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Repeatability of behavioural and physiological traits is increasingly a focus for animal researchers, for which fish have become
important models. Almost all of this work has been done in the context of evolutionary ecology, with few explicit attempts to
apply repeatability and context dependency of trait variation toward understanding conservation-related issues. Here, we
review work examining the degree to which repeatability of traits (such as boldness, swimming performance, metabolic rate
and stress responsiveness) is context dependent. We review methods for quantifying repeatability (distinguishing between
within-context and across-context repeatability) and confounding factors that may be especially problematic when attempting
to measure repeatability in wild fish. Environmental factors such temperature, food availability, oxygen availability, hypercap-
nia, flow regime and pollutants all appear to alter trait repeatability in fishes. This suggests that anthropogenic environmental
change could alter evolutionary trajectories by changing which individuals achieve the greatest fitness in a given set of condi-
tions. Gaining a greater understanding of these effects will be crucial for our ability to forecast the effects of gradual environ-
mental change, such as climate change and ocean acidification, the study of which is currently limited by our ability to examine
trait changes over relatively short time scales. Also discussed are situations in which recent advances in technologies associated
with electronic tags (biotelemetry and biologging) and respirometry will help to facilitate increased quantification of repeat-
ability for physiological and integrative traits, which so far lag behind measures of repeatability of behavioural traits.
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Since the recognition that animal populations are composed
of individuals that differ in their physiology and behaviour
(Slater, 1981; Magurran, 1986; Bennett, 1987; Clark and
Ehlinger, 1987), there has been growing interest in quantifying
among-individual variability (Nespolo and Franco, 2007,
Williams, 2008; Bell et al., 2009). Such work has documented
a large degree of among-individual variation for numerous
physiological (e.g. metabolic rate and aerobic scope) and asso-
ciated integrative traits (e.g. locomotion ability and suscepti-
bility to environmental change) as well as behavioural traits
(e.g. boldness, activity and aggression). This variation is cru-
cial as the raw material for natural selection, but for a trait to
be a determinant of individual fitness, it must also be heritable
and stable (i.e. repeatable) over a time consistent with the
intensity and nature of the selective pressure experienced.
Indeed, trait repeatability has been suggested to set the upper
limit for trait heritability (Falconer, 1981; Dohm, 2002;
Dochtermann et al., 2015).

Repeatability is often quantified as the proportion of varia-
tion within a population that is attributable to differences
among individuals, as opposed to variation that occurs within
individuals, although there are various ways to quantify
repeatability in specific experimental conditions (Lessells and
Boag, 1987; Bell ez al., 2009; Nakagawa and Schielzeth, 2010;
Martin et al., 2011; Biro and Stamps, 2015). Repeatability
simultaneously depends on among-individual variance and
within-individual consistency of the trait of interest. The
available evidence suggests that many behavioural and physi-
ological traits are indeed repeatable, although the magnitude
of the variation observed and the degree of repeatability vary
among traits, populations, species, life-history stages and the
environment in which traits are measured (Nespolo and
Franco, 2007; Williams, 2008; Bell et al., 2009).

The majority of work quantifying trait variance and repeat-
ability has been performed with the goal of understanding
evolutionary processes in ecology, with few explicit attempts
to apply repeatability and context dependency toward under-
standing management and conservation-related issues
(Claireaux et al., 2013). However, trait repeatability and the
effects of environmental variables will play a large role in the
evolutionary and plastic responses of species to a range of fac-
tors, including harvest-induced evolution, climate warming
and ocean acidification. Certain aspects of environmental
change may erode trait variation or repeatability and there-
fore the extent to which particular traits can be a target for
selection (Dingemanse et al., 2010; Killen ez al., 2013).
Alternatively, environmental change may cause certain traits
to become more important as targets for selection. Indeed,
differences in repeatability among contexts may underlie
differences in heritability and thus the magnitude of change
potentially caused by directional selection (Dohm, 2002).
Most work in the realm of conservation has focused on track-
ing population sizes and distributions and the quantification
of biodiversity (Bellard et al., 2012; Marras et al., 2015a).
However, without an understanding of how environmental fac-
tors affect among-individual variation and trait repeatability,
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we will be unable to anticipate more protracted evolutionary
responses to anthropogenic environmental change that may in
fact shape the genotypes and phenotypes of wild populations.

Here, we review work that has been done on trait variation
and repeatability in fishes, and how these factors are affected
by the environment. The key question we consider is as fol-
lows: is the best fish the best in every context or does the fittest
fish within a population vary depending on the environmental
conditions? Throughout, we discuss how these issues are rel-
evant for management and conservation issues. We focus on
fish because they are often used as models for research in both
laboratory and field settings and because of the fact that they
have often been at the forefront of research on repeatability of
both behavioural and physiological traits (Huntingford, 1976;
Mittelbach et al., 2014). Freshwater and marine fish also pro-
vide numerous ecosystem services (Holmlund and Hammer,
1999) yet also face numerous threats (e.g. overharvest, habitat
alteration, environmental change and invasive species) that
make them of great interest to resource managers and conser-
vation practitioners.

Measurement of repeatability

In its simplest form, repeatability is expressed as the propor-
tion of total variance for a trait explained by between-individ-
ual differences, calculated as the intraclass correlation
coefficient and denoted by R (Lessells and Boag, 1987;
Nakagawa and Schielzeth, 2010); R can be calculated from
variances partitioned using single-factor ANOVA or linear
mixed models and estimates the agreement or reproducibility
of absolute measurement values. This metric has been widely
used in literature on repeatability of behaviour and physiology
and lends itself well for systematic reviews or meta-analyses
aimed at disentangling sources of variation in repeatability
scores across studies (Nespolo and Franco, 2007; Bell ez al.,
2009; Wolak et al., 2012). In addition, R has the advantage
that they enable direct comparison with their genotype-level
equivalent, heritability (Dochtermann et al., 2015).

The choice of repeatability metric can, however, be con-
strained by distributional assumptions and logistic limitations
on the collection of sufficiently high numbers of repeated mea-
sures and resulting issues associated with poor statistical power
(Martin et al., 2011; Johnson ef al., 2015). This is particularly
true for physiological traits, which are often invasive (e.g. lethal
sampling of white muscle tissue or monitoring of cardiac out-
put), time demanding (e.g. measuring metabolic rate) or expen-
sive to perform large numbers of within-individual replicates.
As such, researchers often use metrics other than R to estimate
trait repeatability. A few studies have used Kendall’s coefficient
of concordance to estimate rank order stability among indi-
viduals (Sneddon et al., 2006; Norin and Malte, 2011; Norin
et al., 2015). In addition, several studies have calculated indi-
vidual consistency of traits with product-moment correla-
tions (Pearson’s 7 or Spearman’s rank correlation coefficient, p
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(Hanson et al., 2010; Marras et al., 2011; Jornod and Roche,
20135). It should be noted that repeatability scored with these
methods often reflects different aspects of score stability com-
pared with that quantified using R. For instance, r estimates
relative consistency between two scores independent of mean
differences and is therefore more a measure of stability of rela-
tive differences among individuals, whereas R estimates agree-
ment or reproducibility of absolute measurements (see also R,;
in the next paragraph). Thus, R will decrease with greater
changes in mean values between separate measuring instances.
More details on differences between these metrics and on
underlying model assumptions can be found in the article by
Nakagawa and Schielzeth (2010). Model assumptions should
ideally be checked during the design stage of experiments to
ensure that data collection efforts are not wasted.

Many behavioural and physiological traits are labile within
individuals and vary from day to day and among environmen-
tal contexts. Systematic changes in mean scores across measur-
ing instances or contexts will erode R despite the maintenance
of absolute differences between individuals. For instance, all
fish might behave in an equally more bold manner when they
grow or are repeatedly exposed to a specific experimental set-
up [see Adriaenssens and Johnsson (2013) or Fig. 1a]. Owing to
the impact of changes in mean values on R, many researchers
have calculated R while accounting for such systematic changes
within the fixed effects from mixed models (Adriaenssens and
Johnsson, 2013; Harrison ez al., 2015). The resulting adjusted
R values, or R, account for systematic trait changes across
contexts and estimate repeatability as the agreement of indi-
vidual differences at each measurement instance rather than
absolute trait values (Nakagawa and Schielzeth, 2010).
Figure 1e illustrates the difference between R (dashed line) and
R, (continuous line) for a hypothetical example.

Often, however, plastic changes are not similar across indi-
viduals, and individuals differ in the slope of reaction norms
across changing contexts. Boldness (Nagy ez al., 2010; Wilson
etal.,2011), activity (Biro and Adriaenssens, 2013) and aero-
bic metabolism (Careau and Garland, 2012; Metcalfe et al.,
2016), for example, can all exhibit high levels of individual
differences in plasticity to mild temperature variation.
Individuals can differ in plasticity to a wide variation of envi-
ronmental factors or simply as a result of changes in traits
over time as animals grow or learn about their environment.
This individual phenotypic plasticity, or individual reaction
norm variation, implies that individual variation will become
context dependent, and consistency of traits can be highly
impacted by environmental change (Nussey et al., 2007;
Dingemanse et al., 2010).

