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ABSTRACT: There is increasing realisation that individuals in many animal populations differ
substantially in resource, space or habitat use. Differences that cannot be attributed to any a priori
way of classifying individuals (i.e. age, sex and other group effects) are often termed ‘individual
specialisation’. The aim of this paper is to assess the most common approaches for detecting and
quantifying individual specialisation and consistencies in foraging behaviour, movement patterns
and diet of marine predators using 3 types of data: conventional diet data, stable isotope ratios and
tracking data. Methods using conventional diet data rely on a comparison between the propor-
tions of each dietary source in the total diet and in the diet of individuals, or analyses of the statis-
tical distribution of a prey metric (e.g. size); the latter often involves comparing ratios of individual
and population variance. Approaches frequently used to analyse stable isotope or tracking data
reduced to 1 dimension (trip characteristics, e.g. maximum trip distance or latitude/longitude at
certain landmarks) include correlation tests and repeatability analysis. Finally, various spatial
analyses are applied to other types of tracking data (e.g. distances between centroids of distribu-
tions or migratory routes, or overlap between distributions), and methods exist to compare habitat
use. We discuss the advantages and disadvantages of these approaches, issues arising from other
effects unrelated to individual specialisation per se (in particular those related to temporal scale)
and potential solutions.

KEY WORDS: Behavioural consistency - Foraging site fidelity - Foraging specialisation -
Marine mammals - Niche variation - Repeatability - Seabirds - Site fidelity

INTRODUCTION

Ecologists have often treated conspecific individu-
als as broadly equivalent, after accounting for age,
sex and other group effects (Bolnick et al. 2003,
Yamamoto et al. 2014, Wakefield et al. 2015). How-
ever, there is increasing realisation that individuals in
many animal populations differ substantially in re-
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source use (‘niche variation'), and the term ‘individual
specialisation’ has been used to describe hetero-
geneity in resource use (Aratjo et al. 2011, Patrick et
al. 2014, Ceia & Ramos 2015). The extent of niche
variation has important implications, including the
potential not only to reduce the degree of intra-spe-
cific competition, but also to increase individual effi-
ciency in finding and handling food (Estes et al. 2003,
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Cook et al. 2006, Kotzerka et al. 2011, Ceia & Ramos
2015). Moreover, if a wide range of habitats and re-
sources are used, a particular species or population
may be better buffered against anthropogenic im-
pacts, as individuals are likely to respond in different
ways to changes in the environment (Tinker et al.
2008, Phillips et al. 2009, Dias et al. 2011, Masello et
al. 2013). Hence, the characterisation of divergent be-
haviour or strategies may provide important insights
into the ecology, evolution, conservation and man-
agement of the species (Thiemann et al. 2011, Wake-
field et al. 2015, Ramirez et al. 2016).

The interest in individual variation, however, ex-
tends far beyond the marine ecology literature, and
has evolved independently in several fields, resulting
in a fragmented literature with different terminology
(Dall et al. 2012). While some researchers have fo-
cused on individual niche specialisation (particularly
in terms of behavioural traits associated with foraging
behaviour and diet choice), others have focused on
documenting behavioural syndromes or animal per-
sonalities (boldness, aggressiveness, activity, explo-
ration and neophobia), and the division of labour
within insect societies or hunting groups (Gazda et al.
2005, Dall et al. 2012). Although these similar con-
cepts (individual niche specialisation, behavioural
syndromes or animal personalities, and the division of
labour) are applied in different contexts, they are
largely concerned with the same behavioural proper-
ties, and each field uses similar statistical method-
ology for describing individual variation (Cleasby
et al. 2015).

Individual specialisation occurs when individuals
use a narrow subset of the ecological niche of the
population, for reasons not attributed to any a priori
ways of classifying individuals (Bolnick et al. 2003,
Woo et al. 2008, Votier et al. 2010, Dall et al. 2012,
Patrick et al. 2014). Indeed, there are multiple biolog-
ical reasons to distinguish between phenotypic varia-
tion that is sex- or age-related and individual-level
specialisation (Bolnick et al. 2002). In marine preda-
tors, sex differences may arise from the influence of
size dimorphism on sex-specific parental roles, inter-
sexual competition, foraging and locomotory effi-
ciency (including diving capability), or habitat spe-
cialisation (Gonzalez-Solis et al. 2000, Shaffer et al.
2001, Phillips et al. 2004a, Breed et al. 2006, Stani-
land & Robinson 2008, Quillfeldt et al. 2011, Stauss et
al. 2012); these mechanisms are potentially, but not
necessarily, different from those generating individ-
ual specialisation. Similarly, differences in behaviour
are often associated with variation in foraging abili-
ties (i.e. competitive ability) or performance of adults

of different ages or experience (Navarro et al. 2010).
After accounting for effects of sex and age, other
sources of variation among individuals may still exist;
this residual variation is what describes individual
specialisation. The unexplained within-individual vari-
ation is generally assumed to be distributed normally
and uniformly between individuals when using this
approach (Westneat et al. 2015).

Although a variety of approaches have been used
to detect individual specialisation in traits (e.g. diet
and foraging behaviour), most approaches rely on
contrasting the amount of variation within individu-
als with the variation between individuals, using re-
peatability analysis. A repeatable behaviour will
show relatively low within-individual variance com-
pared to between-individual variance (Bell et al.
2009, Nakagawa & Schielzeth 2010, Dingemanse &
Dochtermann 2013). Consistently divergent behav-
iours have also been termed specialisations. The
definition of behavioural consistency, however, is not
trivial when looking at the statistical methodology,
and there is still no universal agreement (but see
Cleasby et al. 2015). In the context of specialisation,
consistency relates to the within-individual variation.
The within-individual variation needs to be com-
pared to the between-individual variation in order to
test for specialisation (to determine a ‘high’' vs. a
'low" within-individual variance). Although behav-
ioural consistency can reflect specialisation, it does
not necessarily indicate individual specialisation as
defined here. For example, if groups of individuals
(e.g. males vs. females, adults vs. juveniles) differ in
their preferences, but these group differences are not
taken into account, then researchers might wrongly
conclude that there is individual specialisation.

Individual specialisation and behavioural consis-
tency are known to be widespread across a range of
taxa and behaviours; they have been demonstrated
for a number of species of marine predators in forag-
ing behaviour, migratory routes, dive characteristics,
diet, timing of events, activity patterns and habitat
choice, and foraging site fidelity during breeding and
non-breeding periods (Hoelzel et al. 1989, Staniland
et al. 2004, Croxall et al. 2005, Phillips et al. 2005,
2006, Sargeant et al. 2005, Guilford et al. 2011,
Thiebot et al. 2011, Patrick et al. 2014, Yamamoto et
al. 2014, Wakefield et al. 2015). Because marine pre-
dators forage on highly patchy and more or less pre-
dictable food resources at the coarse- to meso-scale
(tens to hundreds of kilometres) and over days and
weeks, the incidence of specialisation is unsurprising
(Weimerskirch 2007, Ceia & Ramos 2015, Wakefield
et al. 2015). The recurrent use of similar areas may
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increase familiarity with feeding conditions, includ-
ing fine-scale resource availability and distribution
(Hamer et al. 2007, Ramirez et al. 2016). Marine
predators will often target regions characterised by
local physical features or processes, including
eddies, frontal systems, upwelling zones and shelf
breaks, that increase primary production or serve to
aggregate various types of prey (Kappes et al. 2010,
Louzao et al. 2011, Pinet et al. 2011, Baylis et al. 2012,
Arthur et al. 2015, Wakefield et al. 2015). Foraging
behaviour and diet specialisations may therefore
emerge as a result of the spatial and temporal avail-
ability and predictability of prey (Woo et al. 2008,
Navarro & Gonzalez-Solis 2009, Patrick et al. 2015,
Sommerfeld et al. 2015). Moreover, because marine
predators frequently target such productive areas in
the breeding and non-breeding seasons, and are
central-place foragers during breeding, competition
may be high and lead to the use of divergent foraging
strategies (Estes et al. 2003, Villegas-Amtmann et al.
2008, Patrick et al. 2014, Ceia & Ramos 2015).

