (in this case, individuals), and to describe varia-
tion between groups (or individuals) in the relative impact of
the explanatory variables on the baseline hazard function
(Austin 2017). For all the Cox PH models, the proportional
hazards assumption was checked by inspecting plots of the
Schoenfeld residuals, and the functional form of continuous
explanatory was assessed by examining plots of these vari-
ables against the Martingale residuals.

The influence of prey treatment (cryptic vs. conspicuous)
on the time taken to first encounter and the time taken to first
attack prey was examined by fitting the Cox PH models to
data from trials where the fish had left the refuge (194 trials),
and data from trials where fish encountered prey (184 trials),
respectively. Both models included prey treatment, the stan-
dard body length of each fish and the time taken for fish to first
leave the refuge (during the same experimental trial) as ex-
planatory variables and included an individual-level random
effect. Since the inclusion of trial number as an explanatory
variable was found to result in non-proportional hazards, both
models were also stratified by trial number.While inclusion of
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a stratified factor does not allow the effect of trial number to be
estimated, it does enable the effect of trial number to be con-
trolled for. Throughout the analysis, the statistical significance
of explanatory variables was evaluated by using likelihood
ratio tests to compare the full model (including all possible
factors) to a reduced model lacking the variable in question.
Hazard ratios and their 95% confidence intervals were also
obtained by taking the exponential of model parameter esti-
mates for fixed effects, to provide an indication of the relative
impact of each explanatory variable on the rate of encounter or
attack. Cumulative event curves were plotted using the
survminer R package and were based on the number of ob-
served events (encounters or attacks) among individuals
which had not yet encountered or attacked prey at each unique
event time (Kassambra et al. 2019).

To investigate the potential influence of prey treatment on
the degree of inter-individual variation in the time taken to
attack prey, data from the conspicuous and cryptic treatments
were analyzed independently in the two separate Cox PH
models. Both models included standard body length and the
time taken to first leave the refuge (in the same trial) as ex-
planatory variables, trial number as a stratification factor, and
an individual-level random effect. Standardized measures of
inter-individual variation (e.g. the individual-level repeatabil-
ity, or the proportion of behavioural variation that could be
attributed to individuals) cannot be calculated from Cox PH
models because the residual (i.e. within-individual) variance
cannot be estimated. Instead, the Cox PHmodels were used to
obtain estimates of the variance associated with the
individual-level random effect term, to provide an indication
of the extent of inter-individual differences in the time taken to
attack prey. The statistical significance of the individual-level
random effect was assessed using likelihood ratio tests com-
paring the integrated log-likelihood value (for a model with
the random effect) to the partial log-likelihood of the model
with the same fixed effect covariates but lacking the random
effect term (Therneau and Grambsch 2000). The uncertainty
surrounding each estimate was reflected in 95% confidence
intervals, obtained using a profile likelihood method.

To investigate whether the ability of fish to detect cryptic
prey was correlated with their response to conspicuous prey,
an additional Cox PH model was constructed to examine the
relationship between behaviour during cryptic treatment trials
and the time taken to attack prey in conspicuous treatment
trials. As only a limited number of individuals attacked prey
in both cryptic and conspicuous treatment trials, we chose to
represent the behavioural response of fish towards cryptic
prey in these trials using a binary variable indicating whether
or not individual fish attacked prey during any of the cryptic
treatment trials. The model also included the standard body
length of individual fish and the time taken for fish to first
leave the refuge (in the same trial) as additional explanatory
variables, trial number as a stratification factor, and an

individual-level random effect. The model was fitted to data
where fish encountered prey in at least one cryptic treatment
trial and therefore had the opportunity to attack cryptic prey at
least once (88 trials).

Results

Of the 54 fish tested, 53 individuals left the refuge in at least
one experimental trial and 46 individual fish left the refuge in
more than one experimental trial. In agreement with findings
from previous studies on three-spined sticklebacks (Ioannou
and Dall 2016), the time taken to first leave the refuge was
moderately repeatable (R = 0.210; 95% confidence intervals,
0.055–0.346; P < 0.001), demonstrating that individual fish
consistently differed in their risk-taking tendency (boldness).