As a result of individual plasticity, two aspects of individual
consistency become of interest when we study individual dif-
ferences in changing environmental contexts. First, we might
examine the stability of individual trait differences within
each environmental condition (within-context consistency).
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Second, we might want to determine how well individual trait
measures in one environmental condition predict those in
another (across-context consistency).

Within-context consistency

This application of repeatability refers to situations in which
researchers quantify and compare repeatability in two or
more sets of environmental conditions. For example, repeat-
ability may be measured at two different temperatures. Several
studies have performed separate ANOVA-based repeatability
analyses on such data sets collected within different, but sta-
ble, contexts (Forsythe et al., 2011; Sprenger et al., 2012).
Likewise, others have used separate product-moment, or
Spearman, correlations to estimate context-specific trait sta-
bilities when pairs of scores were available in each context
(Maciak and Konarzewski, 2010; Adriaenssens and Johnsson,
2011). We also draw attention to recent publications showing
how, for traits measured across a continuous environmental
gradient, variance estimates from random intercept and slope
mixed-effects models allow calculation of repeatability at any
given context along the gradient (Brommer, 2013; Biro and
Stamps, 2015). This context-specific repeatability (R pexe)s
also referred to as conditional repeatability (Nakagawa and
Schielzeth, 2010), can provide a major tool for our under-
standing of how repeatability may change across environmen-
tal gradients, and potentially pinpoint environmental
conditions that produce the greatest phenotypic diversity
(bottom panels of Fig. 1, red dots). Figure 1 demonstrates how
change in R, along a gradient will largely depend on the
extent of individual slope variation and how it relates to indi-
vidual mean differences. When individuals show similar plas-
ticity among contexts (Fig. 1a and e), there will be no change
in among-individual variation or the rank order of a trait
across the environmental gradient. In this situation, repeat-
ability will also be unaffected by context. Yet, low or negative
slope—intercept correlations tend to affect the order of indi-
vidual scores across contexts greatly (see Fig. 1 for different
scenarios). The end result is that R .., may change drasti-
cally depending on the conditions in which it is measured.

A current shortcoming in our interpretation of studies
reporting within-context repeatability is that studies rarely
investigate specifically whether separate repeatability scores
are indeed statistically different. Note that observing signifi-
cant repeatability in one context compared with another is not
enough to reach this conclusion. As such, Fisher’s Z transfor-
mations can be used to compare correlation coefficients statis-
tically (Bell and Sih, 2007; Dingemanse et al., 2007;
Adriaenssens and Johnsson, 2013). Alternatively, one could
specifically compare R scores by confidence/credibility interval
overlap (Sprenger et al., 2012) or using likelihood ratio tests
(see supplement to Dingemanse and Dochtermann, 2013).

Across-context consistency

This application of repeatability occurs when researchers
measure a trait on the same individuals in multiple environ-
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Figure 1: Using simulated data, we illustrate how plasticity to changing contexts interacts with three different metrics of repeatability discussed
in the main text (R, R,q and R, ex) and with cross-context correlations. Individual specific intercepts and slopes, fitted to simulated data using
random regression methods, are presented in the top panels, whereas the bottom panels show R as continuous lines, R, as dashed lines and
Reontext With red dots. (a) and (e) represent a scenario in which individuals differ in mean traits (intercepts) but show equal increases of trait values
with contexts (equal slopes). Given that individual rankings are maintained as contexts change, the cross-context correlation of trait values in
context 0 vs. context 1 equals one in this scenario (R 0-1 = 1). Systematic changes in mean trait values across contexts further erode R values
compared with R, 4. Next, three scenarios are shown that differ in slope-intercept correlations while keeping all other parameters similar. In (b)
and (f), individual slopes and intercepts show a strongly positive correlation (0.7), causing curves to fan out with little crossing among individual
curves. This results in a gradual increase in Ry @S CONtext scores increase and a large cross-context correlation between context 0 and 1 (R
0-1=0.93). (c) and (g) show a scenario with zero slope-intercept correlation. This increases the incidence of crossing curves, tempers the rise of
Rontext aNd reduces the cross-context correlation of trait values (R 0-1 = 0.65). (d) and (h) show a scenario with strongly negative (—0.7) correlation
between individual intercepts and slopes. In this scenario, the high incidence of curve crossings causes low cross-context correlations (R

0-1 = 0.13) and repeatabilities to reach a minimum in the context where most curves cross. Simulations are based upon a design in which 40
individuals are scored 15 times each across the full contextual gradient from 0 to 1. Parameters left unchanged in the simulated data are
population-wide slope and intercepts (B intercept = 7, B context = 2) and between-individual differences in average traits (random intercept
variance = 3). Between-individual differences in plasticity and residual error were similar in all panels (random slope variance = 5 and residual
variance = 3) except for panels (a) and (e), where both were set to approximate zero. Curves are shown in black for 10 randomly selected
individuals to enhance clarity of how each scenario affects crossing of individual curves, whereas remaining curves are plotted in light grey. All
simulations and models were fitted using the package Ime4 in R (Bates et al., 2014; R Core Team, 2015). Full code in R for simulations, figures and
calculation of context-specific repeatabilities and cross-environmental correlations is given in the supplementary material.

mental contexts (e.g. different temperatures, levels of oxygen
availability and seasons) and then calculate one measure of
repeatability across all measures. In balanced designs with one
measure in each context, product-moment correlations or
ranked alternatives have often been used to estimate the
consistency of traits across contexts (Norin and Malte, 2011;
Svendsen et al., 2014; Taylor and Cooke, 2014). Others have
calculated R from data collected in different contexts using
ANOVA or simple random intercept mixed models without
fitting individual slope variances accounting for individual
differences in plasticity (Forsythe et al., 2011; Killen et al.,
2012a,2014). In this case, R describes the proportion of vari-
ance attributed to between-individual differences despite large
changes to the measurement context between measuring inter-
vals. It should be noted that repeatability calculated using
methods not accounting for the individual variation in slopes
will often deviate strongly from repeatability at any one con-

text and are therefore limited in their ability to predict among-
individual differences (Fig. 1; Schielzeth and Forstmeier, 2009;
Brommer, 2013).

Alternatively, across-context correlations can be measured
using the same mixed models used for calculation of R,
estimates. Across-context correlations estimate the extent to
which rank orders of individual trait values are maintained
when the context changes. They will equal one when slopes
are equal among individuals (Fig. 1a and e) and approximate
zero if there is no association between individual ranks in one
context and another (Fig. 1d and h). If the context is measured
on a continuous scale, and assuming sufficient replication
across the full extent of the contextual gradient, across-
context correlations can be estimated between each set of two
contexts along the gradient, allowing for very detailed predic-
tions about how trait values in one context predict those in
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another. See supplementary material for code in R to simulate
Fig. 1 and calculate both R, and across-context correla-
tions. Currently, across-context correlations and R ., are
available for only a handful of studies on fish (Biro and
Adriaenssens, 2013; Harrison et al., 2015) but are likely to
provide a powerful tool for future field studies in which envi-
ronmental variables (e.g. temperature) can be measured as a
continuous variable.

Indeed, researchers have used a wide variety of metrics to
measure individual consistency and often do this under the
same heading of ‘repeatability’. In what follows, we aim to
specify, where possible, which metric has been used whenever
discussing studies illustrating variation in individual consis-
tency (Pearson’s 7, Spearman’s p, Kendall’s coefficient of con-
cordance, R, R, 4; 0r R pext)-

Potential confounding factors

There are a range of logistical and biological factors that need
to be considered when estimating the repeatability of traits.
This is especially true when traits are scored across different
environments. Even in the absence of an obvious environmen-
tal gradient, time itself will by definition vary across measure-
ment periods and so numerous factors intrinsic and extrinsic
to the organism may change throughout the experiment that
must be considered and controlled for when possible (Biro
and Stamps, 2015). Here, we discuss some of these confound-
ing factors and how they may be especially relevant when
attempting to quantify variation and its repeatability in fish.

As repeatability introduces a time dimension, one must be
sure to minimize time-dependent changes in sources of mea-
surement error. An example in this regard can be observed
when testing the repeatability of maximal and standard meta-
bolic rates. As the organism will be likely to grow between
measurements used to estimate repeatability, this will affect
the ratio of respirometer chamber volume to organism volume
(Svendsen et al., 2016). The obvious solution is to increase the
size of the experimental set-up as the animal grows, but this is
in turn likely to affect the pattern of the measurement errors
in an unpredictable manner. For instance, in aquatic respirom-
etry, background bacterial oxygen consumption is a signifi-
cant source of measurement error. Adjusting the size of a
respirometry set-up also implies changing the magnitude of
that error because the total volume of water in the set-up, as
well as the internal surface area of that set-up, will be affected,
with consequences in terms of bacterial biomass.

While changing an environmental factor of interest,
researchers also need to be careful to control all other aspects
of the environment that may confound the estimate of repeat-
ability. Some of these interacting factors are, however, subtle
and not easily identifiable. For example, improperly account-
ing for seasonal and circadian effects on animal physiology,
morphology, metabolism and/or behaviour can obscure
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attempts to quantify repeatability. Properly including such
factors in subsequent statistical analysis may be challenging.
However, an advantage of mixed modeling approaches
approaches for calculating repeatability is that, if they are able
to be quantified, some of these confounding factors (e.g. time
of day) can be included as fixed or random factors (Nakagawa
and Schielzeth, 2010; Brommer, 2013).

