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Summary

1. Fast and slow life histories are proposed to covary with consistent individual differences in

behaviour, but little is known whether it holds in the wild, where individuals experience natu-

ral fluctuations of the environment.

2. We investigated whether individual differences in behaviour, such as movement traits and

prey selection, are linked to variation in life-history traits in Eurasian perch (Perca fluviatilis)

in the wild.

3. Using high-resolution acoustic telemetry, we collected the positional data of fish in a whole

natural lake and estimated individual movement traits by fitting a two-state correlated ran-

dom walk model. Prey selection was inferred from stable isotope analysis using scale samples.

Life-history traits were estimated by fitting a biphasic growth model to an individual growth

trajectory back-calculated from scale samples.

4. Life-history traits were correlated with behavioural traits such as movements and prey

selection. Individuals with higher reproductive effort were found to switch more frequently

between active and inactive modes and show greater reliance on prey from pelagic pathways

(indicated by lower d13C). Further, individuals with faster juvenile growth were found to stay

active for a longer time during the adult stage.

5. Our results demonstrate the link between individual behavioural differences and fast–slow
life-history traits under ecologically relevant conditions.

Key-words: activity, animal personality, fast–slow continuum, life-history trade-offs, pace-

of-life syndrome

Introduction

The fast–slow continuum of life-history variation (Promis-

low & Harvey 1990) is proposed to covary with consistent

individual differences in behaviour within a population

(R�eale et al. 2010). A fast life history emphasizes current

over future reproduction and is characterized by fast

growth, early maturation and high reproductive effort at

the cost of elevated mortality. By contrast, a slow life his-

tory sacrifices current reproduction and instead bets on

future reproduction by doing the opposite (Stearns 1992).

As these life-history trade-offs are contingent on how an

animal gains energy under risk, correlational selection can

be expected between fast–slow life-history traits and

risk-taking behaviours (Wolf et al. 2007; Debecker et al.

2016). Correlations between life history and behaviour are

found in many animals (Biro et al. 2004; Ackerman,

Eadie & Moore 2006; Stamps 2007; Møller & Garamszegi

2012; Cole & Quinn 2014; David et al. 2015; Schuett

et al. 2015), supporting the hypothesis that the pace-

of-life syndrome extends to encompass behaviour (R�eale

et al. 2010). However, the evidence is scarce in the wild,

where individuals experience natural fluctuations of the

environment. It is important to understand whether indi-

vidual differences in behaviour are indeed linked to life-

history variation in the wild, considering the ecological

and evolutionary consequences that such a link would

entail (R�eale et al. 2007; Groothuis & Trillmich 2011; Sih

et al. 2012; Wolf & Weissing 2012; Juette, Cucherousset

& Cote 2014; Mittelbach, Ballew & Kjelvik 2014).*Correspondence author. E-mail: shinn407@gmail.com
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Natural environmental fluctuations could destabilize the

link between life history and behaviour by exerting vari-

able selection pressures on animals through their life

(Adriaenssens & Johnsson 2009). Indeed, a recent study

suggests variable links between behaviour assayed in the

laboratory and growth or survival under natural condi-

tions in stream-living salmonid fish (Z�avorka et al. 2015).

Moreover, in field crickets (Gryllus campestris), behaviour

was less consistent within individuals under natural condi-

tions in contrast to controlled laboratory conditions,

where behaviour was largely influenced by environmental

factors (Fisher et al. 2015). If natural environmental fluc-

tuations destabilize the link between behaviour and life

history, the ecological and evolutionary consequences of

consistent individual differences in behaviour may not be

as important in reality as postulated (R�eale et al. 2007;

Groothuis & Trillmich 2011; Sih et al. 2012; Wolf &

Weissing 2012; Juette, Cucherousset & Cote 2014; Mittel-

bach, Ballew & Kjelvik 2014). By contrast, natural envi-

ronmental fluctuations, such as in local conspecific

density, could stabilize consistent individual differences in

behaviour by preventing stable directional selection (Nico-

laus et al. 2016). In fact, there is increasing evidence of

consistent individual differences in behaviour in the wild

(Taylor & Cooke 2014; Aplin et al. 2015; Harrison et al.

2015). Therefore, it is important to understand the link

between life history and behaviour under ecologically rele-

vant conditions (Stamps & Groothuis 2010).