Several conventional approaches, such as visual
observations and the analysis of pellet, midden, re-
gurgitate or stomach contents, have been used to test
for, or to quantify, consistency in diet in marine pred-
ators (Votier et al. 2004a,b, Hamer et al. 2007, Maldini
et al. 2010, Scheel & Anderson 2012). More recently,
these approaches have been replaced or supple-
mented by the use of biologging technology and sta-
ble isotope analysis of carbon and nitrogen (Phillips
et al. 2005, Furness et al. 2006, Anderson et al. 2009,
Newsome et al. 2009, Matich et al. 2011, Kernaléguen
et al. 2015). The aim of this review is to scrutinise the
most common methods used to detect and quantify
individual specialisation and behavioural consisten-
cies in foraging, movement patterns and diet of mar-
ine predators, particularly seabirds and marine mam-
mals (Table 1). A series of fixed factors unrelated to
individual specialisation per se are also discussed
briefly, as these need to be taken into account when
applying several of the approaches presented here.
The review focuses on 3 types of data: those derived
from (1) diet assessed using conventional approaches,
(2) diet assessed using stable isotopes, and (3) track-
ing. In each case, we present the various statistical
analyses used to date, providing an overview of the
specific advantages and disadvantages.

DIET USING CONVENTIONAL APPROACHES

Many methods are used to study marine predator
diet. Traditionally, these involve the collection and

analysis of regurgitated prey items and pellets,
stomach contents, faeces, direct observations of prey
caught or carried by returning adults, or dropped
items collected at breeding colonies (Pierce & Boyle
1991, Barrett et al. 2007, Moreno et al. 2016). The
analysis of diet specialisation depends not only on
the number of individuals sampled but also, and most
importantly, on the number of independent feeding
events recorded per individual in order to calculate
an index of diet variation (Aratjo et al. 2011). Monte
Carlo simulations are the only way to do a power
analysis, but some prior knowledge of the expected
level of variability in a given population is necessary.
Although repeated observations over time are re-
quired to quantify specialisation correctly, the first
studies testing (and rejecting) the null hypothesis
that conspecifics share an identical resource distribu-
tion were derived from cross-sectional data collected
from a population at one specific point in time (e.g.
Baltz & Morejohn 1977, Lonne & Gabrielsen 1992).
Unlike this snapshot approach, longitudinal studies,
where sampling at intervals reflects multiple feeding
events of the same individual, allow specialisation to
be properly quantified at a particular temporal scale.

The simplest approach to detect specialisation is to
identify groups of specialists and generalists based
on the proportion of each dietary source in the total
diet, and assign individuals to these groups (e.g.
Pierotti & Annett 1991, Annett & Pierotti 1999, Oro et
al. 2005, Hamer et al. 2007). For example, by observ-
ing prey items being delivered to pigeon guillemot
Cepphus columba chicks for an average of 4 full days
over multiple years, Golet et al. (2000) defined spe-
cialists as individuals whose diet contained more
than 50 % of a particular item or class of items. Using
a higher threshold for the definition of specialist pre-
dators, Votier et al. (2004a) categorised great skuas
Stercorarius skua as specialist fish or bird predators
when the contents of regurgitated pellets collected
over multiple periods between egg-laying and chick-
fledging comprised 70% or more of the respective
prey, or as generalists when none of the prey items
comprised 70% or more of the diet. When data on
diet are not available, behavioural information (such
as dive depths and the proportion of trips associated
with fishing boats) or the use of areas where particu-
lar prey occur (proportion of time at each feeding
site) have been used to assign individuals to different
diet groups (e.g. Ropert-Coudert et al. 2003, Mon-
tevecchi et al. 2009, Masello et al. 2013, Granadeiro
et al. 2014, Patrick et al. 2015, Tyson et al. 2015). The
threshold used for separating specialists and gener-
alists is often arbitrary. Ideally, researchers could
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Table 1. Summary of the most common methods used to detect and quantify individual specialisation and behavioural consis-
tencies in foraging, movement patterns and diet of marine predators. WIC: within-individual component, GLMM: generalised
linear mixed-effects model, TNW: total niche width, UDOI: utilisation distribution overlap index

Method

Data type

Example

Reference

Notes

Comparing
categories based on
percentage of use

Ratios of variance
(repeatability)

GLMM with
random slopes

Distances

Overlaps

Categorical

Continuous variable

Response variable and
continuous environ-
mental variables

Spatial data

Ranges

Utilisation distribu-
tions

Prey items

Habitat types or areas
where particular prey
occur

Prey trait (e.g. size)

Stable isotope ratios

Trip summary statistics

Use/availability
locations

Foraging trip
characteristics, e.g.
path straightness

Between distribution
centroids

Between migratory
routes

In geographical space

In environmental
space (each variable

Votier et al. (2004a)

Ropert-Coudert et al.
(2003)

Woo et al. (2008)

Garcia-Tarrason et al.
(2015)

Wakefield et al. (2015)

Patrick et al. (2014)

Navarro & Gonzdalez-
Solis (2009)

Dias et al. (2011)

Orben et al. (2015)
Wakefield et al. (2015)

Wakefield et al. (2015)

Does not allow statistical
testing of the degree of
individual consistency

Using GLMMs allows the
inclusion of fixed effects
(not when using Bolnick's
WIC/TNW ratio)

Resource selection
function (habitat selec-
tion)

Random slope model

Bhattacharyya's affinity,
UDOI, etc.

Bhattacharyya's affinity,
UDOI, etc.

at a time)

deal with this issue by testing the sensitivity of their
results to different cut-offs. Furthermore, although
this approach can be used to infer differences in diet
between individuals, which can be interpreted as a
form of individual specialisation, it does not allow
estimation of its statistical significance.

To solve these issues, Bolnick et al. (2002) intro-
duced a framework to quantify and test statistically
for individual specialisation in diet that has since
been used in a wide range of taxa. By using ratios of
variance in a continuous trait measured for each prey
item (e.g. prey size), it is possible to estimate how
much of the total population variance is explained by
differences within vs. between individuals. In prac-
tice, the average intra-individual variance (‘within-
individual component' of the niche, WIC) is calcu-
lated, and divided by the sum of the inter-individual

variance (‘between-individual component’, BIC) and
the intra-individual variance (WIC + BIC = TNW, the
‘total niche width'). This index (WIC/TNW) varies
from O (complete individual specialisation) to 1 (no
individual specialisation). Empirical values can be
compared with a null model (randomisation of prey
items between individuals). This approach can be
implemented in the R package RInSp (Zaccarelli et
al. 2013). The method can also be extended to dis-
crete data such as the frequency of alternate prey in
the diet by using diversity indices as a proxy for vari-
ance (Bolnick et al. 2002). Instead of the raw number
(or mass) of diet items, values are transformed into a
proportion matrix. Examples of diversity indices
applied for this purpose are the Shannon-Weaver
index and a modified version of Hill's ratio (Golet et
al. 2000, Tinker et al. 2008, Woo et al. 2008). Alterna-



Carneiro et al.: Individual specialisation in marine predators 155

tive indices for quantifying individual specialisation
are based on diet overlap measures between the
individual and population (Bolnick et al. 2002).