In general, a specific type of measuring error can occur
when not all fish are measured in the same environmental con-
ditions. This can artificially inflate repeatability scores and
result in so-called ‘pseudo-repeatability’ (or pseudo-personal-
ities in the case of behavioural traits; Dingemanse and
Dochtermann, 2013). Pseudo-repeatability can be particularly
difficult to account for in wild roaming fish, where differences
in food access, home range temperatures or positioning within
social hierarchies may increase among-individual variation in
behaviour and physiology. The existence of such ‘micro-
niches’ in natural settings has also been suggested to explain
higher observed repeatability in studies in the wild in com-
parison to laboratory studies, where environmental condi-
tions are readily controlled (Bell et al., 2009).

Growth and ageing, and associated rearranging of pheno-
typic architecture, are processes that are likely to blur repeat-
ability. Likewise, effects of domestication must also be taken
into account. Numerous anecdotal reports, but far fewer
published ones, document the change in performance of wild
animals as they familiarize themselves with laboratory condi-
tions that have an optimized food supply and absence of
predators (Adriaenssens and Johnsson, 2009). Habituation
during multiple trials in behavioural assays also tends to turn
responders into non-responders when examining, for
instance, stress responses, and vice versa, such as when assess-
ing whether individuals are bold—shy or proactive-reactive
(Bell and Sih, 2007). Experimental work has also demon-
strated apparent decreases in the repeatability (Spearman’s p)
of metabolic rate in fish over time (Norin and Malte, 2011),
but variation in physiological traits could in theory be
affected by laboratory holding of animals in homogeneous
conditions. A challenge is to understand how such findings
apply to long-term repeatability of physiological traits in the
wild. Interestingly, sprint performance in blacknose dace
(Rbinichthys atratulus) is repeatable when fish are held in the
laboratory in high-flow conditions but not when held in more
benign static-flow conditions (Spearman’s p; Nelson ez al.,
2008, 2015).

Extreme examples of temporal changes occur when multi-
ple measures are made on fish as they transition between life
stages or important life-history events. The effects of such
changes on trait repeatability (R) can be drastic (e.g. sex
change in hermaphroditic fish; Sprenger e al., 2012) and
should be avoided if this is not the specific focus of the
research. Recent and long-term feeding history can also affect
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fish locomotory capacity (McKenzie et al., 1995; Martinez
et al., 2002; Killen et al., 2014), metabolic rate (Van
Leeuwen et al., 2012; Killen, 2014), activity (Krause et al.,
2000; Killen ez al., 2011), hormonal status (Cook et al.,2012)
and sociability (Krause, 1993; Killen et al., 2016); therefore,
consistency of diet is essential between trait measurement
periods. Related to this set of factors, any differences in body
size between measurement periods may confound estimates of
trait variability and repeatability because of the allometric
effects of body size on many behavioural and physiological
traits (Glazier, 2005). Differences in body size among indi-
viduals will generate among-individual variation in the trait of
interest. Depending on the research goals, investigators must
carefully consider whether they want to include this source of
variation in their estimates of repeatability, because not cor-
recting for differences in size between measurement periods
and among individuals will increase estimates of trait varia-
tion and repeatability.

The above-mentioned changes in testing procedures, traits
and physiological states can be at the root of higher observed
repeatability for short-term studies in comparison to studies
with long intervals between repeated measures (Bell et al.,
2009). Statistical methods have recently been developed for
long-term studies with sufficient longitudinal data to estimate
short-term repeatability vs. long-term repeatability within the
same data set and will be likely to provide a greater insight
into how these processes shape individual differences (Araya-
Ajoy et al., 2015).

The use of wild vs. cultured fish may affect estimates of repeat-
ability in a variety of ways. For example, domesticated strains
may possess lower levels of among-individual trait variance,
thus reducing repeatability (R; Bell ez al., 2009). Wild animals, on
the contrary, may show higher among-individual variance,
which may also increase repeatability (Bell ez al., 2009). For
studies using wild fish, there is a particular danger that varia-
tion in parasitic load could generate a substantial degree of
among-individual variation that could inflate estimates of
repeatability, whether the measures are performed in the labo-
ratory or in the field. There is little known about the balance of
these effects in fish, but Bell ez al. (2009) found that estimates
of repeatability across taxa seem to be higher in the wild than
in the laboratory. White et al. (2015) observed within-context
repeatability (Pearson’s ) when juvenile Ambon damselfish
(Pomacentrus amboinensis) were tested for a range of behav-
ioural traits (e.g. activity and boldness) either in the laboratory
or in the field (White et al., 20135). Interestingly, however, this
species showed low across-context repeatability (R) when the
same individuals were tested in the laboratory and then again
in the wild (White ef al., 2013). Adriaenssens and Johnsson
(2011) provide experimental evidence of higher repeatability
(Spearman’s p) of exploratory behaviour in wild brown trout
compared with those that were hatchery reared. For studies
using wild fish, another important consideration is collection
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bias. Some individuals may be more vulnerable to sampling
gears within a wild population (e.g. angling, capture by trap or
trawl), and therefore an experimental population collected
from the wild using only a single method may show artificially
low among-individual variability for traits related to vulnera-
bility to capture. More work is needed to understand how the
use of wild vs. cultured fish may influence estimates of repeat-
ability in different situations so that researchers can under-
stand better how these results may translate to natural
scenarios.

All of these issues are of foremost importance in cases
where an environmental assessment is required, such as fol-
lowing the spill of a contaminant. In such cases, a population
collected from an uncontaminated site is classically used as a
control and is compared with the exposed population. This
approach assumes that the observed among-population differ-
ence in the trait of interest is fully attributable to the spilled
contaminant and that this effect is the same across the popula-
tion affected by the spill. Unfortunately, this assumption is
generally false and results in inappropriate conclusions
regarding the impact of the spill. The effects of environmental
influences on trait variability and repeatability on observa-
tions very clearly preclude direct comparison of populations
with different environmental histories, including diet, and
life-history trajectories. Failure to comply with a precaution-
ary approach in this regard is likely to generate false-positive
or false-negative effects when performing environmental
assessments.

Environmental contexts affecting
trait variation and repeatability

The aquatic environment of fish can vary over time, inducing
responses from gene to whole-animal levels (Johnston and
Wilson, 2006). Environmental variables such temperature,
oxygen availability and pH can affect the amount of variabil-
ity within a population and, perhaps, the degree to which a
physiological or a behavioural trait is repeatable. Furthermore,
each of these factors may be susceptible to alteration via
anthropogenic disturbance.

Temperature is among the most studied environmental factors
affecting the physiology and behaviour of fish and generally of
the greatest concern given the looming threat of climate
change on aquatic habitats. The majority of previous work
has focused on the consistency, or repeatability, of individual
behaviour and physiology within a constant temperature,
whereas the study of the possibility that trait repeatability can
be maintained across different temperatures has received sur-
prisingly little attention. For mosquitofish (Gambusia hol-
brooki), individuals differ in average activity levels, although
repeatability of activity is a complex function of temperature
and time since isolation, leading to approximately 2-fold

differences in repeatability (R p.y) SCOres across time and
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thermal regime (Biro and Adriaenssens, 2013). Norin et al.
(2015) found that standard and maximal metabolic rates of
juvenile barramundi (Lates calcarifer) were repeatable
(Pearson’s 7) across a 6°C increase in temperature, whereas
aerobic scope was not significantly repeatable with the same
temperature increase. Claireaux et al. (2007) found that sprint
performance in the European seabass was repeatable
(Spearman’s p) when fish were acclimated to 12°C and then to
22°C (Claireaux et al., 2007). Among the few studies that
have examined trait repeatability in wild fish in a natural set-
ting, several have considered the effects of daily and seasonal
shifts in behaviour on repeatability of movement patterns,
which would include thermal effects (Hanson et al., 2010;
Taylor and Cooke, 2014; Harrison et al., 2015). Taylor and
Cooke (2014), for instance, quantified movements of indi-
vidual radio-tagged bulltrout (Salvelinus confluentus) in the
wild and showed high rank-order consistency (Spearman’s p)
of mean movement distance across seasons and time of day.
Cook et al. (2011) found repeatability in the glucocorticoid
response in wild largemouth bass (Micropterus salmoides),
but only after correction for strong effects of ambient tem-
perature (Cook et al., 2011).