Activity, one of the key personality traits in many ani-

mals (R�eale et al. 2010), is expected to covary with life

history in the wild (Biro & Stamps 2008). For example,

elevated foraging activity should be linked to fast life his-

tory, considering that high activity facilitates energy gain

by increasing encounters with prey at the cost of elevated

predation risk (Stamps 2007; Turesson & Br€onmark

2007). Further, theory predicts that individuals with a fast

life history would show long periods of foraging activity

compared to individuals with a slow life history because

the ratio of benefit over cost of foraging decreases over

time with resource depletion and increased predation risk

associated with activity (Oksanen & Lundberg 1995). In

addition to activity levels such as distance travelled and

duration of activity, individuals may also differ from one

another in how often they monitor the environment for

prey and predators. Under natural conditions, temporal

uncertainty in the distribution of prey and predators will

lead to information decay over time, and animals have to

update the information by occasionally assessing the state

of the environment. However, such frequent activity

entails elevated energetic costs of swimming and increased

risk of predation (Stephens 1987; Nonacs 2001), which

could influence correlations between behaviour and life

history.

Life-history traits could be associated with not only

how to, but also what to forage (Oudman et al. 2016).

Theory predicts that individuals with a fast life history

select riskier but more profitable prey, whereas individuals

with a slow life history do the opposite (Werner & Anholt

1993). For example, consistent individual differences in

prey selection were found in adult perches, with some

individuals relying more on safer but less profitable ben-

thic food sources, whereas others relying more on riskier

but more profitable pelagic food sources (Fetzer et al.

2015; Svanb€ack et al. 2015). While niche segregation and

foraging specialization are well studied (Beaudoin et al.

1999; Fetzer et al. 2015; Svanb€ack et al. 2015), the link

between life history and prey selection has not been fully

understood in the wild.

Biotelemetry offers a unique opportunity to investigate

animal movement under natural conditions at ecologically

relevant temporal and spatial scales (Krause et al. 2013;

Hussey et al. 2015). Using acoustic telemetry, we tracked

the positions of individual adult Eurasian perch (Perca

fluviatilis) in a whole natural lake and investigated

whether individual differences in movements and prey

selection in the wild were linked to fast–slow life-history

variation. Adult perch are visual predators that actively

search for small prey fish in the pelagic zone and benthic

macroinvertebrates in the littoral zone (Allen 1935; Ekl€ov

1992; Jacobsen et al. 2015), and show consistent individu-

al differences in activity in the wild (Nakayama et al.

2016). We hypothesized that a fast life history would be

correlated with risky movement traits, such as frequent

and prolonged activity, and reliance on riskier but more

profitable pelagic food over littoral food. In addition, we

investigated whether body size and condition were corre-

lated with such movement traits and prey selection, as

they often predict activity in fishes (Gotceitas & Godin

1991; Minns 1995; Krause et al. 1998).

Materials and methods

study site

We set up 20 wireless hydrophones (WHS 3050; Lotek Wireless

Inc., Newmarket, ON, Canada) throughout a slightly eutrophic

temperate natural lake (Kleiner D€ollnsee, 52°59040″ N,

13°34053″ E, 25 ha, average depth 4 m, maximum depth 8 m)

located about 80 km north-east of Berlin, Germany. The full

details of the acoustic telemetry system can be found in Baktoft

et al. (2015). The studied perch population was self-reproducing

in the lake and entirely unexploited and unmanaged, and the

individuals show consistent individual differences in swimming

activity across seasons (Nakayama et al. 2016).

capture and tagging

In autumn 2010, we caught 20 adult perch using two different

gears (gill nets and angling, n = 10 for each) to increase beha-

vioural variation. After capture, all fish were anaesthetized in a

50 mg L�1 solution of clove oil and implanted ultrasonic trans-

mitters (model CH-TP-11-25; 11 9 65 mm, air weight 12 g, water

weight 5�9 g; Lotek Wireless Inc.) into the body cavity following

H€uhn et al. (2014). Fish were measured for total length and wet

weight, and several scale samples were taken above the lateral
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line about mid-way along the body axis. Fish were put in fresh