DIET (TROPHIC POSITION/CARBON SOURCE)
USING STABLE ISOTOPES

Stable isotope analysis of carbon (*3C/!2C, §'3C)
and nitrogen (1°N/"“N, §'°N) are used increasingly to
test for comsistency in trophic level and foraging
habitat over multiple timescales. In marine ecosys-
tems, the ratios of stable carbon and nitrogen iso-
topes in consumer tissues reflect those of their prey
during tissue formation in a predictable manner
(Phillips et al. 2009). Carbon stable isotope ratios
mainly reflect the foraging habitat or carbon source
of the consumer, whereas nitrogen stable isotope
ratios indicate trophic position (Bearhop et al. 2000,
Cherel et al. 2006, Ceia et al. 2012). Since different
tissues turn over at different rates, each integrates
diet information over various temporal scales (Bear-
hop et al. 2006, Matich et al. 2011, Ceia & Ramos
2015). For instance, plasma retains information from
a few days prior to sample collection, and red blood
cells from the previous 3 to 4 wk, whereas feathers
and fur represent diet during moult, since keratin is
metabolically inert after synthesis (Bearhop et al.
2006, Ceia et al. 2012, Barquete et al. 2013). Pinniped
(otariid) and sea otter Enhydra lutris vibrissae, che-
lonian shells, baleen plates and mammalian teeth
sampled sequentially can be used to represent sev-
eral years of diet information (Hobson & Sease 1998,
Walker & Macko 1999, Cherel et al. 2009, Vander
Zanden et al. 2010, Eisenmann et al. 2016). Conse-
quently, the similarity between stable isotope ratios
measured in different tissues with different turnover
rates or during different periods can be used as a
proxy for individual diet and habitat specialisations
(Wakefield et al. 2015).

313C or 8'°N are often analysed separately; how-
ever, because 8°C has a trophic component, the
studentised residuals of the relationship between
813C and 8"N can be included in models testing for
short- and long-term consistency to control for the
variability in §'°C that could be due to §'°N (Votier
et al. 2010, Ceia et al. 2012). Alternatively, a multi-
variate model which allows direct modelling of the
covariance/correlation between these traits can be
used to control for the variability in 8'*C due to that
in 8'N; however, this approach, to our knowledge,
has not been used in the marine predator literature
to date.

The most common approach, applicable to differ-
ent types of data (stable isotope ratios, trip metrics,
habitat use), includes the use of repeatability (R)
analysis (i.e. intraclass correlation coefficient, ICC),
where the level of individual specialisation in a pop-
ulation can be estimated as the proportion of the total
variance accounted for by differences among indi-
viduals, according to the following formula:

oG

R= 62 + o2 )

with 62 being the between-individual variance and
62 the within-individual variance. The way to estimate
the variance components will depend on the distribu-
tion of the data (Nakagawa & Schielzeth 2010). For
Gaussian data, such as ratios of carbon and nitrogen,
repeatabilities can be calculated either with the F
table of an ANOVA with individual identities as fixed
factors (e.g. Hamer et al. 2001, Gray et al. 2005, Van-
der Zanden et al. 2013, Oppel et al. 2015) or with
linear mixed-effects models with individual identities
treated as a random effect (e.g. Dias et al. 2011,
Matich et al. 2011, Grist et al. 2014, McFarlane Tran-
quilla et al. 2014, Kernaléguen et al. 2015, Wakefield
etal. 2015). Note that the framework proposed by Bol-
nick et al. (2002), examining the within-individual
component and between-individual component of a
niche, is essentially the same as the residual variance
(within-individual variance) and between-individual
variance when using mixed-effects models. Indeed,
the ratio WIC/TNW is very similar to the equation for
repeatability, except that the numerator represents
the within- rather than between-individual variation.
Linear mixed-effect models have the advantage of
directly estimating the variance necessary for the cal-
culation of repeatability; the quantities 62 and 6?2 can
be extracted from the output of a mixed model. For
non-Gaussian data (e.g. binary, proportion and count
data), generalised linear mixed-effects models (GLMMs)
with the appropriate link function are required (e.g.
Garcia-Tarrason et al. 2015, Potier et al. 2015). The
advantage of using mixed-effect models to calculate
repeatability is that additional covariates can be in-
cluded as fixed effects to account for known sources of
variation. However, controlling for fixed effects will
affect variance component, and hence repeatability,
estimates (Wilson 2008; adjusted repeatabilities, Naka-
gawa & Schielzeth 2010). The inclusion of predictors
associated with individual observations (season, year,
etc.) will tend to increase the repeatability, while pre-
dictors associated with the individual-level component
(sex, age, etc.) will tend to decrease repeatability
(Wilson 2008, Nakagawa & Schielzeth 2010). ANOVA
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tables use the ratio of the sums of squares to estimate
repeatabilities (Lessells & Boag 1987). The statistical
significance of the repeatability can be tested with a
randomisation test: measurements (e.g. isotope ratios)
are reshuffled many times between individuals and
repeatability is calculated for each randomisation.
The corresponding p-value is the proportion of ran-
domisations that produce a repeatability index greater
or equal to the observed repeatability. This can be
implemented in the R package rptR (Nakagawa &
Schielzeth 2010). The importance of modelling dif-
ferences in within-individual variation—e.g. using
(double) hierarchical generalised linear models, or
(D)HGLMs as presented in Cleasby et al. (2015) —has
been recognised in a variety of fields and, recently, by
ecologists, but is not discussed in detail in the present
review because, as far as we are aware, it has
featured only in a few studies of marine ecology (but
see Cleasby et al. 2015 for a review of indices).

In theory, when data are normally distributed and
the design of the study is balanced (equal number of
measurements for each individual), an even simpler
approach is to test for a correlation (Spearman's or
Pearson's correlation) between pairs of measure-
ments taken at different points in time for each indi-
vidual (correlation-based repeatability; Nakagawa &
Schielzeth 2010). If there are more than 2 measure-
ments per individual, correlations can be calculated
between each pair of measurements, and averaged
for each individual. The main issue with correlations
is that they ignore other factors, and so this might
lead to within-individual consistency being high
because the measurements were taken under the
same conditions, rather than because the individual
is consistent (Dingemanse et al. 2012).

A general question when calculating repeatability,
or any other index of individual specialisation, is what
are the appropriate sample sizes. Wolak et al. (2012)
calculated confidence intervals for a number of re-
peatability estimates presented in the literature and
found that for most of these studies, the associated
precision was low because of inappropriate sample
sizes. They provide guidelines for estimating how
many individuals, and how many measurements per
individual, are necessary to get a certain level of pre-
cision. In general, the higher the value of the repeata-
bility index, the fewer the number of measurements
and individuals needed for reasonable precision.
Wolak et al. (2012) also emphasise that the same pre-
cision can be achieved with different combinations of
number of individuals or number of measurements.
In the particular case of stable isotopes, when there
are often only 2 measurements per individual, the

number of individuals sampled will need to be high.
The formula provided by Wolak et al. (2012) for this
estimation can only be applied for repeatabilities cal-
culated using the variance components of a 1-way
ANOVA table, hence for Gaussian data. For more
complex model structures or non-Gaussian data, no
such formula exists. However, power analyses can
still be carried out at the level of each variance com-
ponent in a mixed-model framework (potentially with
both random intercepts and random slopes), using
the R package pamm (Martin et al. 2011).

BIOLOGGING STUDIES

A variety of devices have been used to examine
animal movements, including platform terminal trans-
mitter (PTT), GPS, and geolocator or global location
sensing (GLS) loggers. These devices have different
performances, and the general trade-off is between
temporal resolution, deployment duration, device
mass and cost (Wakefield et al. 2009). PTTs can pro-
vide multiple locations per day with accuracy typi-
cally <15 km (Burger & Shaffer 2008, Phillips et al.
2007, Costa et al. 2010). Due to their high cost, these
devices have, to an extent, been replaced in the last
decade by GPS loggers. The latter have a much
better spatial accuracy (within 10 m) and temporal
resolution (up to 1 Hz) (Guilford et al. 2008, Phillips et
al. 2007, Kotzerka et al. 2010). In diving predators
that only surface for short periods, very rapid
(<100 ms) acquisition Fastloc GPS is required, and is
slightly less accurate than conventional GPS (50 % of
locations within 36 m; Dujon et al. 2014). Because of
the very high temporal resolution, fine-scale behav-
ioural information can be inferred from movement
(Guilford et al. 2008, Freeman et al. 2010). The use of
miniaturised GPS loggers, however, is still limited by
the short lifespan (weeks) of devices without solar
panels. The use of GLS loggers avoids some of these
problems as they have low power requirements, and
are small enough to be attached long-term to a ring
on the tarsus or a flipper tag (Wilson et al. 2002,
Phillips et al. 2004b, Shaffer et al. 2005, Staniland et
al. 2012). This technology is unsuitable for fine-scale
spatial analysis, but is ideal for monitoring large-
scale movements during the non-breeding season or
over extended periods. Amongst the disadvantages,
GLS loggers will provide only 2 locations per day
with an average accuracy of 186 + 114 km, and lati-
tude is difficult to estimate from light for 3 to 4 wk
around the equinoxes (Phillips et al. 2004b, Shaffer et
al. 2005). Other devices can be deployed that collect
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immersion, acceleration, temperature, images or
other data allowing more detailed investigations into
at-sea activity (Phalan et al. 2007, Mackley et al.
2010, 2011, Gutowsky et al. 2014, Kernaléguen et al.
2015).