Aquatic environments exhibit extreme variation in the partial
pressure of dissolved oxygen through time and space.
Evidence suggests that the frequency and severity of hypoxic
events in aquatic ecosystems has been worsening because of
anthropogenic activities and eutrophication along waterways
(Diaz and Rosenberg, 2008). Decreased oxygen availability
can strongly influence the physiology and behaviour of
aquatic breathers, and hypoxia is considered to be the most
important environmental factor limiting aerobic metabolic
scope in fish (Fry, 1971; Claireaux et al., 2000). Studies at the
intraspecific level show that hypoxia does not cause drastic
changes to the extent of variation of standard metabolic rate
or repeatability in spined loach (Cobitis taenia; Pearson’s r;
Maciak and Konarzewski, 2010). Another study demon-
strated that the gulf killifish (Fundulus grandis) decreases
metabolic rate during hypoxia but that repeatability is main-
tained (Pearson’s r; Virani and Rees, 2000). Killen et al.
(2012a) found that in juvenile European seabass, the tendency
to take risks showed low repeatability across a gradient of
oxygen availabilities (R and Spearman’s p), probably because
variation in spontaneous swimming activity was affected by
the tendency of some individuals to perform aquatic surface
respiration in hypoxic conditions. Joyce et al. (2016) exam-
ined the long term repeatability (18 months) of hypoxia toler-
ance in the European seabass and found that variability in
whole-animal hypoxia tolerance was explained by interindi-
vidual variance in cardiac hypoxia tolerance. In hypoxic envi-
ronments, variation in reaction norms to oxygen availability
among individuals could conceivably put some individuals at
a higher risk of adverse effects or mortality via predation in
situations where activity increases in response to hypoxia.
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Food availability and feeding history have a range of effects
on fish physiology and behaviour (Wang ef al., 2006) as well
as among-individual trait variation and repeatability. Periods
of food deprivation are common for many fish species while
overwintering or during periods of eutrophication during
summer months when prey can become patchily distributed.
Conditions of low food availability can increase among-indi-
vidual variation in risk taking while foraging, and repeatabil-
ity (Pearson’s 7) of risk-taking tendency appears to be
maintained with a 1 week period of food deprivation in
European sea bass (Dicentrarchus labrax; Killen et al., 2011).
Longer-term food deprivation seems to affect some forms of
locomotory activity in fishes, especially anaerobic sprint-type
swimming. However, effects on repeatability of sprint swim-
ming during starvation are mixed. Martinez ef al. (2002)
found that the rank order of sprint performance was main-
tained in Atlantic cod (Gadus morbua; Spearman’s p) after
periods of starvation and refeeding, whereas Killen ez al.
(2011) found that a period of feeding caused repeatability (R)
in sprint performance to decrease in European sea bass. It is
possible that the direct effects of starvation and diet on aspects
of muscle physiology, metabolism and energy stores may vary
among individuals, leading to variable individual reaction
norms. This effect may be exacerbated by the effects of com-
pensatory growth trajectories during refeeding, which could
further alter repeatability across feeding contexts (Metcalfe
and Monaghan, 2001; Killen, 2014; Killen ez al., 2014).

There is growing evidence that ocean acidification has signifi-
cant and widespread impacts on marine life (Feely et al.,
2009). Elevated CO, and reduced pH can greatly affect
growth rate and survival in marine animals by altering their
physiology and behaviour. The effects of reduced pH on a
suite of physiological and behavioural variables and their level
of variation have been largely studied in marine calcifiers,
whereas in comparison the effects on marine fishes are poorly
understood. Recent work showed contrasting results on the
consistency of variation in physiological traits. Although
Munday et al. (2009) found that larval fish exhibited consid-
erable variation in the olfactory system responses to acidifica-
tion (i.e. 700 ppm CO,), Cripps et al. (2011) did not find an
increase in individual variation in olfactory sensitivity at a
similar CO, concentration (650 ppm). There have been docu-
mented effects of reduced pH on a number of ecologically
relevant behaviours in fishes, including predator detection and
avoidance (Ferrari et al.,2012,2015; Dixson et al., 2015), but
much more work is needed to establish whether such effects
are repeatable at the individual level and the degree to which
individuals show variation in reaction norms in response to
CO, exposure. Our lack of knowledge regarding how trait
repeatability is affected by elevated CO, and decreased pH is
a currently a crucial factor restricting our ability to predict
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how aquatic organisms will evolve in response to acidification
in marine and freshwater environments.

There are a number of anthropogenic environmental distur-
bances that alter water flow patterns, including the construc-
tion of physical structures (e.g. dams, weirs and locks) as well
as climate-induced changes in river flow volumes or oceanic
currents. Increasing flow is known to affect the spatial posi-
tioning of individual fish within swimming schools, although
individual spatial preference within groups does show a large
degree of repeatability within flow speeds that allow aerobic
steady-state swimming (Killen ez al., 2012b; Marras et al.,
2015b). Repeatability of sprint performance of blacknose
dace (Rhinichthys atratulus) has been observed to be higher in
high-flow conditions than when individuals are held in static
water (Spearman’s p; Nelson et al., 2008, 2015). In the
wild, the migration speed of individual sockeye salmon
(Onchorynchus nerka) shows highest repeatability along non-
turbulent river sections but drops near sections with heavy
turbulence (Spearman’s p; Hanson et al., 2008).

The available evidence suggests that individual fish may vary
in their sensitivity to environmental pollutants. Kolok et al.
(1998) observed that exposure to sediments with inorganic
contaminants could alter the degree of among-individual vari-
ation in critical swimming speeds and repeatability in fathead
minnows (Kolok et al., 1998). Claireaux et al. (2013) docu-
mented that exposure to oil and oil dispersant had no effect
on repeatability (Pearson’s 7) of hypoxia tolerance in juvenile
sea bass (Dicentrarchus labrax), but both decreased repeat-
ability of sensitivity to thermal stress in standardized chal-
lenge tests.

There are also biotic environmental influences that may affect
estimates of trait variability and repeatability. Parasitic infec-
tion, for example, has been shown to alter traits such as bold-
ness and activity level in fish, generating variation in these
traits and thus affecting repeatability (R; Hammond-Tooke
et al., 2012). In a conservation context, changes to habitats
that alter parasite communities may therefore change the
degree of behavioural or physiological trait variation
within fish populations. Social hierarchies in the wild and in
the laboratory may also shape the behaviours and physiology
of individual fish to increase trait variation and repeatability.
For example, dominant fish can exhibit increased aggression
and an increased metabolic rate associated with activity and
the stress of hierarchy maintenance (Sloman et al., 2000;
Killen et al., 2014). Changes to population density or habitats
that destabilize social hierarchies may therefore alter social
effects on individual trait variation and the repeatability of
traits. Predator regime can also affect traits such as boldness
(Archard ez al., 2012), suggesting a degree of community-level
modulation over phenotypic expression that could be
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disrupted by various forms of anthropogenic environmental
change. The effects of predator regime on trait variability and
repeatability remains largely unexplored, but exposure to
predator odour appears to decrease repeatability of boldness,
activity and aggression in the common bully (Gobiomorphus
cotidianus; Hammond-Tooke et al., 2012).

Beyond‘mean’ repeatability:
individual predictability

Low repeatability, and thus high within-individual variation,
limits our power to infer underlying individual phenotypes
accurately from any single physiological and behavioural
measure. Correspondingly, there has recently been an increase
in within-individual sampling effort (Bell ez al., 2009;
Mittelbach ez al., 2014). We argue that the current emphasis
on characterizing individuals only on a gradient of mean indi-
vidual behaviour or physiology (e.g. from bold to shy or from
low to high standard metabolic rate) leaves some biologically
relevant information in repeated measures unexplored. For
example, differences in within-individual variance or predict-
ability may be as important for our understanding of popula-
tion resilience as individual differences in mean phenotypes
(Stamps et al.,2012; Westneat et al., 2015). Indeed, the degree
to which individuals show variation in behaviour or physio-
logical responses may itself be repeatable and relevant for
determining evolutionary responses to environmental change.
A key question is whether an animal that shows high within-
individual variability in behaviour and physiology will be
more or less vulnerable to environmental change. On the one
hand, such an individual may be less vulnerable if variability
allows it to cope with differing conditions. On the other hand,
if expressing variability is essential for survival, then any
change to the environment that constrains this variability
would make individuals more vulnerable. Understanding the
role of within-individual variation, how this is affected by the
environment, and its role in population responses to environ-
mental change is at present an open area for research.

So far, only two studies have reported individual differ-
ences in predictability for fish behaviour. Damselfish
(Pomacentrus wardi) show within-individual variability in
latency to emerge following a stimulus, and the magnitude of
this variation varies among individuals (Stamps et al., 2012).
In mosquitofish, individual differences in within-individual
variation in activity consistently manifest over long periods of
time, but fish become more predictable as they are kept in
isolation when in captivity (Biro and Adriaenssens, 2013).
Differences in individual predictability may have an impor-
tant role for fish conservation by influencing how individuals
cope with varying environments. This may be especially true
for physiological traits that tend to be buffered around a cer-
tain optimal value, for which individual predictability may
serve as an indicator of individual health and, perhaps, ecosys-
tem health in the face of anthropogenic stressors (e.g. blood
pressure; Sandblom et al., 2012). We suggest that studies
investigating mean differences, plasticity and predictability in
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concert may prove fruitful for our understanding of how pop-
ulations are impacted by anthropogenic change. Human
activities may further alter selection pressures on heritable
components of plasticity and predictability within the popula-
tion and may shift the abundance of individual phenotypes, as
has been observed for mean phenotypes. Yet, despite our long-
held appreciation of the role of plasticity for population resil-
ience (West-Eberhard, 1989; Oomen and Hutchings, 2015),
the occurrence and ecological effects of such human-caused
alterations of individual plasticity remain poorly studied.