water tanks and allowed to recover for about 15 min before

being released back into the lake. Each transmitter emitted a

unique ultrasound at about 9-s intervals, which was recorded by

the hydrophones in the lake. Data were manually downloaded

every 4 weeks and processed using a proprietary positioning soft-

ware (ALPS v.2.22; Lotek Wireless Inc.). Further filtering proce-

dures were applied to improve the accuracy of the positions

(Baktoft et al. 2015). The average data yield (i.e. the percentage

of transmissions yielding a valid position) of the whole-lake

telemetry array was 40%, and the positional accuracy was 3�1 m

(Baktoft et al. 2015). Fish were assumed to be dead when the

transmitter had not moved within 15 m from the last observed

position until the signals eventually disappeared (most likely due

to sedimentation blocking signals). We discarded two individuals

from the analysis due to the malfunction of the transmitter (ab-

normally sporadic signal transmission after release) and two indi-

viduals due to death immediately after release. Subsequently, all

fish used in the analysis (n = 16; seven individuals by gill nets,

nine individuals by angling) were females of similar sizes

(357�9 � 25�4 mm in total length, 703�8 � 184�1 g in wet weight,

mean � SD). The experiment was conducted under the approval

by State Office of Environment, Health and Consumer Protection

in Brandenburg, Germany (protocol number 23-2347-15-2010).

l ife-history traits and condit ion

Life-history traits were estimated for each individual by fitting a

biphasic growth model (Lester, Shuter & Abrams 2004) to an indi-

vidual’s growth trajectory back-calculated from the scale samples.

The model provides three ecologically relevant life-history traits:

juvenile growth rate h, reproductive effort g and age at the onset of

maturation T (Lester, Shuter & Abrams 2004). To obtain individ-

ual growth trajectories, we measured the distance from the nucleus

to each annual ring on a fish scale under a microscope (QSPAK v.7.0,

Mitutoyo Corporation, Kawasaki, Japan). Then, we back-calcu-

lated the length at each age for each individual using the standard

Fraser–Lee equation (Francis 1990), Lt = c + (Lc � c)(St/Sc),

where Lt is a total length at age t, Lc is the total length at capture,

St is the scale length at age t, Sc is the scale length at capture, and c

is an intercept of a regression of total length on scale length. The

intercept c was estimated as 55�5 mm from a regression of length at

capture on total scale length using additional 27 individuals (8�1–
39�2 cm in total length). We measured three scales per individuals,

and the lengths at age were averaged to estimate an individual’s

growth trajectory.

The biphasic growth model was fitted to the individual growth

trajectory as

Lt ¼ hðt� t1Þ t � T
L1 1� e�kðt�t0Þ� �

t � T

�
;

where

L1 ¼ 3h=g

k ¼ lnð1þ g=3Þ

t0 ¼ Tþ ln½1� gðT� t1Þ=3�=k:

Lt is a function of t1 (hypothetical age at length zero), h (juvenile

growth rate), T (age at the onset of maturation) and g

(reproductive effort). This growth model assumes that fish poten-

tially grow linearly over lifetime with growth rate h, but their

growth slows down at age T and onwards by investigating a pro-

portion g of surplus energy to reproduction. Consequently, post-

maturation growth follows the standard von Bertalanffy growth

model (Lester, Shuter & Abrams 2004).

We estimated the life-history traits of each individual using a

hierarchical Bayesian model, with t1, h and g drawn from a nor-

mal distribution, and T drawn from a negative binomial distribu-

tion. All parameters were estimated using a Monte Carlo

Markov Chain method using 600 000 samplings with 100 000

burn-ins and 100 thinnings, using non-informative priors (JAGS

v.2.4.0, Plummer 2003).

From the body length (L, cm in total length) and wet weight

(W, g) measured at tagging, condition was calculated using Ful-

ton’s condition factor K, where K = 100 9 W/L3, which approxi-

mates the weight condition among fish of similar sizes (Froese

2006), as was the case for the perch used in our study.