Biologging studies can be used to assess the poten-
tial specialisation or flexibility of individuals from
within a population because individuals can be
tracked across multiple trips or over the course of a
year or longer (Pinaud & Weimerskirch 2005, Soanes
et al. 2013, Muller et al. 2014). As such, the data can
be used to examine repeatability in foraging destina-
tions (i.e. site fidelity), migration schedules (timing
and duration of events), fidelity to wintering areas
and routes, and consistency in habitat use or prefer-
ence (Croxall et al. 2005, Phillips et al. 2005, 2006,
Guilford et al. 2011, Thiebot et al. 2011, Baylis et al.
2015a, Yamamoto et al. 2014, Arthur et al. 2015).

Analyses of trip summary statistics

Spatial information collected by tracking devices
will typically be in 2 dimensions (latitude and longi-
tude). Therefore, in order to apply the methods listed
above (correlations and repeatability analysis), spa-
tial data are typically reduced via summary statistics
to a single dimension, or are analysed separately
(e.g. Phillips et al. 2005, Dias et al. 2013, Ceia et al.
2014, Yamamoto et al. 2014, Potier et al. 2015). The
most common summary data derived from each trip
that have been used in this way include the total du-
ration, total distance travelled (summed great circle
distances between fixes), maximum range (great cir-
cle distance to the furthest location), and bearing at
departure or to the furthest point (Hamer et al. 2001,
2007, Soanes et al. 2013, Ceia et al. 2014, Patrick et
al. 2014, Baylis et al. 2015b, Oppel et al. 2015, Potier et
al. 2015). For the non-breeding season, the analyses
are often of migration schedules (timing and duration
of events; Croxall et al. 2005, Phillips et al. 2005, Dias
et al. 2011, Yamamoto et al. 2014), or the total dis-
tance travelled during the migration (Muller et al.
2014). Other 1-dimensional data used in studies of in-
dividual specialisation include dive characteristics
and activity metrics (Laidre et al. 2002, Staniland et
al. 2004, Cook et al. 2006, Ratcliffe et al. 2013, Patrick
et al. 2014, Potier et al. 2015, Wakefield et al. 2015).

Correlation tests can be performed to compare the
above measures collected at different points in time
(e.g. Phillips et al. 2005, Soanes et al. 2013). How-
ever, these tests do not allow individual specialisa-
tion per se to be quantified. The alternative is to carry

out repeatability analyses, as presented in the 'Diet
(trophic position/carbon source) using stable iso-
topes' section, e.g. of proportions of V-shaped dives
(Patrick et al. 2014, Wakefield et al. 2015), wintering
destinations (Perez et al. 2014) or number of dives per
foraging trip (Potier et al. 2015).

Spatial analyses: distance between centroids of
distributions or migratory routes

It is possible to study individual specialisation in
space, and not only in trip characteristics, based on
distances between the centroid of the locations at 2
different times for the same individuals tracked dur-
ing the breeding season (Navarro & Gonzdlez-Solis
2009, Ceia et al. 2014), or between centroids in differ-
ent winters (Dias et al. 2011, Fifield et al. 2014,
McFarlane Tranquilla et al. 2014, Yamamoto et al.
2014, Lea et al. 2015). Distances can also be calcu-
lated between pairs of migratory routes (e.g. for the
same individual during consecutive years), either be-
tween positions at certain landmarks (Yamamoto et
al. 2014), or as the mean distance between each posi-
tion on one route and the nearest position on the
other (Guilford et al. 2011, Dias et al. 2013). The
smaller that distance, the more consistent the indi-
vidual. To compare the within- and between-individ-
ual distances (i.e. evaluate the statistical significance
of individual consistency), one approach is to use dis-
tances calculated for pairs of centroids or routes as
the response variable in a (G)LMM with individual
(same vs. different) as a random effect, and check for
the significance of the random effect (Dias et al.
2013). The second, and more widely used approach,
is to compare the calculated within-individual dis-
tances with a null distribution of distances generated
by reshuffling either locations or migratory tracks be-
tween individuals (Navarro & Gonzéalez-Solis 2009,
Dias et al. 2011, Fifield et al. 2014, McFarlane Tran-
quilla et al. 2014). This method based on distances
does not take into account the spread of the locations
around the centroids: hence, although useful to
detect a shift in the general distribution, it would not
detect a change only in range size. It also has the dis-
advantage of only allowing individual specialisation
to be detected, but not quantified.

Spatial analyses: overlap between distributions

Specialisation can also be estimated as the overlap
between distributions of the same individual over
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time. One approach is to overlay the locations (dives,
landings or feeding events etc.) on a grid, and count
the number of shared grid cells between different
trips made by the same individual (Hedd et al. 2001,
Baylis et al. 2015b, Orben et al. 2015, Sommerfeld et
al. 2015). These values are usually compared with
null models based on randomisation of individual
identities. Problems include the sensitivities to grid
cell size and to the resolution of the tracking data.
Indeed, if the data are too coarse, there is a risk that
genuine differences between individuals will be
missed. Ideally, data should be analysed on a scale
that is as fine as possible, although not smaller than
the accuracy of the tracking device; however, if the
grid cells are too small, potentially no 2 points from
the same bird will ever fall in the same cell even if
these points are relatively close.

Probabilistic measures offer an alternative ap-
proach; a utilisation distribution (UD) is generated
from tracking data, and the polygons representing
core and general use areas (typically 50 % and 90/
95 %, respectively) are then compared in an analysis
of overlap to determine the probability of individuals
being located repeatedly in the same area. This
method has been used to compare foraging areas in
consecutive trips during the breeding season (Phil-
lips et al. 2006, Pettex et al. 2012, Soanes et al. 2013),
and areas used from one year to the next (Chilvers
2008, McFarlane Tranquilla et al. 2014, Muller et al.
2014). The problem is that it does not exploit the
information on the complete UDs (cf. Ceia et al. 2014,
2015, Fifield et al. 2014, Wakefield et al. 2015). In
contrast, the indices described by Fieberg & Ko-
channy (2005) provide a more elegant means of rep-
resenting the overlap between pairs of UDs, mainly
based on the product of 2 UDs. They suggested the
use of Bhattacharyya's affinity when the aim is to
quantify the degree of similarity among UD estimates
(see Wakefield et al. 2015), and the utilisation dis-
tribution overlap index (UDOI) when a measure of
space-use sharing is desired. Isopleths can, of course,
still be informative when using these indices. The
observed distribution of the indices can be compared
to randomised distributions. In general for methods
using UDs, care needs to be taken in the definition of
the smoothing factor (h value) required for kernel
analysis, since it can influence the resulting UD. A
constant value of h for all individuals should be pre-
ferred (Fifield et al. 2014); otherwise, variation in
behaviour can be indistinguishable from that due to
the choice of smoothing parameter.

Environmental (habitat) analyses

Tracking data provide information not only on the
geographical space, but also on how individuals use
their environment (habitat). Indeed, remotely-sensed
environmental data can be extracted for each animal
location and, as with other types of movement infor-
mation, traditionally each environmental dimension
is analysed separately, typically calculating the over-
lap (Bhattacharyya's affinity) between the usage dis-
tributions represented by pairs of trips for each indi-
vidual (Wakefield et al. 2015). Alternatively, it is
possible to include all variables in the same model,
using random slope models (allowing for the re-
sponse to environmental conditions to vary between
individuals). This has been used to investigate how
environmental conditions influence the track charac-
teristics, e.g. speed or straightness of the path of
different individuals (Patrick et al. 2014). The same
approach using random slopes can be used in a re-
source selection function framework in which habitat
selection is estimated by contrasting environmental
conditions at ‘used’ locations (i.e. the recorded loca-
tions) and ‘available’ locations (randomly simulated
locations in the accessible area around the recorded
locations), in general using a generalised linear
model (GLM) with a logistic link. This can be
extended to GLMMs, using random slopes (individu-
als as a random effect) to detect differences between
individuals in selection for each variable.