Although useful information can be gained from compar-
ing groups for predictability (Cleasby and Nakagawa, 2011),
teasing apart different aspects of the phenotype between indi-
viduals (e.g. individual reaction norm slopes from intercepts,
or individual variance from means) requires sufficient replica-
tion at the within-individual level (Dingemanse and
Dochtermann, 2013; Cleasby et al., 2015). The rise of new
techniques that allow minimally invasive and repeated obser-
vations of physiological and behavioural traits will therefore
be likely to play a large role in increasing our understanding
of within-individual variation in both the laboratory and the
field. Telemetry data, for example, may be ideal for quantify-
ing how within-individual variance in movement patterns
may be affected by temperature, food availability, population
density or anthropogenic noise. Advances in intermittent-flow
respirometry may also make it possible to study within-
individual variance in metabolic rate in response to numerous
environmental factors, an issue that has so far been neglected.
Water-borne hormone assays may also allow for an increase
in repeated sampling of individuals to provide information on
within-individual variation in stress responsiveness and endo-
crine status (Ellis et al., 2004). The use of high-throughput
challenge tests is also a promising approach because it allows
assessment of the variability and repeatability of integrated
performance, such as swimming capacity, hypoxia tolerance
and thermal sensitivity, in populations of hundreds of indi-
viduals (Castro et al., 2013; Claireaux et al., 2013).

Outlook: fundamental and applied
perspectives

The article by Bennett (1987) on interindividual variability as an
‘underutilized resource’ will long be heralded as a wake-up call
for researchers in the realms of ecological and environmental
physiology. Interestingly, at around the same time, research in
ethology went through a similar transformation after several
authors focused attention on among-individual differences
(Huntingford, 1976; Slater, 1981; Magurran, 1986; Clark and
Ehlinger, 1987). Together, these papers fuelled a large and grow-
ing body of work on trait repeatability in a variety of organisms,
including wild fish (Williams, 2008; Bell et al., 2009). There is
currently a large research effort to integrate our understanding
of individual behaviour and physiology (Cockrem, 2007;
Careau et al., 2008; Koolhaas, 2008; Biro and Stamps, 2010).
There is also an awareness that environmental stressors can
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have effects on both behaviour and physiology (Killen ez al.,
2013).

It is unclear whether Bennett and others could have pre-
dicted the extent to which their seminal work would shape
research programmes for countless scientists, nor the extent to
which the concepts they developed would have relevance to
conservation and resource management. Here, we provide an
outlook for the study of trait repeatability in wild fish (funda-
mental perspectives) as well as the ways in which such infor-
mation is or could be relevant to resource managers and
conservation practitioners (applied perspectives).

The available evidence from fish suggests that repeatability of
traits seems to be highly context dependent (Table 1). To date,
most of this evidence has come from laboratory studies, but
this is likely to be true particularly for wild fish that live in
dynamic (e.g. seasonality, tidal cycles; see Koukkari and
Sothern, 2007) and, often, unpredictable environments
(Wingfield, 2003). Food availability and quality, competition,
pathogen and parasite loads, predators, habitat quality and
physiochemical variables (e.g. temperature and dissolved oxy-
gen) are not static. Moreover, an individual fish is constantly
changing as it ages and grows, transitioning through different
life stages. Layered on top are human activities that may
expose wild fish to multiple, potentially, novel stressors
(Angelier and Wingfield, 2013) or contexts (Sih, 2013). All of
these factors have the potential to influence the extent to
which a given trait or suite of traits is repeatable. As more
researchers become interested in quantifying trait repeatabil-
ity in field studies, a major challenge will be to dissect the
proportion of trait variance and repeatability that is a result
of environmental effects vs. that which is intrinsic to individ-
ual animals. Wild largemouth bass, for example, appear to
show intrinsic repeatability in the glucocorticoid response
between years, but this is masked by the overriding effect of
seasonal temperature fluctuations or other aspects of season-
ality (Cook et al., 2011). However, even the combined influ-
ence of genetic and environmental effects will be of interest
because this will determine which phenotypes are ultimately
exposed to selective pressures.

Identifying the context dependency of traits requires long-
term study, particularly for long-lived organisms (i.e. many
vertebrates). Time itself and its association with ontogeny,
maturation and senescence would be highly relevant but is
rarely studied in the context of repeatability given that most
studies are of short duration. Aspects of habitat use, including
depth, are also essential for understanding variation within
populations, potential shifts in behaviour induced by environ-
mental change, and variability among individuals in the abil-
ity to cope with such changes. Field studies will be essential in
this regard, and there are a growing number of examples
where researchers are using electronic tagging or marking of
animals (e.g. with biologgers or biotelemetry devices that
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incorporate sensors; see Cooke et al., 2004) to assess repeat-
ability of behaviour and physiology through time and a range
of environmental conditions.

In general, there have been fewer attempts to quantify
within- and across-context repeatability for physiological
traits in fishes compared with behavioural traits (Table 1).
This is a crucial gap in knowledge, because an understanding
of physiological mechanisms is key for predicting potential
responses of species to environmental change (Horodysky
etal.,2015). There is also much more work needed on interac-
tions among factors given that nature is inherently complex
even in the absence of human environmental change and dis-
turbance. Until recently, the analytical toolbox to quantita-
tively assess and evaluate cross-contextual repeatability has
hampered such research on both behavioural and physiologi-
cal traits in a natural setting. However, of late there have been
a number of techniques developed to enable more sophisti-
cated analysis of repeatability across contexts (Nakagawa and
Schielzeth, 2010; Martin et al., 2011; Brommer, 2013;
Dingemanse and Dochtermann, 2013). The challenge for such
analyses is the dependency on multiple repeated measures in
each context and relatively large sample sizes. This has been
an especially important hurdle for estimating repeatability of
physiological traits, but recent advances in telemetry, respi-
rometry and endocrine analysis will provide important
insights in this area in coming years.

From an applied perspective, there are many opportunities
for exploring the importance of the context specificity of trait
repeatability. For example, a major question in current stud-
ies examining the effects of climate change and ocean acidifi-
cation is whether species will be able to adapt over the course
of several generations to gradual environmental changes. To
date, studies examining the effects of these aspects of global
change have necessarily been performed over relatively short
time scales (i.e. days to months of exposure to varying tem-
perature or pH treatments), whereas in reality, wild popula-
tions will have decades or centuries to respond to such
changes. An increased understanding of how trait variation
and repeatability is affected by these factors will help us to
gain a greater understanding of the capacity for adaption
present in populations. Given the pervasiveness of human
disturbance, evaluating the consistency of trait repeatability
relative to other types of disturbance gradients would also be
useful.

Moving forward, there are a number of research priorities
that we regard as important for applying research into trait
repeatability toward the conservation of wild fish populations.
First is the need to look at more contextual variables. Of late
there has been much focus on temperature given the immi-
nence of climate change. As discussed in this review, however,
there are a number of additional factors that may play a key
role in affecting trait repeatability. Flow seems to be a particu-
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larly overlooked factor in this regard, particularly given the
manner in which humans have harnessed and altered rivers.
The observation that turbulent flow degrades the repeatability
of migration speed (Hanson et al., 2008) could have important
consequences for local stock adaptation (Eliason et al., 2011).
Although stocks may be adapted to migrate to particular
spawning grounds at specific times, sections of turbulent flow
could act as crucial bottlenecks where among-individual varia-
tion and repeatability is collapsed, potentially overriding his-
torical selection on traits that yield local adaptation. Such
information could be used to improve the management of
regulated rivers (e.g. understanding how fish respond to ramp-
ing flows, fishway use and success). Measures of trait repeat-
ability in response to such measures could be used as concrete
indicators of successful mitigation of turbulent or altered flow
regime. In urban environments, increased runoff resulting from
impervious surface cover can have dramatic effects on river
and stream flow, with potential impacts on the repeatability of
locomotory capacity in fish inhabiting these environments
(Nelson et al., 2008, 2015).

There are a number of other conservation issues that would
benefit from further knowledge of trait repeatability among
and within contexts. Behavioural traits such as individual
sociability appear to be related to dispersal potential within
fish species and, for invasive species, may influence which
individuals with which specific traits disperse furthest and end
up along the invasion front (Cote et al., 2010; Chapple et al.,
2012). The reaction norms of individuals within an invasive
population as they encounter different environmental condi-
tions within a non-native habitat could determine whether or
not an invasion is successful or which phenotypes within the
invading population ultimately colonize new habitats. The
potential confounds of captivity and domestication on trait
repeatability could also have important consequences for con-
servation efforts involving stock enhancement with captive-
reared fish. It is possible to select animals for a particular
desirable trait in captivity (e.g. predator avoidance), but there
is a need to understand whether that trait is genuinely repeat-
able in other contexts, such as those experienced in the wild.

We encourage research examining how environmental fac-
tors such as temperature and ambient oxygen level affect
repeatability of integrative traits that are directly relevant for
conservation. Greater emphasis on ecologically relevant events
(e.g. repeatability of phenology such as timing of migration
and breeding; Forsythe ez al., 2011) or traits that will have the
greatest impact on conservation efforts or are most closely
aligned with fitness would be an obvious priority. With regard
to anthropogenic impacts on fish populations, this could
include viewing vulnerability to angling (Philipp et al., 2009)
or commercial fishing (Diaz Pauli ef al., 2015; Killen et al.,
2015) as organismal traits unto themselves. It is plausible that
the vulnerability of any single fish to capture may vary with the
environment; the individuals most likely to be captured in one
set of conditions may be least vulnerable in another (Killen
et al., 2015). Such effects would have important consequences
for fisheries-induced evolution, and increased knowledge of
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how trait variability and repeatability are affected by shifting
environmental conditions could in theory feed directly into
management decisions. Where feasible, for example, manage-
ment actions that spread fishing effort over a wider range of
abiotic conditions could potentially reduce capture bias and
preserve more phenotypic variation. Alternatively, efforts to
fish in environmental conditions that produce the least amount
of among-individual variability and repeatability would be
expected to minimize the potential for selective effects on par-
ticularly vulnerable phenotypes.