prey selection

Individual differences in dietary habits were assessed from stable

isotope analysis using scale samples. d15N values express trophic

positions, with higher values indicating higher positions, whereas

d13C values express the source of carbon in the diet, with higher

values indicating littoral pathways and lower values indicating

pelagic pathways (Vander Zanden & Rasmussen 2001). Fish

scales were cleaned and treated with 1N hydrochloric acid for

2 min to remove residual carbonate. Following the acid treat-

ment, scales were rinsed with deionized water and dried at 60 °C

for 48 h. The most recent growth increments were sampled from

each scale to assess dietary habits during the last year prior to

tagging. Several scales of each individual were used to obtain suf-

ficient sample material, and 0�6 mg (�0�1 mg) of sample was

weighed into a tin capsule (Elemental Microanalysis, Tin Cap-

sules Pressed Standard Weight 8 9 5 mm, UK). Pike (Esox

lucius) white muscle tissue served as an internal working stan-

dard. Several replicate standards were run per sequence. Samples

were analysed with an elemental analyzer (FlashEA 1112;

Thermo Electron Corporation, Waltham, MA, USA) connected

to a mass spectrometer (Thermo Finnigan DELTAplus Advan-

tage mass spectrometer; Thermo Electron Corporation). Stable

isotope ratios are reported as delta values in per mill (&) relative

to the international standards for carbon (Pee Dee Belemnite)

and nitrogen (atmospheric nitrogen). Precision, based on the

standard deviation of the internal working standard, was 0�33&
for d13C and 0�11& for d15N.

movement traits

To estimate movement traits, we analysed 2-week positional data

collected in November (15–28 November 2010) and in January

(15–28 January 2011). These periods were chosen because they

fell outside the spawning season while fish experienced different

thermal environments (water temperature 6�6 � 0�6 °C in

November, 2�6 � 0�4 °C in January at 2-m depth; mean � stan-

dard deviation). There was no ice cover during any of these peri-

ods. Visual observations of the raw data clearly indicated that

perch did not swim constantly, but rather have two distinct

modes of being inactive and active. Thus, we separated the move-

ment traits when perch were inactive and active by fitting a
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discrete-time correlated random walk (CRW) with switching

under a state-space model framework (Jonsen, Flemming &

Myers 2005). For each individual, the true location at time t + 1

was modelled as a sum of the true location and velocity at time t.

Velocity was modelled as an Ornstein–Uhlenbeck process, under

which a velocity at time t + 1 is correlated to a velocity at time t,

plus a random walk component:

ltþ1 ¼ lt þ mt

mtþ1 ¼ c � mt þWt

Wt �Nð0;RÞ;

where lt is a true location at time t, vt is a velocity at time t, c is

a correlation parameter (0 ≤ c ≤ 1), and Wt is a random walk

component at time t. Wt follows a bivariate normal distribution

with a mean [0, 0] and a variance–covariance matrix Σ, in which

variance and covariance components are r2 and 0, respectively.

Therefore, a movement path becomes more linear as the correla-

tion parameter c increases, and the magnitude of the movement

becomes larger as the dispersion parameter r increases.

Measurement error of the positions was included in the model

to improve parameter estimation. Using stationary transmitters

(n = 155 trials) with known locations across the lake (Baktoft

et al. 2015), the standard deviation of positional error (robs) was

estimated as 2�0 m in open water, 3�8 m in submerged macro-

phyte and 8�2 m in peripheral reed area. The positional errors

corresponding to the habitat type where perch were detected were

included in the model as

xt �Nðlt;RobsÞ;

where the observed location xt was drawn randomly from a

bivariate normal distribution with a mean lt (i.e. the true loca-

tion) and a variance–covariance matrix Σobs, in which variance

and covariance components were r2
obs and 0, respectively.

To account for inactive and active modes, we fitted two differ-

ent models of CRW characterized by two sets of parameters, with

c1 and r1 for mode 1, and c2 and r2 for mode 2. A probability

of switching between the modes was modelled as a first-order

Markov chain, with probability P12 switching from mode 1 to

mode 2, and P21 switching from mode 2 to mode 1 (Jonsen,

Flemming & Myers 2005). We included the effects of day and

night on the switching probabilities (P12, P21) to take into

account that activity differs between day and night in perch as a

visual predator (Craig 1977; Jacobsen et al. 2015). From the

switching probabilities, we calculated a frequency of switching

between the two modes as 1/(1/P12 + 1/P21), which is a measure

of how many times on average individuals complete one cycle of

the two modes at each time step (i.e. the inverse of the mean

duration of completing one cycle). The proportion of time being

active was estimated from the predicted modes, and a total dis-

tance travelled during the two-week period was estimated from

the predicted true locations when active.