CONTROLLING FOR PSEUDO-REPEATABILITY

Some effects can create bias in the estimation
or interpretation of levels of individual variation,
which can inflate repeatability estimates, leading to
pseudo-repeatability (Dingemanse & Dochtermann
2013). This inflation occurs when predictor variables
(i.e. fixed effects) that influence within-individual
variation vary between individuals because of a sam-
pling or measurement error; or when biologically rel-
evant parameters (i.e. fixed effects) that explain
between-individual differences are not taken into ac-
count in models (Dingemanse & Dochtermann 2013,
Westneat et al. 2015). Other explanations proposed
for heterogeneity in residual within-individual vari-
ance are the 'organismal error’ (when the variance in
phenotype is due to errors made by individuals when
assessing their environment, e.g. individuals mis-
identify an environmental cue and produce a re-
sponse which would be better suited to another envi-
ronment) and the ‘random residual within-individual
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variance' (when variation is due to a random process;
e.g. stochastic variation in density and location of
prey), which are discussed in detail in Westneat et al.
(2015).

Several issues related to temporal scale exist.
Indeed, consistency detected at different timescales
has different ecological interpretations (see Réale &
Dingemanse 2001 for a related discussion on the
study of animal personality). If individuals are consis-
tent over a short but not over a long timescale, the
‘specialisation’ detected is likely to be due to varia-
tion in the state of the individuals (e.g. hunger level
or reproductive state), or other short-term uncon-
trolled effects (e.g. immediate environmental condi-
tions). If individuals are consistent over a long time-
scale, the cause is likely to be due to genetic,
parental, individual quality or possibly permanent
environmental effects. If specialisation increases
over long timescales, the causes are likely to be
related to some learning process (over the lifespan of
an individual) or selective disappearance (over sev-
eral generations, i.e. if specialists are fitter, general-
ists will selectively disappear from the population).
This emphasises the importance of carrying out stud-
ies that, ideally, cover multiple time intervals (Kerna-
léguen et al. 2015).

Conversely, incorrect combination of time periods
can lead to erroneous interpretations. Indeed, if indi-
viduals specialise on different resources or environ-
ments over different seasons, studying specialisation
over the whole year, for example, might prevent the
detection of individual specialisation (although this is-
sue can be dealt with by including the correct fixed ef-
fects). In the case of seabirds, although several studies
have revealed that dietary and behavioural specialisa-
tions are widespread, it is unclear for how long these
specialisations are maintained (Masello et al. 2013,
Patrick et al. 2014; but see Wakefield et al. 2015). It is
likely, however, that repeatability in foraging behav-
iour declines at longer temporal scales because of tem-
poral changes in the availability and predictability of
resources (Woo et al. 2008, Bell et al. 2009, Ceia et al.
2014). Weimerskirch (2007) also suggested that site fi-
delity not only depends on the timescale, but also on
the habitat visited. Almost all published studies to date
were limited to data from relatively few individuals
tracked or observed over short periods of time (Zydelis
et al. 2011). Novak & Tinker (2015) also raise this point
for time-aggregated observations related to diet, not-
ing that increasing sampling time increases knowledge
of an individual's diet but comes with the risk that the
ability to detect meaningful temporal patterns in prey
selection is reduced.

The timing of the study can also bias the results for
reasons that are not necessarily linked to individual
preferences. For example, if individuals are tracked
only during consecutive trips or for a few consecutive
years, when conditions may be more similar than
after longer intervals, the lack of within-individual
flexibility in behaviour may reflect either that there
was no environmental change influencing prey
availability, or site fidelity (Chilvers 2008, Pettex et
al. 2012, Carneiro et al. 2016). However, if tracked for
multiple years with contrasting environmental condi-
tions and prey availability, the repeated use of an
area would indicate site fidelity. Such consistency in
space use could also reflect behavioural plasticity,
and the two mechanisms are hard to tease apart.

Timing and spatial accessibility are also important
when studying between-individual differences. If all
individuals in the study do not have access to the
same environment or prey (either because the condi-
tions change or because individuals live in distant
areas with different characteristics), then the pop-
ulation might exhibit apparent specialisation, even
though individuals are not specialised. Thus, to be
sure that it is indeed specialisation that is observed,
studies should minimise the risk of differences in
habitat or resource availability between individuals,
which in practice is a major challenge. Note that this
can to some extent be resolved by combining trophic
markers such as stable isotope ratios with tracking in
multiple years (Baylis et al. 2015b).

Finally, populations can exhibit different foraging
behaviours depending on the season (e.g. for sea-
birds, even within the breeding season, energy re-
quirements and the constraint of the colony usually
differ between pre-laying, incubation, brood-guard
and later chick-rearing). It is important to take these
changes into account, otherwise apparent individual
differences might arise as an artefact of mismatches
in the temporal scale of the measurements.

EFFECTS SPECIFIC TO STABLE ISOTOPE DATA

Studies using stable isotopes as a measure of in-
dividual specialisation/consistency in resource use
should ideally use methods that allow the partition-
ing of isotope variation between different factors,
and individual effects, such as calculating the ad-
justed repeatability from mixed-effects models. It is
also possible to control for some of this variation dur-
ing sample collection and preparation. Factors that
should be taken into account when estimating short-
and long-term spatial consistency or dietary speciali-
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sation (8!3C and 8N values) relate to (1) the compar-
ison of tissue types with different enrichment factors
for carbon and nitrogen isotopes (Cherel & Hobson
2007, Quillfeldt et al. 2008), (2) the use of tissues with
different turnover rates (e.g. plasma and red blood
cells), but with some overlap in terms of diet integra-
tion period (Votier et al. 2010, Ceia et al. 2015), (3)
the differences in baseline isotope ratios in foraging
areas used by individuals (in the marine environ-
ment, different oceanic processes and sources of
organic matter can result in spatial changes in base-
line stable isotope ratios; Moreno et al. 2011), and (4)
the variation in baseline isotope ratios between dif-
ferent periods and years (Aratjo et al. 2011, Wake-
field et al. 2015). In addition, intrinsic factors, which
are linked to physiological and life history traits (sex,
breeding stage, experience, reproductive status etc.)
can also be taken into account, although this will
tend to decrease repeatability estimates (see Wilson
2008 for a discussion).

Tissue type

Keratinous tissues such as feathers, fur, vibrissae
and chelonian shells are enriched in §°C and 3N
when compared with blood, even when synthesised
over the same time periods, due to different protein
sources, use of endogenous reserves during feather
synthesis, or when plasma contains §'°N-depleted
uric acid (Hobson et al. 1996, Cherel et al. 2005,
Cherel & Hobson 2007, Quillfeldt et al. 2008). Lipid
concentrations can also lead to particularly depleted
813C values (Bearhop et al. 2000, Votier et al. 2010).
Lipid extraction from fatty tissues is therefore recom-
mended prior to 8°C analysis (Cherel & Hobson
2007, Wakefield et al. 2015). However, extraction
techniques can affect 8'°N in an unpredictable man-
ner (Cherel et al. 2005, Bond & Jones 2009, Wake-
field et al. 2015). Ideally, 2 samples, one to measure
513C (delipidated) and one to measure 3°N (non-
delipidated), should be analysed (Paiva et al. 2010,
Wakefield et al. 2015). The low lipid level of kerati-
nous tissues, blood cells and of whole blood does not
affect their 8'C, and so lipid extraction is not
required (Cherel et al. 2005, Bond & Jones 2009,
Matich et al. 2011, Ceia et al. 2012, 2015). High and
varying concentrations of lipid in blood plasma, how-
ever, can result in depleted 8'3C values (Votier et al.
2010, Ceia et al. 2012, 2015). Lipid extraction can
often be impracticable because of the small quanti-
ties of blood plasma (Votier et al. 2010, Garcia-
Tarraso6n et al. 2015, Wakefield et al. 2015). In order

to account for the remaining potential differences in
enrichment factors, correction factors can be used
(Cherel et al. 2005, Quillfeldt et al. 2008, Votier et al.
2010, Garcia-Tarrasén et al. 2015) or tissue type
included as a fixed effect in adjusted repeatability
analysis (Wakefield et al. 2015).