One approach that we encourage for including repeatability
estimates in applied research is to have researchers interact
with managers or stakeholders when designing studies. For
example, it would be sensible to ask them what traits they have
observed to be repeatable and which contexts are most rele-
vant for the system or issue. A logical approach may be first to
determine whether there are repeatable traits in benign envi-
ronments (again with input from the start from managers
regarding which traits to focus on), starting with one to three
traits. There may also be situations where it will be feasible to
measure multiple traits between populations where nature is
already applying experimental treatments (e.g. different tem-
peratures along a latitudinal or altitudinal gradient). It is worth
noting that efforts may be useless to managers if sample sizes
are too small to infer anything biologically relevant. Given the
rapidly advancing statistical techniques for assessing trait
repeatability in various situations and experimental designs,
we suggest that researchers consult with statisticians whenever
possible when designing studies to determine how best to over-
come the logistical difficulties of working in the field with wild
animals while still providing useful information.

Conclusions

We expect that in the coming years we will find additional
examples where we think we understand a phenomenon, but
things change drastically in another context. This will have
important consequences, because shifts in environmental condi-
tions brought on by human activities may change not only pop-
ulation abundances and distributions, but also which individual
fish will gain a selective advantage in response to the prevailing
selective forces. The individuals that have the greatest fitness in
one set of conditions may be the least fit in another environment,
or vice versa. Human-associated environmental change is there-
fore likely to affect evolutionary trajectories. Over shorter time
scales, variation in trait repeatability among contexts could also
affect our ability to transfer knowledge of physiology and
behaviour gained in one context (e.g. the laboratory) to another.

Urgently needed is more work examining trait repeatability
in the field and how repeatability of traits directly relevant for
conservation will respond to various environmental stressors.
We certainly want to emphasize the importance of studying
wild fish in the wild (as opposed to in the laboratory), but
mesocosm studies and laboratory-oriented experiments will
continue to be important in the future because they enable
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researchers to manipulate the context systematically while
imparting necessary controls. The most powerful approaches
to understanding environmental effects on trait repeatability
will be those that bridge the field and the laboratory and com-
bine long-term observational studies with experimental
manipulations.

Supplementary material

Supplementary material is available at Conservation
Physiology online.

Acknowledgements

Inspiration for this manuscript came during workshop ses-
sions at the European Cooperation in Science and Technology
Action FA1004 4th Conference on Conservation Physiology
of Marine Fishes, Thessaloniki, Greece, 2014. We thank all
those in attendance for their input in these discussions. We
thank two anonymous reviewers for their comments on the
manuscript. We also thank Natalie Sopinka, Jake
Brownscombe, Phil Harrison and Alex Wilson for input on
the manuscript.

Funding

S.S.K. was supported by Natural Environment Research
Council (NERC) Advanced Fellowship NE/J019100/1 and
European Research Council Starting grant no. 640004. S.]J.C.
was supported by the Natural Sciences and Engineering
Research Council (NSERC) and the Canada Research Chairs
Program. B.A. was supported by a NERC standard grant NE/
K00400X/1.

References

Adriaenssens B, Johnsson JI (2009) Personality and life-history produc-
tivity: consistent or variable association? Trends Ecol Evol 24:179-180.

Adriaenssens B, Johnsson JI (2011) Learning and context-specific explo-
ration behaviour in hatchery and wild brown trout. Appl Anim Behav
Sci 132:90-99.

Adriaenssens B, Johnsson JI (2013) Natural selection, plasticity and the
emergence of a behavioural syndrome in the wild. Ecol Lett 16:
47-55.

Angelier F, Wingfield JC (2013) Importance of the glucocorticoid stress
response in a changing world: theory, hypotheses and perspectives.
Gen Comp Endocrinol 190: 118-128.

Araya-Ajoy YG, Mathot KJ, Dingemanse NJ (2015) An approach to esti-
mate short-term, long-term and reaction norm repeatability.
Methods Ecol Evol 6: 1462-1473.

Archard GA, Earley RL, Hanninen AF, Braithwaite VA (2012) Correlated
behaviour and stress physiology in fish exposed to different levels of
predation pressure. Funct Ecol 26: 637-645.


http://conphys.oxfordjournals.org/lookup/suppl/doi:10.1093/conphys/cow007/-/DC1
http://conphys.oxfordjournals.org/lookup/suppl/doi:10.1093/conphys/cow007/-/DC1

Review article

Bates D, Machler M, Bolker B, Walker S (2014) Fitting linear mixed-effects
models using Ime4. J Stat Softw 67: 1-48.

Bell AM, Sih A (2007) Exposure to predation generates personality in
threespined sticklebacks (Gasterosteus aculeatus). Ecol Lett 10:
828-834.

Bell AM, Hankison SJ, Laskowski KL (2009) The repeatability of behaviour:
a meta-analysis. Anim Behav 77:771-783.

Bellard C, Bertelsmeier C, Leadley P, Thuiller W, Courchamp F (2012)
Impacts of climate change on the future of biodiversity. Ecol Lett 15:
365-377.

Bennett AF (1987) Interindividual variability: an underutilized resource.
In Feder ME, Bennett AF, Burggren WW, Huey RB, eds, New Directions
in Ecological Physiology. Cambridge University Press, Cambridge, pp
147-169.

Biro PA, Adriaenssens B (2013) Predictability as a personality trait: consis-
tent differences in intraindividual behavioral variation. Am Nat 182:
621-629.

Biro PA, Stamps JA (2010) Do consistent individual differences in meta-
bolic rate promote consistent individual differences in behavior?
Trends Ecol Evol 25: 653-659.

Biro PA, Stamps JA (2015) Using repeatability to study physiological and
behavioural traits: ignore time-related change at your peril. Anim
Behav 105:223-230.

Brommer JE (2013) Variation in plasticity of personality traits implies that
the ranking of personality measures changes between environmen-
tal contexts: calculating the cross-environmental correlation. Behav
Ecol Sociobiol 67:1709-1718.

Careau V, Garland T Jr (2012) Performance, personality, and energetics:
correlation, causation, and mechanism. Physiol Biochem Zool 85:
543-571.

Careau V, Thomas D, Humphries MM, Réale D (2008) Energy metabolism
and animal personality. Oikos 117: 641-653.

Castro V, Grisdale-Helland B, Jergensen SM, Helgerud J, Claireaux G,
Farrell AP, Krasnov A, Helland SJ, Takle H (2013) Disease resistance is
related to inherent swimming performance in Atlantic salmon. BMC
Physiol 13: 1.

Chapple DG, Simmonds SM, Wong BBM (2012) Can behavioral and per-
sonality traits influence the success of unintentional species intro-
ductions? Trends Ecol Evol 27: 57-64.

Claireaux G, Webber DM, Lagardere J-P, Kerr SR (2000) Influence of water
temperature and oxygenation on the aerobic metabolic scope of
Atlantic cod (Gadus morhua). J Sea Res 44: 257-265.

Claireaux G, Handelsman C, Standen E, Nelson JA (2007) Thermal and
temporal stability of swimming performance in the European sea
bass. Physiol Biochem Zool 80: 186-196.

Claireaux G, Théron M, Prineau M, Dussauze M, Merlind M-X, Le Floch S
(2013) Effects of oil exposure and dispersant use upon environmen-
tal adaptation performance and fitness in the European sea bass,
Dicentrarchus labrax. Aquat Toxicol 130-131: 160-170.

Conservation Physiology - Volume 4 2016

Clark AB, Ehlinger TJ (1987) Patterns and adaptation in individual behav-
ioural differences. In Bateson PPG, Klopfer PH, eds, Pespectives in
Ethology, Vol 7. Plenum press, New York.

Cleasby I, Nakagawa S (2011) Neglected biological patterns in the resid-
uals. Behav Ecol Sociobiol 65: 2361-2372.

Cleasby IR, Nakagawa S, Schielzeth H (2015) Quantifying the predictabil-
ity of behaviour: statistical approaches for the study of between-
individual variation in the within-individual variance. Methods Ecol
Evol 6:27-37.

Cockrem J (2007) Stress, corticosterone responses and avian personali-
ties. J Ornithol 148: 169-178.

Cook KV, O'Connor CM, Gilmour KM, Cooke SJ (2011) The glucocorti-
coid stress response is repeatable between years in a wild teleost
fish. J Comp Physiol A Neuroethol Sens Neural Behav Physiol 197:
1189-1196.

Cook KV, O'Connor CM, McConnachie SH, Gilmour KM, Cooke SJ (2012)
Condition dependent intra-individual repeatability of stress-induced
cortisol in a freshwater fish. Comp Biochem Physiol A Mol Integr Physiol
161:337-343.

Cooke SJ, Hinch SG, Wikelski M, Andrews RD, Kuchel LJ, Wolcott TG,
Butler PJ (2004) Biotelemetry: a mechanistic approach to ecology.
Trends Ecol Evol 19: 334-343.