To fit the model, we subsampled the observations every 3 min

for each individual during each 2-week period. When there was

no observation at a 3-min time step, but fish positions were

observed within 30 s before or after the time step (i.e. within a

1-min interval), we estimated the fish positions at this time step

using a linear interpolation of the two positions; otherwise,

positions were treated as missing. In this way, we obtained

99�6–100% of the maximum of 6720 observations for each indi-

vidual for each 2-week period. All parameters were estimated

using a MCMC method with non-informative priors, from

600 000 samplings with 100 000 burn-ins and 100 thinnings (JAGS

v.2.4.0, Plummer 2003).

statist ical analysis

To test whether the parameters of CRW were correlated between

the two modes both among and within individuals, we fitted a

bivariate linear mixed-effects model, specifying a corresponding

pair of the parameters (c1 and c2, r1 and r2, P12 and P21) as

dependent variables and individual as a random effect. Correla-

tion coefficients of the parameters both among and within

individuals were then estimated from the between- and

within-individual variance–covariance matrices (Dingemanse &

Dochtermann 2013). Parameters were estimated using a MCMC

method with non-informative priors, from 6 000 000 samplings

with 1 000 000 burn-ins and 100 thinnings (R package ‘MCM-

CGLMM’ 2.21, Hadfield & Kruuk 2010). Posterior medians were

used as the point estimates.

To test whether individual differences in movement traits were

consistent across months, we fitted a linear mixed-effects model

to each movement trait, specifying month as a fixed factor (two

levels) and individual as a random effect. From the model, we

estimated repeatability as a proportion of between-individual

variance over the sum of between- and within-individual variance

(Nakagawa & Schielzeth 2010). Repeatability measures the con-

tribution of between-individual variance to the total variance

and, thus, indicates the extent of consistent individual differences

in the movement traits we measured. The significance was tested

using a likelihood ratio test by comparing the model to the null

model in which the random effect was excluded. Repeatability

was estimated using the R package ‘NLME’ 3.1 (Pinheiro et al.

2014).

To test whether life-history traits and states (body length and

condition) were correlated with movement and feeding traits in

the wild, we performed a correlation test. For life-history traits

and states, we used juvenile growth rate h, reproductive effort

g, age at the onset of maturation T, body length (cm) and con-

dition (Fulton’s K). For movement and feeding traits, we used

the frequency of switching between active and inactive modes,

the proportion of time being active, the total distance travelled

in each 2 weeks (km), d13C and d15N. Individual movement

traits were averaged across the two periods. We tested statistical

significance using a permutation test to take into account a

multiple comparison problem. Specifically, we randomized the

order of each variable independently and calculated Spearman’s

rank correlation coefficients for all pairs of interest. We

repeated this 10 000 times, and the empirical correlation coeffi-

cients were compared with the permutated distributions of the

corresponding ones. The correlation coefficients were considered

significant when they fell outside the 95% range of the

permutated distribution.

Results

The life-history traits we estimated varied between indi-

viduals (Fig. 1). Juvenile growth rate h ranged from 61�5
to 78�7 mm year�1 (68�9 � 4�1, mean � standard devia-

tion), and reproductive effort g ranged from 0�33 to
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0�46% (0�39 � 0�04). Perch started investing into repro-

duction either at age 2 or 3 (2�38 � 0�50). Condition (Ful-

ton’s K) ranged from 1�32 to 1�72 (1�50 � 0�12) among

individuals.

A state-space model successfully separated two distinct

modes of CRW (Fig. 2). Mode 1 was characterized by a

low correlation (c1 = 0�09 � 0�03, mean � standard devi-

ation in November 2010; 0�07 � 0�04 in January 2011)

and small dispersion (r1 = 0�30 � 0�16 in November;