Overlap in diet integration periods

Several studies have modelled short-term consis-
tency in isotope ratios by comparing values between
plasma and red blood cells collected in a single event
(e.g. Ceia et al. 2012, 2014, 2015, Wakefield et al.
2015). Although each tissue has a different turnover
rate, the integration of prey isotopes into body tissues
is a continuous process, and the analysis of short-
term consistency using the same blood sample in-
evitably leads to some overlap in the periods which
the samples represent (Votier et al. 2010, Ceia et al.
2015). To overcome this issue, when combined with
tracking analysis, some studies have collected blood
in 2 sampling events associated with the capture
(deployment) and recapture (retrieval) of tracking
devices, using the red blood cell fraction from initial
capture and the plasma fraction from the recapture
for subsequent analysis (Votier et al. 2010, Ceia et al.
2015), or only the plasma collected during both
events (Garcia-Tarrason et al. 2015).

Spatial and temporal variation in isotopic baselines

Marine isoscapes can change depending on nutri-
ent source, primary productivity, depth, latitude and
oceanic frontal region, which can confound direct
comparisons of trophic levels between animals from
different regions (Stowasser et al. 2012, Moreno et al.
2016). Information on isotopic ratios of potential prey
from different foraging areas (which can be deter-
mined from tracking devices) are essential to distin-
guish the relative importance of prey vs. habitat spe-
cialisation (Moreno et al. 2016). Otherwise, it is not
possible to tell whether a change in isotopic value
from t; to t, (or tissue type x and y) represents a wider
diet or spatial niche, or the same diet consumed in
areas or periods with different isotope baselines
(Ceia et al. 2014, Moreno et al. 2016). The latter
applies in particular to species that forage across
environmental boundaries and change their foraging
areas on a seasonal basis (Stowasser et al. 2012).
However, because most marine organisms are asso-
ciated with specific water masses, even when appar-
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ent differences in trophic position are most likely
related to the use of areas with different baselines,
dietary differences may still be informative about the
use of particular prey (Jaeger et al. 2014). To date,
there has been only one study including estimates of
baselines as fixed effects in adjusted repeatability
analysis of 8°C and §'N in the blood of northern
gannets Morus bassanus from the Bass Rock, within
and across years (Wakefield et al. 2015).

EFFECTS SPECIFIC TO TRACKING DATA

Studies of behavioural consistency and individual
specialisation based on tracking data should, where
possible, apply a variety of complementary ap-
proaches. It is straightforward to include fixed factors
in analyses of summary statistics, but more difficult to
control for these effects in spatial analysis. For the
latter, the analyses have to be carried out separately
for each level of those factors (e.g. males and females
treated separately), but this implies the need for big-
ger sample sizes. In addition to sex and age effects,
life-history stage and breeding status (failed or suc-
cessful) can potentially influence foraging strategies
and therefore should also be considered when test-
ing for individual specialisation. Breeding status, for
example, may not only affect timing of events (e.g.
Croxall et al. 2005, Phillips et al. 2005, Bogdanova et
al. 2011, Dias et al. 2011, Yamamoto et al. 2014), but
also the use of migratory destinations and routes.
When this information is not known, such effects can
be reduced by restricting comparisons to particular
time windows, for example to minimise the risk that
apparent differences between individuals might
relate to differences in migration schedules that
ultimately took similar routes (Guilford et al. 2011).
Behaviour may also differ between different types
or phases of foraging trips (outward and return
journeys, and hunting and searching for food), or
migration (outward and return migration, and resi-
dence at the main staging and wintering areas). For
birds, during chick-rearing, different types of trips
can be performed by adults while provisioning
their chicks; short trips to maximise delivery rate per
unit of time and long trips that enable adults to
restore their own reserves (Weimerskirch et al. 1994,
Weimerskirch 1998; but see Phillips et al. 2009). All
these potential differences need to be taken into con-
sideration when analysing individual specialisation,
as the constraint to return sooner to the colony can
prevent individuals from visiting areas that would
otherwise be optimal.

CONCLUSIONS

Individual specialisation can be calculated by
using repeated measurements for each individual,
then calculating the within- and between-individual
variation. Although there are several alternatives
(see Table 1), the most common and flexible ap-
proach is to calculate repeatability, using the vari-
ances extracted from GLMMs with individual as a
random effect (either random intercepts or random
slopes). To obtain estimates of individual specialisa-
tion, care needs to be taken to exclude effects that
can lead to pseudo-repeatability. In addition, ana-
lysing a variety of data types simultaneously can pro-
vide better insights. Analysis and interpretation can
be improved if the study involves a representative
number of individuals having access to the same
habitat and resources (preferably over the same peri-
ods), and over short and long timescales. Statistical
analyses of individual differences should be rigorous
and follow advice mentioned in this review. Studies
that conformed to these recommendations have
found convincing evidence of behavioural consis-
tency and individual specialisation in marine preda-
tors, albeit typically over relatively short timescales,
as well as in a wide range of other taxa (e.g. Woo et
al. 2008, Matich et al. 2011, Ceia et al. 2014, Patrick
et al. 2014, Wakefield et al. 2015). In contrast, the
ecological implications of consistent differences in
resource or habitat selection at the individual or pop-
ulation level remain unclear (Ceia & Ramos 2015).
However, such differences are likely to affect the
conclusions of population dynamics models (as does
individual consumer behaviour or trait variation;
Okuyama 2008, Schreiber et al. 2011). Indeed, indi-
vidual specialisation can affect interactions between
individuals (e.g. by reducing intraspecific competi-
tion; Bolnick et al. 2011, Matich et al. 2011). Such dif-
ferences may also reduce the predictive power of
existing ecological models, for example species dis-
tributions models that are used increasingly to pre-
dict the response of a species to climate change
or following an introduction (Pearman et al. 2008),
wherein projections are made from average values
for the population. Indeed, if individuals differ in
their environmental tolerance (or preferences), spe-
cies—environment relationships inferred from only a
sample of individuals might not be representative of
the ability of the species to cope with change.

Although in this review we have presented the
most common methods used by the marine ecology
research community to study individual specialisa-
tion and behavioural consistency, it is important to
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note that there have been a number of interesting
methodological developments in the animal person-
ality field which build on repeatability analysis to
ask targeted research questions, especially related to
within- vs. between-individual variation, and parti-
tioning of variance components (van de Pol & Wright
2009, Twiss & Franklin 2010, Dingemanse & Dochter-
mann 2013). Several of these methods have the
potential to be applied to marine predators. Further-
more, the analysis of movement data has become
increasingly sophisticated, with the development of
state-space models and approaches based on hidden
Markov models that can be applied to the detailed
information from whole tracks. These relatively new
approaches are statistically complex and have yet to
be used in the context of individual specialisation,
but offer the possibility of capturing fine-grained be-
havioural responses and preferences that are likely
overlooked when summarising movements with a
few simple statistics. Combined with the decreasing
costs and increasing accuracy of biologging devices,
we expect these new methods to greatly increase our
ability to study specialisation in marine predators.

Acknowledgements. This study represents a contribution to
the Ecosystems component of the British Antarctic Survey's
Polar Science for Planet Earth Programme, funded by
The Natural Environment Research Council. We thank the
anonymous referees for their many helpful suggestions for
improvements to the paper.