Cote J, Clobert J, Brodin T, Fogarty S, Sih A (2010) Personality-
dependent dispersal: characterization, ontogeny and conse-
quences for spatially structured populations. Philos Trans R Soc B
Biol Sci 365: 4065-4076.

Cripps IL, Munday PL, McCormick MI (2011) Ocean acidification affects
prey detection by a predatory reef fish. PLoS ONE 6: e22736.

Diaz RJ, Rosenberg R (2008) Spreading dead zones and consequences
for marine ecosystems. Science 321: 926-929.

Diaz Pauli B, Wiech M, Heino M, Utne-Palm AC (2015) Opposite
selection on behavioural types by active and passive fishing gears
in a simulated guppy Poecilia reticulata fishery. J Fish Biol 86:
1030-1045.

Dingemanse NJ, Dochtermann NA (2013) Quantifying individual varia-
tion in behaviour: mixed-effect modelling approaches. J Anim Ecol
82:39-54.

Dingemanse NJ, Wright J, Kazem AJ, Thomas DK, Hickling R, Dawnay N
(2007) Behavioural syndromes differ predictably between 12 popula-
tions of three-spined stickleback. J Anim Ecol 76: 1128-1138.

Dingemanse NJ, Kazem AJ, Réale D, Wright J (2010) Behavioural reaction
norms: animal personality meets individual plasticity. Trends Ecol Evol
25:81-89.

Dixson DL, Jennings AR, Atema J, Munday PL (2015) Odor tracking in
sharks is reduced under future ocean acidification conditions. Glob
Change Biol 21: 1454-1462.

Dochtermann NA, Schwab T, Sih A (2015) The contribution of additive
genetic variation to personality variation: heritability of personality.
Proc Biol Sci 282:20142201.



Conservation Physiology - Volume 4 2016

Dohm M (2002) Repeatability estimates do not always set an upper limit
to heritability. Funct Ecol 16: 273-280.

Eliason EJ, Clark TD, Hague MJ, Hanson LM, Gallagher ZS, Jeffries KM,
Gale MK, Patterson DA, Hinch SG, Farrell AP (2011) Differences in
thermal tolerance among sockeye salmon populations. Science 332:
109-112.

Ellis T, James J, Stewart C, Scott A (2004) A non-invasive stress assay
based upon measurement of free cortisol released into the water by
rainbow trout. J Fish Biol 65: 1233-1252.

Falconer DS (1981) Introduction to Quantitative Genetics. Longman,
London.

Feely RA, Doney SC, Cooley SR (2009) Ocean acidification: present condi-
tions and future changes in a high-CO, world. Oceanography 22:
36-47.

Ferrari MC, McCormick MI, Munday PL, Meekan MG, Dixson DL,
Lonnstedt O, Chivers DP (2012) Effects of ocean acidification on
visual risk assessment in coral reef fishes. Funct Ecol 26: 553-558.

Ferrari M, Munday PL, Rummer JL, McCormick MI, Corkill K, Watson SA,
Allan BJ, Meekan MG, Chivers DP (2015) Interactive effects of ocean
acidification and rising sea temperatures alter predation rate and
predator selectivity in reef fish communities. Glob Change Biol 21:
1848-1855.

Forsythe PS, Crossman JA, Bello NM, Baker EA, Scribner KT, Tonn W (2011)
Individual-based analyses reveal high repeatability in timing and
location of reproduction in lake sturgeon (Acipenser fulvescens). Can
J Fish Aquat Sci 69: 60-72.

Fry FE (1971) The effect of environmental factors on the physiology of
fish. In Hoar WS, Randall DJ, eds, Fish Physiology, Vol VI. Academic
Press, New York, pp 1-98.

Glazier DS (2005) Beyond the '3/4-power law”: variation in the intra- and
interspecific scaling of metabolic rate in animals. Biol Rev Camb Philos
So0c 80:611-662.

Hammond-Tooke CA, Nakagawa S, Poulin R (2012) Parasitism and behav-
ioural syndromes in the fish Gobiomorphus cotidianus. Behaviour 149:
601-622.

Hanson KC, Cooke SJ, Hinch SG, Crossin GT, Patterson DA, English KK,
Donaldson MR, Shrimpton JM, Van Der Kraak G, Farrell AP (2008)
Individual variation in migration speed of upriver-migrating sock-
eye salmon in the Fraser river in relation to their physiological and
energetic status at marine approach. Physiol Biochem Zool 81:
255-268.

Hanson K, Hasler C, Donaldson M, Cooke S (2010) Stability of swimming
performance and activity hierarchies among wild largemouth bass
at multiple temporal scales: evidence for context-dependent shuf-
fling between seasons. Can J Zool 88: 324-333.

Harrison PM, Gutowsky LFG, Martins EG, Patterson DA, Cooke SJ,
Power M (2015) Personality-dependent spatial ecology occurs
independently from dispersal in wild burbot (Lota lota). Behav Ecol
26:483-492.

Review article

Holmlund CM, Hammer M (1999) Ecosystem services generated by fish
populations. Ecol Econ 29: 253-268.

Horodysky AZ, Cooke SJ, Brill RW (2015) Physiology in the service of fish-
eries science: why thinking mechanistically matters. Rev Fish Biol Fish
25:425-447.

Huntingford FA (1976) The relationship between inter- and intra-specific
aggression. Anim Behav 24: 485-497.

Johnson PCD, Barry SJE, Ferguson HM, Mdiller P (2015) Power analysis for
generalized linear mixed models in ecology and evolution. Methods
Ecol Evol 6: 133-142.

Johnston |, Wilson RS (2006) Temperature-induced developmental plas-
ticity in ectotherms. In SJWarburton, Burggren WW, Pelster B, Reiber
CL, Spicer J, eds, Comparative Developmental Physiology, Oxford
University Press, New York, pp 124-138.

Jornod M, Roche DG (2015) Inter- vs intra-individual variation and tem-
poral repeatability of escape responses in the coral reef fish
Amblyglyphidodon curacao. Biology Open 4: 1395-1399.

Joyce W, Ozolina K, Mauduit F, Ollivier H, Claireaux G, Shiels HA (2016)
Individual variation in whole-animal hypoxia tolerance is associated
with cardiac hypoxia tolerance in a marine teleost. Biol Lett 12:20150708.

Killen SS (2014) Growth trajectory influences temperature preference in
fish through an effect on metabolic rate.J Anim Ecol 83: 1513-1522.

Killen SS, Marras S, McKenzie DJ (2011) Fuel, fasting, fear: routine meta-
bolic rate and food deprivation exert synergistic effects on risk taking
in individual juvenile European seabass. J Anim Ecol 80: 1024-1033.

Killen SS, Marras S, Ryan MR, Domenici P, McKenzie DJ (2012a) A relation-
ship between metabolic rate and risk-taking behaviour is revealed
during hypoxia in juvenile European sea bass. Funct Ecol 26: 134-143.

Killen SS, Marras S, Steffensen JF, McKenzie DJ (2012b) Aerobic capacity
influences the spatial position of individuals within fish schools. Proc
Biol Sci 279: 357-364.

Killen SS, Marras S, Metcalfe NB, McKenzie DJ, Domenici P (2013)
Environmental stressors alter relationships between physiology and
behaviour. Trends Ecol Evol 28: 651-658.

Killen SS, Marras S, McKenzie DJ (2014) Fast growers sprint slower: effects
of food deprivation and re-feeding on sprint swimming performance
in individual juvenile European sea bass. J Exp Biol 217: 859-865.

Killen SS, Nati JJH, Suski CD (2015) Vulnerability of individual fish to cap-
ture by trawling is influenced by capacity for anaerobic metabolism.
Proc Biol Sci 282:20150603.

Killen SS, Fu C, Wu Q, Wang YX, Fu SJ (2016) The relationship between
metabolic rate and sociability is altered by food deprivation. Funct
Ecol.DOI:10.1111/1365-2435.12634

Kolok AS (1992) The swimming performance of individual largemouth
bass (Micropterus salmoides) are repeatable. J Exp Biol 170: 265-270.

Kolok AS, Plaisance EP, Abdelghani A (1998) Individual variation in the
swimming performance of fishes: an overlooked source of variation
in toxicity studies. Environ Toxicol Chem 17:282-285.


http://dx.doi.org/10.1111/1365-2435.12634

Review article

Koolhaas JM (2008) Coping style and immunity in animals: making sense
of individual variation. Brain Behav Immun 22: 662-667.

Koukkari WL, Sothern RB (2007) Introducing Biological Rhythms: a Primer
on the Temporal Organization of Life, with Implications for Health,
Society, Reproduction, and the Natural Environment. Springer Science
& Business Media, Springer, Netherlands.

Krause J (1993) The influence of hunger on shoal size choice by three-
spined sticklebacks, Gasterosteus aculeatus. J Fish Biol 43: 775-780.

Krause J, Cheng DJS, Kirkman E, Ruxton GD (2000) Species-specific pat-
terns of refuge use in fish: the role of metabolic expenditure and
body length. Behaviour 137:1113-1127.

Lessells CM, Boag PT (1987) Unrepeatable repeatabilities: a common
mistake. Auk 104: 116-121.