Among the 53 fish which encountered prey during at least
one experimental trial by swimming over the feeding grid, only
37 individuals attacked prey in either the conspicuous or cryptic
treatments. There was no effect of treatment on the time taken
for fish to encounter prey once they had left the refuge (Cox
proportional hazards model (Cox PH), 184 observed encoun-
ters in 194 trials where fish left the refuge, χ2 = 0.115, P =
0.735; Fig. 2a), suggesting that the time taken to reach the prey
was not affected by any differences in visual conspicuousness
of prey between treatments. Fish were, however, significantly
slower to attack cryptic prey compared with conspicuous prey
(Cox PH, 82 observed attacks in 184 trials where fish encoun-
tered prey: χ2 = 19.1, P < 0.001; Fig. 2b). The rate at which
cryptic prey were attacked was substantially reduced, approxi-
mately threefold, relative to the rate of attack in trials with
conspicuous prey (hazard ratio (HR) = 0.300; 95% confidence
intervals, 0.176–0.514). There was also evidence for inter-
individual variation in the time taken by fish to attack prey, as
demonstrated by the relatively poor performance of models
lacking a random effect term for individual identity when com-
pared with the full model (Cox PH, χ2 = 59.0, P < 0.001).

To determine whether the degree of inter-individual varia-
tion in the time taken to attack prey was dependent on the type
of prey encountered, data from the conspicuous and cryptic
treatments were analyzed separately. Including a random ef-
fect term for individual identity significantly improved the
model fit to a similar extent for both conspicuous (Cox PH,
50 observed attacks in 91 trials where fish encountered prey,
no. of individuals = 52,χ2 = 8.99, P = 0.003) and cryptic treat-
ments (Cox PH, 32 observed attacks in 93 trials where fish
encountered prey, no. of individuals = 51, χ2 = 11.6,
P < 0.001). Model estimates of the variance associated with
the individual-level random effect term suggested that varia-
tion between individuals in the time taken to attack conspicu-
ous prey was lower (estimated variance of individual-level
random effect, 1.61; 95% confidence intervals, 0.34–4.96)
than variation between individuals in the response to cryptic
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prey (estimated variance of individual-level random effect,
5.41; 95% confidence intervals, 1.09–21.5). However, these
estimates were associated with a high degree of uncertainty in
both treatments as indicated by the wide and overlapping 95%
confidence intervals, preventing any firm conclusions from
being drawn on the question of whether inter-individual dif-
ferences in the time taken to attack prey were more or less
pronounced depending on treatment. Additionally, there was
no significant effect of the time taken to first leave the refuge
(boldness) on the time taken to attack relative to when prey
were encountered in either treatment (conspicuous treatment,
Cox PH χ2 = 0.73, P = 0.393; cryptic treatment, Cox PH χ2 =
2.96, P = 0.085).

To explore the relationship between the behaviour of indi-
vidual fish towards conspicuous prey and their response to
cryptic prey, we also examined the effect of whether or not
prey were attacked in any of the cryptic treatment trials on the
time taken to attack conspicuous prey. Fish which attacked
cryptic prey in at least one experimental trial were significant-
ly quicker to attack conspicuous prey than those which never
attacked the prey in any of the cryptic treatment trials (Cox
PH, 49 attacks in 88 trials, χ2 = 26.4, P < 0.001; Fig. 3). This
is consistent with the interpretation that inter-individual vari-
ation in the time taken to attack prey was correlated across the
two treatments. Throughout the analysis, similar results were
obtained when the time taken to attack prey was defined rel-
ative to when the fish left the refuge, instead the first encounter
with prey (see Supplementary Material, Fig. S1-S2).