LITERATURE CITED
]\(Anderson ORJ, Phillips RA, Shore RF, McGill RAR, McDon-
ald RA, Bearhop S (2009) Diet, individual specialisation
and breeding of brown skuas (Catharacta antarctica
lonnbergi): an investigation using stable isotopes. Polar
Biol 32:27-33
]\(Annett CA, Pierotti R (1999) Long-term reproductive output
in western gulls: consequences of alternate tactics in diet
choice. Ecology 80:288-297
HAratjo MS, Bolnick DI, Layman CA (2011) The ecological
causes of individual specialisation. Ecol Lett 14:948-958
]\(Arthur B, Hindell M, Bester M, Trathan P and others (2015)
Return customers: foraging site fidelity and the effect of
environmental variability in wide-ranging Antarctic fur
seals. PLOS ONE 10:e0120888
Baltz DM, Morejohn GV (1977) Food habits and niche over-
lap of seabirds wintering on Monterey Bay, California.
Auk 94:526-543
]\<Barquete V, Strauss V, Ryan PG (2013) Stable isotope turn-
over in blood and claws: a case study in captive African
penguins. J Exp Mar Biol Ecol 448:121-127
]\(Barrett RT, Camphuysen KCJ, Anker-Nilssen T, Chardine
JW and others (2007) Diet studies of seabirds: a review
and recommendations. ICES J Mar Sci 64:1675-1691
ABaylis AMM, Page B, McKenzie J, Goldsworthy SD (2012)
Individual foraging site fidelity in lactating New Zealand

fur seals: continental shelf vs. oceanic habitats. Mar
Mamm Sci 28:276-294

A'Baylis AMM, Orben RA, Arnould JPY, Peters K, Knox T,
Costa DP, Staniland 1J (2015a) Diving deeper into indi-
vidual foraging specializations of a large marine preda-
tor, the southern sea lion. Oecologia 179:1053-1065

A¢Baylis AMM, Orben RA, Pistorius P, Brickle P, Staniland I,
Ratcliffe N (2015b) Winter foraging site fidelity of king
penguins breeding at the Falkland Islands. Mar Biol 162:
99-110

ﬁiBearhop S, Phillips RA, Thompson DR, Waldron S, Furness
RW (2000) Variability in mercury concentrations of great
skuas Catharacta skua: the influence of colony, diet and
trophic status inferred from stable isotope signatures.
Mar Ecol Prog Ser 195:261-268

A’Bearhop S, Phillips RA, McGill R, Cherel Y, Dawson DA,
Croxall JP (2006) Stable isotopes indicate sex-specific
and long-term individual foraging specialisation in div-
ing seabirds. Mar Ecol Prog Ser 311:157-164

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

A‘Bogdanova MI, Daunt F, Newell M, Phillips RA, Harris MP,
Wanless S (2011) Seasonal interactions in the black-
legged kittiwake, Rissa tridactyla: links between breed-
ing performance and winter distribution. Proc R Soc B
278:2412-2418

A¢Bolnick DI, Yang LH, Fordyce JA, Davis JM, Svanbéck R
(2002) Measuring individual-level resource specializa-
tion. Ecology 83:2936-2941

A¢Bolnick DI, Svanbéck R, Fordyce JA, Yang LH, Davis JM,
Hulsey CD, Forister ML (2003) The ecology of individu-
als: incidence and implications of individual specializa-
tion. Am Nat 161:1-28

]\'{ Bolnick DI, Amarasekare P, Aratjo MS, Birger R and others
(2011) Why intraspecific trait variation matters in com-
munity ecology. Trends Ecol Evol 26:183-192

Bond AL, Jones IL (2009) A practical introduction to stable-

isotope analysis for seabird biologists: approaches, cau-
tions and caveats. Mar Ornithol 37:183-188

HBreed GA, Bowen WD, McMillan JI, Leonard ML (2006) Sex-
ual segregation of seasonal foraging habitats in a non-
migratory marine mammal. Proc R Soc B 273:2319-2326

] Burger AE, Shaffer SA (2008) Perspectives in ornithology:
application of tracking and data-logging technology in
research and conservation of seabirds. Auk 125:253-264

A{Carneiro APB, Manica A, Clay TA, Silk JRD, King M,
Phillips RA (2016) Consistency in migration strategies
and habitat preferences of brown skuas over two win-
ters, a decade apart. Mar Ecol Prog Ser 553:267-281

ACeia FR, Ramos JA (2015) Individual specialization in the
foraging and feeding strategies of seabirds: a review.
Mar Biol 162:1923-1938

ﬁ'{ Ceia FR, Phillips RA, Ramos JA, Cherel Y, Vieira RP, Richard
P, Xavier JC (2012) Short- and long-term consistency in
the foraging niche of wandering albatrosses. Mar Biol
159:1581-1591

HCeia FR, Paiva VH, Fidalgo V, Morais L and others (2014)
Annual and seasonal consistency in the feeding ecology
of an opportunistic species, the yellow-legged gull Larus
michahellis. Mar Ecol Prog Ser 497:273-284

A Ceia FR, Ramos JA, Phillips RA, Cherel Y, Jones DC, Vieira
RP, Xavier JC (2015) Analysis of stable isotope ratios in
blood of tracked wandering albatrosses fails to distin-
guish a 8'°C gradient within their winter foraging areas
in the southwest Atlantic Ocean. Rapid Commun Mass


https://doi.org/10.1007/s00300-008-0498-9
https://doi.org/10.1890/0012-9658(1999)080%5b0288%3ALTROIW%5d2.0.CO%3B2
https://doi.org/10.1111/j.1461-0248.2011.01662.x
https://doi.org/10.1371/journal.pone.0120888
https://doi.org/10.1016/j.jembe.2013.06.021
https://doi.org/10.1093/icesjms/fsm152
https://doi.org/10.1111/j.1748-7692.2011.00487.x
https://doi.org/10.1007/s00227-014-2561-0
https://doi.org/10.1007/s00442-015-3421-4
https://doi.org/10.3354/meps195261
https://doi.org/10.3354/meps311157
https://doi.org/10.1016/j.anbehav.2008.12.022
https://doi.org/10.1098/rspb.2010.2601
https://doi.org/10.1890/0012-9658(2002)083%5b2936%3AMILRS%5d2.0.CO%3B2
https://doi.org/10.1086/343878
https://doi.org/10.1016/j.tree.2011.01.009
https://doi.org/10.1098/rspb.2006.3581
https://doi.org/10.1525/auk.2008.1408
https://doi.org/10.3354/meps11781
https://doi.org/10.1007/s00227-015-2735-4
https://doi.org/10.1007/s00227-012-1946-1
https://doi.org/10.3354/meps10586
https://doi.org/10.1002/rcm.7401