0�34 � 0�24 in January). By contrast, mode 2 was charac-

terized by a high correlation (c2 = 0�59 � 0�13 in Novem-

ber; 0�31 � 0�24 in January) and large dispersion

(r2 = 14�05 � 2�41 in November; 15�73 � 4�86 in Jan-

uary). Therefore, we hereafter call mode 1 ‘inactive mode’

and mode 2 ‘active mode’. Individuals were in general

more likely to switch from active to inactive mode

(P21 = 0�16 � 0�10 in November; 0�26 � 0�15 in January)

than from inactive to active mode (P12 = 0�10 � 0�05 in

November; 0�13 � 0�04 in January). Individuals switched

between active and inactive modes with a frequency of

0�05 � 0�01 (per 3 min) in November and 0�08 � 0�02 in

January, which corresponds to a period of 65�7 �
14�6 min in November and 41�5 � 11�5 min in January to

complete one cycle. Perch showed individual variation in

proportion of time being active (0�42 � 0�21 in Novem-

ber; 0�38 � 0�18 in January) and total distance travelled

(20�1 � 12�1 km/2 weeks in November; 11�7 � 7�0 km/

2 weeks in January). The posterior parameter estimates

are summarized in Appendix S1, Supporting Information.

Perch exhibited strong repeatability in movement traits

across months. Repeatability was estimated as 0�658 [95%

confidence intervals: 0�321, 0�748] for the switching fre-

quency (v21 = 5�843, P = 0�016), 0�512 [0�173, 0�689] for

the proportion of time being active (v21 = 3�036,
P = 0�081) and 0�628 [0�276, 0�728] for the total distance

travelled (v21 = 4�148, P = 0�042). The parameters of

CRW (correlation parameter c, dispersion parameter r)
were not strongly correlated between active and inactive

modes, either among individuals (r = �0�007 [�0�530,
0�516] for c; 0�057 [�0�559, 0�612] for r) or within indi-

viduals (r = 0�018 [�0�400, 0�462] for c; 0�193 [�0�265,
0�588] for r). Similarly, switching probabilities P12 and

P21 were not strongly correlated among individuals

(r = �0�020 [�0�538, 0�493]) or within individuals

(r = �0�016 [�0�442, 0�424]), either.
The correlation tests revealed a link between movement

traits and life-history traits in the wild (Table 1, Fig. 3).

Individuals with higher juvenile growth rate spent more

time being active (P = 0�017) and travelled longer distance

(P = 0�044) during the adult stage. Individuals with higher

reproductive effort switched more frequently between

active and inactive modes (P < 0�001). The more frequent

switching was also observed in individuals that started

reproductive investment at younger ages (P = 0�029).
Stable isotope analysis showed d13C values ranging

from �24�8 to �23�2& (�24�0 � 0�3), and d15N values

ranging from 10�1 to 10�9& (10�5 � 0�2). Individuals with
higher reproductive effort had lower d13C (P = 0�039),
indicating more reliance on carbon sources from pelagic

pathways than from littoral pathways (Table 1, Fig. 3).

Similarly, individuals with smaller body size showed lower

d13C (P = 0�030). By contrast, d15N was not correlated

with any variables we tested (P > 0�05 for all).

Discussion

Our results reveal that individual differences in movement

traits and prey selection are linked to the fast–slow con-

tinuum of life-history variation in the wild. Specifically,

we found that fast–slow life-history traits were correlated

with movement and foraging traits in the wild, such that

individuals with faster juvenile growth were found to stay

active longer, and individuals with higher reproductive
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Fig. 1. Fitted growth trajectories of individual perch. A biphasic

growth model was fitted to the age-at-length back-calculated

from fish scales. Each line indicates an individual, and circles

indicate breakpoints at which they start investing to reproduc-

tion.
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Fig. 2. Example of state-space model for

one individual at 3-min intervals over

24 h. (a) Observed, (b) fitted. The circle

indicates the estimated activity modes

(filled: inactive, open: active).
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effort were found to switch more often between active

and inactive modes and rely more on pelagic carbon path-

ways. The age at the onset of reproductive investment

was correlated with the movement trait, such that individ-

uals investing into reproduction at younger ages were

found to switch more frequently between active and inac-

tive modes. Further, the movement traits we assessed were

highly repeatable across months. By investigating move-

ment traits and prey selection under natural conditions

(Adriaenssens & Johnsson 2009; Niemel€a & Dingemanse

2014), our results demonstrated a link between movement

and life-history traits in the wild, supporting the hypothe-

sis that the pace-of-life syndrome extends to encompass

behaviour (R�eale et al. 2010).