Maciak S, Konarzewski M (2010) Repeatability of standard metabolic rate
(SMR) in a small fish, the spined loach (Cobitis taenia). Comp Biochem
Physiol A Mol Integr Physiol 157:136-141.

McKenzie DJ, Piraccini G, Steffensen JF, Bolis CL, Bronzi P, Taylor EW
(1995) Effects of diet on spontaneous locomotor activity and oxygen
consumption in Adriatic sturgeon (Acipenser naccarii). Fish Physiol
Biochem 14:341-355.

Magurran AE (1986) Individual differences in fish behaviour. In Pitcher T,
ed., The Behaviour of Teleost Fishes. Springer, USA, pp 338-365.

Marras S, Killen SS, Claireaux G, Domenici P, McKenzie DJ (2011)
Behavioural and kinematic components of the fast-start escape
response in fish: individual variation and temporal repeatability. J Exp
Biol 214:3102-3110.

Marras S, Cucco A, Antognarelli F, Azzurro E, Milazzo M, Bariche M,
Butenschdn M, Kay S, Di Bitetto M, Quattrocchi G etal. (2015a)
Predicting future thermal habitat suitability of competing native and
invasive fish species: from metabolic scope to oceanographic model-
ling. Conserv Physiol 3: doi:10.1093/conphys/cou059.

Marras S, Killen SS, Lindstrom J, McKenzie DJ, Steffensen JF, Domenici P
(2015b) Fish swimming in schools save energy regardless of their
spatial position. Behav Ecol Sociobiol 69: 219-226.

Martin JG, Nussey DH, Wilson AJ, Reale D (2011) Measuring individual
differences in reaction norms in field and experimental studies: a
power analysis of random regression models. Methods Ecol Evol 2:
362-374.

Martinez M, Guderley H, Nelson JA, Webber D, Dutil JD (2002) Once a fast
cod, always a fast cod: maintenance of performance hierarchies
despite changing food availability in cod (Gadus morhua). Physiol
Biochem Zool 75: 90-100.

Metcalfe NB, Monaghan P (2001) Compensation for a bad start: grow
now, pay later? Trends Ecol Evol 16: 254-260.

Metcalfe NB, Van Leeuwen TE, Killen SS (2016) Does individual variation
in metabolic phenotype predict fish behaviour and performance? J
Fish Biol 88:298-321.

Mittelbach GG, Ballew NG, Kjelvik MK (2014) Fish behavioral types and
their ecological consequences. Can J Fish Aquat Sci 71: 927-944.

Conservation Physiology - Volume 4 2016

Munday PL, Dixson DL, Donelson JM, Jones GP, Pratchett MS, Devitsina
GV, Doving KB (2009) Ocean acidification impairs olfactory discrimi-
nation and homing ability of a marine fish. Proc Nat! Acad Sci USA 106:
1848-1852.

Nagy M, Akos Z, Biro D, Vicsek T (2010) Hierarchical group dynamics in
pigeon flocks. Nature 464: 890-893.

Nakagawa S, Schielzeth H (2010) Repeatability for Gaussian and non-
Gaussian data: a practical guide for biologists. Biol Rev Camb Philos
Soc 85:935-956.

Nelson JA, Gotwalt PS, Simonetti CA, Snodgrass JW (2008) Environmental
correlates, plasticity, and repeatability of differences in performance
among blacknose dace (Rhinichthys atratulus) populations across a
gradient of urbanization. Physiol Biochem Zool 81: 25-42.

Nelson JA, Atzori F, Gastrich KR (2015) Repeatability and phenotypic
plasticity of fish swimming performance across a gradient of urban-
ization. Environ Biol Fish 98: 1431-1447.

Nespolo RF, Franco M (2007) Whole-animal metabolic rate is a repeatable
trait: a meta-analysis. J Exp Biol 210: 2000-2005.

Norin T, Malte H (2011) Repeatability of standard metabolic rate, active
metabolic rate and aerobic scope in young brown trout during a
period of moderate food availability. J Exp Biol 214: 1668-1675.

Norin T, Malte H, Clark TD (2015) Differential plasticity of metabolic rate
phenotypes in a tropical fish facing environmental change. Funct
Ecol DOI:10.1111/1365-2435.12503.

Nussey D, Wilson A, Brommer J (2007) The evolutionary ecology of indi-
vidual phenotypic plasticity in wild populations. J Evol Biol 20: 831-844.

Oomen RA, Hutchings JA (2015) Variation in spawning time promotes
genetic variability in population responses to environmental change
in a marine fish. Conserv Physiol 3: doi:10.1093/conphys/cov027.

Philipp DP, Cooke SJ, Claussen JE, Koppelman JB, Suski CD, Burkett DP
(2009) Selection for vulnerability to angling in largemouth bass.
Trans Am Fish Soc 138: 189-199.

R Core Team (2015) R: A Language and Environment for Statistical
Computing. R, Foundation for Statistical Computing, Vienna, Austria.

Sandblom E, Djordjevic B, Sundh H, Seth H, Sundell K, Lines JA, Kiessling
A (2012) Effects of electric field exposure on blood pressure, cardio-
ventilatory activity and the physiological stress response in Arctic
char, Salvelinus alpinus. Aquaculture 344-349: 135-140.

Schielzeth H, Forstmeier W (2009) Conclusions beyond support: over-
confident estimates in mixed models. 20: 416-420.

Sih A (2013) Understanding variation in behavioural responses to
human-induced rapid environmental change: a conceptual over-
view. Anim Behav 85: 1077-1088.

Slater PJB (1981) Individual differences in animal behavior. In Bateson P,
Klopfer P, eds, Perspectives in Ethology. Springer, USA, pp 35-49.

Sloman KA, Motherwell G, O'Connor Kl, Taylor AC (2000) The effect of
social stress on the standard metabolic rate (SMR) of brown trout,
Salmo trutta. Fish Physiol Biochem 23: 49-53.


http://dx.doi.org/10.1111/1365-2435.12503
http://dx.doi.org/10.1093/conphys/cov027

Conservation Physiology - Volume 4 2016

Sneddon LU, Hawkesworth S, Braithwaite VA, Yerbury J (2006) Impact of
environmental disturbance on the stability and benefits of individual
status within dominance hierarchies. Ethology 112: 437-447.

Sprenger D, Dingemanse NJ, Dochtermann NA, Theobald J, Walker SPW
(2012) Aggressive females become aggressive males in a sex-chang-
ing reef fish. Ecol Lett 15: 986-992.

Stamps JA, Briffa M, Biro PA (2012) Unpredictable animals: individual
differences in intraindividual variability (IIV). Anim Behav 83:
1325-1334.

Svendsen JC, Genz J, Anderson WG, Stol JA, Watkinson DA, Enders EC
(2014) Evidence of circadian rhythm, oxygen regulation capacity,
metabolic repeatability and positive correlations between forced
and spontaneous maximal metabolic rates in lake sturgeon Acipenser
fulvescens. PLoS ONE 9: €94693.

Svendsen MBS, Bushnell PG, Steffensen JF (2016) Design and setup of
intermittent-flow respirometry system for aquatic organisms. J Fish
Biol 88:26-50.

Taylor M, Cooke S (2014) Repeatability of movement behaviour in a wild
salmonid revealed by telemetry. J Fish Biol 84: 1240-1246.

Van Leeuwen TE, Rosenfeld JS, Richards JG (2012) Effects of food ration
on SMR: influence of food consumption on individual variation in
metabolic rate in juvenile coho salmon (Onchorhynchus kisutch).
JAnim Ecol 81:395-402.

Virani NA, Rees BB (2000) Oxygen consumption, blood lactate and inter-
individual variation in the gulf killifish, Fundulus grandis, during

Review article

hypoxia and recovery. Comp Biochem Physiol A Mol Integr Physiol 126:
397-405.

Wang T, Hung CCY, Randall DJ (2006) The comparative physiology of
food deprivation: from feast to famine. Annu Rev Physiol 68: 223-251.

West-Eberhard MJ (1989) Phenotypic plasticity and the origins of diver-
sity. Annu Rev Ecol Syst 249-278.

Westneat DF, Wright J, Dingemanse NJ (2015) The biology hidden inside
residual within-individual phenotypic variation. Biol Rev Camb Philos
S0c90:729-743.

White JR, McCormick MI, Meekan MG (2013) Syndromes or flexibility:
behavior during a life history transition of a coral reef fish. PLoS ONE
8:e84262.

White JR, Meekan MG, McCormick MI (2015) Individual consistency in
the behaviors of newly-settled reef fish. PeerJ 3: e961.

Williams TD (2008) Individual variation in endocrine systems: moving
beyond the ‘tyranny of the golden mean' Philos Trans R Soc B Biol Sci
363: 1687-1698.

Wilson ADM, Binder TR, McGrath KP, Cooke SJ, Godin J-GJ (2011) Capture
technique and fish personality: angling targets timid bluegill sunfish,
Lepomis macrochirus. Can J Fish Aquat Sci 68: 749-757.

Wingfield JC (2003) Control of behavioural strategies for capricious envi-
ronments. Anim Behav 66: 807-816.

Wolak ME, Fairbairn DJ, Paulsen YR (2012) Guidelines for estimating
repeatability. Methods Ecol Evol 3: 129-137.