Discussion

In our experiment, fish were slower to attack cryptic prey than
conspicuous prey, confirming that prey matching their

background were in fact cryptic by being harder to detect
(Ioannou and Krause 2009). While individual sticklebacks
consistently differed in the time taken to attack both cryptic
and conspicuous prey, the degree of inter-individual behav-
ioural variation was similar in the two treatments. If differ-
ences between individual predators had been driven by a
trade-off between focusing limited attention on the search
for prey as opposed to anti-predator vigilance, we would have
expected to observe greater variation between individual fish

Fig. 3 Cumulative event curve showing how the probability of attacking
conspicuous prey before a given time during an experimental trial is
influenced by whether or not fish had attacked prey during trials with
cryptic prey. The blue and purple curves represent fish which attacked
cryptic prey in at least one experimental trial (blue), and those which did
not attack cryptic prey at all (red), respectively. The time taken to attack
prey was calculated using the first encounter with prey as the starting
point. Shading surrounding the cumulative event curve indicates 95%
confidence intervals. Crosses indicate experimental trials which ended
before prey were encountered or an attack occurred

Fig. 2 Cumulative event curves showing the effect of prey treatment
(conspicuous vs. cryptic) on the probability that fish had encountered
(a) or attacked prey (b) before a given time during an experimental
trial. The time taken to first encounter was calculated with reference to
emergence from the refuge (a), and the time taken to attackwas calculated

using the first encounter with prey as the starting point (b). Shading
surrounding the cumulative event curves indicates 95% confidence
intervals. Crosses indicate experimental trials which ended before prey
were encountered or an attack was made
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in the time taken to attack cryptic prey than in the response to
conspicuous prey. Contrary to our initial expectations based
on previous work (Dukas and Kamil 2001; Ioannou et al.
2008a), there was also no evidence for a correlation between
an individual’s boldness (the time taken to first leave the ref-
uge) and the time taken to attack either cryptic or conspicuous
prey. These findings suggest that boldness (i.e. risk-taking) is
not correlated with prey detection in this context and therefore
may not be linked to attention or perceptual abilities. Instead
of an effect of boldness, we found that the rate of attack on
conspicuous prey was positively associated with whether in-
dividual fish attacked cryptic prey in other trials. The link
between the behaviour of fish in trials with cryptic prey and
the time taken to attack conspicuous prey suggests that varia-
tion in another unidentified individual-level trait may be more
important in determining the behavioural response to both
prey types.

One possible explanation for the absence of a relationship
between boldness and the time taken to attack prey is that
individual risk-taking tendencies determine how long it takes
for a fish to leave a refuge, but the behaviour of a fish once it
has left the refuge is uncorrelated with risk-taking. Instead of
risk-taking, consistent differences in motivation between indi-
viduals might explain the behaviour of fish outside of the
refuge and could underpin inter-individual variation in the
response of sticklebacks to both prey types (cryptic and con-
spicuous). Importantly, while differences in motivation be-
tween individuals can potentially account for inter-individual
variation in the time taken to attack prey, motivation is unlike-
ly to explain the longer time taken to attack cryptic compared
with conspicuous prey. This is because average motivation
levels should be the same in both treatments, as the two prey
types only differed in their visual conspicuousness against a
background. Other factors with the potential to affect risk-
taking or the motivation to search for prey, such as the olfac-
tory cues generated by prey, would also be expected to be the
same in both treatments and to remain constant between trials.
If motivation is driving inter-individual variation in the re-
sponse to prey, our results contrast with findings from previ-
ous work in which motivation was found to be correlated with
boldness (Webster et al. 2009; Carter et al. 2010; McDonald
et al. 2016). These findings are also unexpected because of
the widespread evidence that inter-individual differences in
measures of risk-taking such as the time taken to leave a ref-
uge are related to other personality traits which are relevant to
behaviour outside of a refuge (Sih and Bell 2008). In many
ecological contexts, widely studied personality traits such as
boldness might not always be the most relevant axes of vari-
ation (Koski 2014), and it may be important to consider fac-
tors such as motivation when attempting to use boldness to
predict how individual predators will respond to prey.
Differences inmotivation between individuals could be driven
by a range of factors, including physiological differences

between individual fish, such as variation in metabolic rates.
Although the pace-of-life syndrome hypothesis proposes that
risk-taking is positively associated with higher metabolic rates
and a fast life-history, the evidence for this relationship is
mixed (Royauté et al. 2018; Hansen et al. 2020), suggesting
that there are many contexts in which boldness will not be
correlated with metabolic traits (Montiglio et al. 2018).