The active mode, characterized by large steps and

highly correlated directions, likely represents foraging at a

higher risk of predation, considering that adult perch are

known to hunt prey by actively swimming while exposing

themselves to predators (Allen 1935; Ekl€ov 1992; Jacob-

sen et al. 2015). By contrast, the inactive mode likely rep-

resents taking a lower risk of predation because low

activity decreases encounter rates with predators (Anholt,

Werner & Skelly 2000; Turesson & Br€onmark 2007). In

our study lake, potential predators of large adult perch

are large-bodied predatory fishes such as adult northern

pike (E. lucius), adult wels catfish (Silurus glanis) and fish-

eating birds (Pagel 2009). Although the size of the perch

used in this study was large for these predator species, the

large gape sizes of adult pike and catfish could still render

large perch vulnerable to attacks. Pike is generally a sit-

and-wait predator (Kobler et al. 2009), and thus, preda-

tion risk is higher for more active individuals (Turesson &

Br€onmark 2007; Sweeney et al. 2013). Further, by switch-

ing more often between inactive and active modes, indi-

viduals can obtain more up-to-date information on prey

distribution under unpredictable environments, but it

could also increase predation risk by providing more

information about its own presence to predators. Indeed,

theory predicts that animals can reduce predation risk

from sit-and-wait predators by moving less often between

patches (Nonacs 2001), suggesting that risk-prone individ-

uals move more often. Considering that individuals with

high reproductive effort emphasize current reproduction

over future reproduction by sacrificing post-maturation

somatic growth, they are more likely to experience ele-

vated natural mortality due to the cost of reproduction

and reduced life span (Stearns 1992; Jørgensen & Holt

2013). Consequently, this life history should be associated

with risk-prone foraging behaviour that increases energy

intake for current reproduction. Therefore, our findings

support theory in which consistent individual differences

in risk-taking behaviour are mediated by the trade-off

between current and future reproduction (Wolf et al.

2007). However, it is also plausible that engaging in risk-

taking behaviour leads to earlier maturation and increased

reproductive investment. Our study is unable to
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differentiate among the evolutionary and ecological expla-

nations behind the correlation between behaviour and life

history.

Juvenile growth rate was positively correlated with

activity during the adult stage in wild perch. Juvenile

growth rate is related to risk-taking propensity because

actively searching for mobile prey entails elevated preda-

tion risk from larger predators (Biro et al. 2004), includ-

ing conspecifics (Persson et al. 2003). At the cost of

higher predation risk, fast-growing juvenile perch can

shorten a vulnerable period by quickly shifting from the

initial zooplankton diet to energy-rich macrozoobenthos

and finally to small prey fish. Thus, it is tenable that a

fast life history is linked to risk-prone behaviour such as

prolonged activity, as proposed in the extended ‘pace-of-

life syndrome’ hypothesis (R�eale et al. 2010). To support

this, laboratory-based studies have revealed positive asso-

ciations between risk-taking propensity and distance

travelled (Fraser et al. 2001; Webster, Ward & Hart 2007;

Wilson & Godin 2009; Cote et al. 2013; Muraco, Aspbury

& Gabor 2014; Bierbach et al. 2015), suggesting that the

activity we measured in the wild can be viewed as a risk-

taking behaviour. Considering that personality traits are

often consistent across ontogeny in many animals (Gyuris,

Fer�o & Barta 2012; Herde & Eccard 2013; but see Bell &

Stamps 2004), risk-prone individuals during the juvenile

stage likely behave in a similar way during the adult

stage, and our results support this idea. However, it is

important to note that the relationship between growth

and personality traits has been found to be highly con-

text-dependent (Stamps 2007). For example, Adriaenssens

& Johnsson (2010) reported that activity time in the labo-

ratory was negatively related to growth in the wild in

brown trout (Salmo trutta). The authors discussed that

low activity would be beneficial for saving energy for a

sit-and-wait predator like brown trout, in contrast to
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Fig. 3. The variables of interest that

showed significant correlations (P < 0�05).
(a) Juvenile growth rate h and total dis-

tance travelled, (b) h and proportion of

time being active, (c) reproductive effort g

and the frequency of switching between

active and inactive modes, (d) g and d13C,
(e) age at the onset of maturation T and

the frequency of switching, (f) body length

and d13C.
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more active foragers such as perch. In addition, the link

between activity and growth rate was found to vary with

the resource predictability (Z�avorka et al. 2015). Future

work on different foraging types and environments is

needed to generalize a link between risk-taking behaviour

and growth in the wild.