Although there were clear differences in detectability be-
tween cryptic and conspicuous prey, it is possible that we did
not observe an effect of boldness because the task of detecting
cryptic prey might not have placed sufficient demands on
attention (Dukas and Kamil 2001). For example, locating
cryptic prey might not have been challenging enough for
trade-offs in the allocation of attention between foraging and
vigilance to become influential. Additionally, an effect of
boldness on the response of predators to cryptic preymay only
become apparent when predators have an opportunity to form
search images over successive encounters with prey, or are
forced to divide their attention by searching for multiple dis-
tinct prey types (Dukas and Kamil 2000). Similarly, an effect
of limited attention on prey detection may only emerge when
predators perceive themselves to be under greater threat from
their own predators, although in our experiment fish displayed
consistent inter-individual differences in the time taken to
leave the refuge, suggesting that the uncovered zone of the
experimental arena was perceived as risky.

The impact of intra-specific variation in predator behaviour
on diversity in prey visual defences has previously been ex-
plored in greater depth in the context of warning colours. For
predators which are exposed to aposematic prey, learned as-
sociations between prey colour patterns and toxicity are
thought to be maintainedmore readily for more abundant prey
phenotypes, resulting in positive frequency-dependent selec-
tion which favours monomorphic aposematic prey popula-
tions (Ruxton et al. 2004). However, spatial variation in the
composition of predator communities has been identified as a
factor contributing to heterogeneity in selection pressures, and
promoting polymorphism within aposematic species (Endler
and Mappes 2004; Nokelainen et al. 2014). Personality vari-
ation in avian predators has also been shown to affect the
degree of initial wariness displayed towards newly encoun-
tered aposematic prey, as well as the rate at which predators
learned to avoid unpalatable prey types (Exnerová et al. 2010).
If the expression of personality differences within predator
populations is affected by local ecological conditions such as
predation risk (Bell and Sih 2007), any resulting differences in
the distribution of personality types within predator popula-
tions might also lead to variability in selection on prey. By
contrast, negative frequency-dependent selection by visual
predators is recognized as having the potential to promote
polymorphism in populations of cryptic prey, because preda-
tor search images provide a survival advantage to rare prey
types (Bond and Kamil 2002). Further work is required to
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clarify how variation in the tendency of individual predators to
attack prey would affect patterns of variation within prey
populations.

Beyond background matching, limited attention in
predators may have implications for the strength of selec-
tion on a number of other prey traits, including other
forms of defensive colouration and traits which influence
collective behaviour. There is evidence to suggest that
some camouflage stra tegies , such as disrupt ive
colouration, are more effective at preventing improve-
ments in prey detection with increasing experience than
others which rely to a greater extent on preventing initial
detection by naïve observers (Troscianko et al. 2018).
Since selective attention plays a pivotal role in the forma-
tion of search images over repeated encounters with the
same prey type, one untested possibility is that consistent
differences between individual predators might have a
greater impact on prey survival for some types of camou-
flage than others. Limits on attention in predators may
also contribute to variability in how predators select for
traits which influence both the composition and collective
behaviour of prey groups. For predators which hunt
groups of prey, successfully capturing a single individual
from within the group can be challenging because it in-
volves processing spatial information from multiple tar-
gets within the predator’s visual field (Krakauer 1995).
If the demands of tracking multiple prey exceed a preda-
tor’s limited capacity to process information, the resulting
confusion effect can lead to a reduction in attack rates and
a decline in the accuracy with which predators target in-
dividual prey (Ioannou et al. 2008c). Crucially, predators’
ability to overcome the confusion effect by focusing their
attention on prey will depend on the costs associated with
a reduction in their own anti-predator vigilance (Milinski
and Heller 1978; Milinski 1984). If relaxing their own
anti-predator vigilance is too costly, predators may switch
to less cognitively demanding ways of countering confu-
sion. These strategies might include concentrating attacks
on prey close to the edge of the group where prey density
is likely to be lower (Duffield and Ioannou 2017), or
preferentially targeting phenotypically dissimilar or
“odd” prey within groups (Penry-Williams et al. 2018).
Future research should examine whether individual pred-
ators vary consistently in their response to camouflaged
prey over successive encounters or differ in how they
target individual prey within groups.
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