In addition to movement traits, life-history traits were

also linked to prey selection. Individuals with higher

reproductive effort were found to rely more on diets from

pelagic pathways (i.e. lower d13C) than littoral pathways

(i.e. higher d13C), compared to individuals with lower

reproductive effort. Perch, like many other fishes, is

known to undergo ontogenetic dietary shift from zoo-

plankton to benthic invertebrates, and finally to fish (Pers-

son & Greenberg 1990), caused by decreased risk of

predation and increased ability of foraging more prof-

itable resources (Werner & Gilliam 1984; Mittelbach &

Persson 1998). As typical in temperate natural lakes, our

study lake is characterized by dense macrophytes along

the shore, providing refuges from predators. Considering

that adult perch is a facultative piscivore and still feed on

macroinvertebrates depending on prey availability and

accessibility (Persson & Hansson 1999; Svanb€ack et al.

2015), we assume that perch with higher d13C relied rela-

tively more on benthic macroinvertebrates in a safe struc-

tured littoral zone, whereas perch with lower d13C relied

more on pelagic fish in risky open water. The fact that

the smaller perch relied more on diets from pelagic path-

ways is indicative that the pelagic is indeed riskier, consid-

ering the inverse size-dependent natural mortality typical

for fish (Lorenzen 2000). Individual differences in prey

selection could further be reinforced by intraspecific com-

petition (Bolnick et al. 2003), which could maintain indi-

vidual differences in behaviour (Bergm€uller & Taborsky

2010).

Although we demonstrated correlations between beha-

viour and life history in the wild, the directional causality

remains elusive. It is possible that riskier behaviours

caused perch to grow faster and invest more and earlier

into reproduction because such behaviours would result in

higher energy acquisition at the cost of elevated mortality.

By the same token, it is possible as well that faster life

history caused perch to engage in riskier behaviours

because such life history would demand higher energy

acquisition. Empirical evidence suggests that both possi-

bilities can explain the correlations. For example, a study

in wild red knots (Calidris canutus) demonstrated that

prey preference gives rise to individual differences in mor-

phology and growth rate (Oudman et al. 2016). By con-

trast, in Eastern mosquitofish (Gambusia holbrooki),

consistent individual differences in behaviour were found

to emerge among individuals raised in an identical envi-

ronment without predation or competition (Polverino

et al. 2016), suggesting that consistent individual differ-

ences in behaviour could be a consequence of genetic fac-

tors. Further, it is plausible that the correlational

selection arises from positive feedback between behaviour

and life history (R�eale et al. 2010). However, life-history

traits could exert stronger selection on behaviour than

vice versa, considering higher plasticity of behaviour

(Stamps 2007).

In this study, behavioural consistency was investigated

only during the adult stage, and it remains unclear how it

reflects behaviour during juvenile stages. Although we have

previously show high repeatability of activity in the same

population of perch over the course of 1 year (Nakayama

et al. 2016), we lack behavioural information during the

juvenile stages. Similarly, stable isotope signatures from

scales indicate recent prey selection and, thus, do not

reflect lifetime prey selection. It is possible that individual

differences in movement and foraging traits are not consis-

tent over lifetime. Yet, fast–slow life-history traits were

correlated with the movement and foraging traits during a

certain window of adult stages in the predicted direction,

suggesting that the pace-of-life syndrome extends to

encompass behaviour in the wild (R�eale et al. 2010).

The link between life history and behaviour in the wild

we found could entail significant ecological consequences.

For example, behavioural selection induced by harvesting

(Uusi-Heikkil€a et al. 2008; Allendorf & Hard 2009) and

anthropogenic habitat changes (Sih, Ferrari & Harris

2011) would not only alter the behavioural aspects of a

population, but also further feed back to act on life-

history traits (Al�os et al. 2014), thereby accelerating

eco-evolutionary processes. The resulting changes might

influence population dynamics (Møller & Garamszegi

2012), which may even cascade down to prey community

structures (Palkovacs & Post 2009; Royaut�e & Pruitt

2015). Further studies are needed to understand the

impacts of the link between life history and behaviour on

ecological and evolutionary processes.
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