Carneiro et al.: Individual specialisation in marine predators

163

Spectrom 29:2328-2336
]\( Cherel Y, Hobson KA (2007) Geographical variation in car-
bon stable isotope signatures of marine predators: a tool
to investigate their foraging areas in the Southern
Ocean. Mar Ecol Prog Ser 329:281-287
]\( Cherel Y, Hobson KA, Hassani S (2005) Isotopic discrimina-
tion between food and blood and feathers of captive pen-
guins: implications for dietary studies in the wild. Physiol
Biochem Zool 78:106-115
ﬁi Cherel Y, Phillips RA, Hobson KA, McGill R (2006) Stable
isotope evidence of diverse species-specific and individ-
ual wintering strategies in seabirds. Biol Lett 2:301-303
HCherel Y, Kernaléguen L, Richard P, Guinet C (2009)
Whisker isotopic signature depicts migration patterns
and multi-year intra-and inter-individual foraging strate-
gies in fur seals. Biol Lett 5:830-832
] Chilvers BL (2008) Foraging site fidelity of lactating New
Zealand sea lions. J Zool 276:28-36
] Cleasby IR, Nakagawa S, Schielzeth H (2015) Quantifying
the predictability of behaviour: statistical approaches for
the study of between-individual variation in the within-
individual variance. Methods Ecol Evol 6:27-37
ACook TR, Cherel Y, Tremblay Y (2006) Foraging tactics of
chick-rearing Crozet shags: individuals display repeti-
tive activity and diving patterns over time. Polar Biol 29:
562-569
]\( Costa DP, Robinson PW, Arnould JP, Harrison AL and others
(2010) Accuracy of ARGOS locations of pinnipeds at-sea
estimated using Fastloc GPS. PLOS ONE 5:e8677
]\( Croxall JP, Silk JRD, Phillips RA, Afanasyev V, Briggs DR
(2005) Global circumnavigations: tracking year-round
ranges of nonbreeding albatrosses. Science 307:249-250
]\(Dall SR, Bell AM, Bolnick DI, Ratnieks FL (2012) An evolu-
tionary ecology of individual differences. Ecol Lett 15:
1189-1198
HDias MP, Granadeiro JP, Phillips RA, Alonso H, Catry P
(2011) Breaking the routine: individual Cory's shear-
waters shift winter destinations between hemispheres
and across ocean basins. Proc R Soc B 278:1786-1793
A Dias MP, Granadeiro JP, Catry P (2013) Individual variability
in the migratory path and stopovers of a long-distance
pelagic migrant. Anim Behav 86:359-364
ﬁ<Dingemanse NJ, Dochtermann NA (2013) Quantifying indi-
vidual variation in behaviour: mixed-effect modelling
approaches. J Anim Ecol 82:39-54
]%Dingemanse NJ, Dochtermann NA, Nakagawa S (2012)
Defining behavioural syndromes and the role of ‘syn-
drome deviation' to study its evolution. Behav Ecol
Sociobiol 66:1543-1548
]\(Dujon AM, Lindstrom RT, Hays GC (2014) The accuracy of
Fastloc-GPS locations and implications for animal track-
ing. Methods Ecol Evol 5:1162-1169
]\( Eisenmann P, Fry B, Holyoake C, Coughran D, Nicol S, Nash
SB (2016) Isotopic evidence of a wide spectrum of feed-
ing strategies in Southern Hemisphere humpback whale
baleen records. PLOS ONE 11:e0156698
H'Estes JA, Riedman ML, Staedler MM, Tinker MT, Lyon BE
(2003) Individual variation in prey selection by sea otters:
patterns, causes and implications. J Anim Ecol 72:144-155
]\(Fieberg J, Kochanny CO (2005) Quantifying home-range
overlap: the importance of the utilization distribution.
J Wildl Manag 69:1346-1359
Fifield DA, Montevecchi WA, Garthe S, Robertson GJ,
Kubetzki U, Rail JF (2014) Migratory tactics and winter-
ing areas of northern gannets (Morus bassanus) breed-

ing in North America. Ornithol Monogr 79:1-63

]\( Freeman R, Dennis T, Landers T, Thompson D, Bell E,
Walker M, Guilford T (2010) Black Petrels (Procellaria
parkinsoni) patrol the ocean shelf-break: GPS tracking of
a vulnerable Procellariiform seabird. PLOS ONE 5:€9236

Furness RW, Crane JE, Bearhop S, Garthe S and others

(2006) Techniques to link individual migration patterns
of seabirds with diet specialization, condition and breed-
ing performance. Ardea 94:631-638

]\'{Garcia-Tarrasén M, Bécares J, Bateman S, Arcos JM, Jover
L, Sanpera C (2015) Sex-specific foraging behavior in
response to fishing activities in a threatened seabird.
Ecol Evol 5:2348-2358

A Gazda SK, Connor RC, Edgar RK, Cox F (2005) A division of
labour with role specialization in group—hunting bottle-
nose dolphins (Tursiops truncatus) off Cedar Key,
Florida. Proc R Soc B 272:135-140

A Golet GH, Kuletz KJ, Roby DD, Irons DB (2000) Adult prey
choice affects chick growth and reproductive success in
pigeon guillemots. Auk 117:82-91

,"{ Gonzélez-Solis J, Croxall JP, Wood AG (2000) Foraging par-
titioning between giant petrels Macronectes spp. and its
relationship with breeding population changes at Bird
Island, South Georgia. Mar Ecol Prog Ser 204:279-288

A Granadeiro JP, Brickle P, Catry P (2014) Do individual sea-
birds specialize in fisheries' waste? The case of black-
browed albatrosses foraging over the Patagonian Shelf.
Anim Conserv 17:19-26

A¢Gray CM, Brooke M de L, Hamer KC (2005) Repeatability of
chick growth and food provisioning in Manx shearwaters
Puffinus puffinus. J Avian Biol 36:374-379

]\'{Grist H, Daunt F, Wanless S, Nelson EJ and others (2014)
Site fidelity and individual variation in winter location
in partially migratory European shags. PLOS ONE 9:
98562

A Guilford TC, Meade J, Freeman R, Biro D and others (2008)
GPS tracking of the foraging movements of Manx shear-
waters Puffinus puffinus breeding on Skomer Island,
Wales. Ibis 150:462-473

A Guilford T, Freeman R, Boyle D, Dean B, Kirk H, Phillips R,
Perrins C (2011) A dispersive migration in the Atlantic
puffin and its implications for migratory navigation.
PLOS ONE 6:€21336

]\<Gutowsky SE, Gutowsky LF, Jonsen ID, Leonard ML,
Naughton MB, Romano MD, Shaffer SA (2014) Daily
activity budgets reveal a quasi-flightless stage during
non-breeding in Hawaiian albatrosses. Mov Ecol 2:23

]% Hamer KC, Phillips RA, Hill JK, Wanless S, Wood AG (2001)
Contrasting foraging strategies of gannets Morus bas-
sanus at two North Atlantic colonies: foraging trip dura-
tion and foraging area fidelity. Mar Ecol Prog Ser 224:
283-290

A‘Hamer KC, Humphreys EM, Garthe S, Hennicke J and oth-
ers (2007) Annual variation in diets, feeding locations
and foraging behaviour of gannets in the North Sea: flex-
ibility, consistency and constraint. Mar Ecol Prog Ser 338:
295-305

]\'{ Hedd A, Gales R, Brothers N (2001) Foraging strategies of
shy albatross Thalassarche cauta breeding at Albatross
Island, Tasmania, Australia. Mar Ecol Prog Ser 224:
267-282

] Hobson KA, Sease JL (1998) Stable isotope analyses of tooth
annuli reveal temporal dietary records: an example
using Steller sea lions. Mar Mamm Sci 14:116-129

] Hobson KA, Schell DM, Renouf D, Noseworthy E (1996) Sta-


https://doi.org/10.3354/meps329281
https://doi.org/10.1086/425202
https://doi.org/10.1098/rsbl.2006.0445
https://doi.org/10.1098/rsbl.2009.0552
https://doi.org/10.1111/j.1469-7998.2008.00463.x
https://doi.org/10.1111/2041-210X.12281
https://doi.org/10.1007/s00300-005-0089-y
https://doi.org/10.1371/journal.pone.0008677
https://doi.org/10.1126/science.1106042
https://doi.org/10.1111/j.1461-0248.2012.01846.x
https://doi.org/10.1098/rspb.2010.2114
https://doi.org/10.1016/j.anbehav.2013.05.026
https://doi.org/10.1111/1365-2656.12013
https://doi.org/10.1007/s00265-012-1416-2
https://doi.org/10.1111/2041-210X.12286
https://doi.org/10.1371/journal.pone.0156698
https://doi.org/10.1046/j.1365-2656.2003.00690.x
https://doi.org/10.2193/0022-541X(2005)69%5b1346%3AQHOTIO%5d2.0.CO%3B2
https://doi.org/10.1371/journal.pone.0009236
https://doi.org/10.1002/ece3.1492
https://doi.org/10.1098/rspb.2004.2937
https://doi.org/10.1642/0004-8038(2000)117%5b0082%3AAPCACG%5d2.0.CO%3B2
https://doi.org/10.3354/meps204279
https://doi.org/10.1111/acv.12050
https://doi.org/10.1111/j.0908-8857.2005.03597.x
https://doi.org/10.1371/journal.pone.0098562
https://doi.org/10.1111/j.1474-919X.2008.00805.x
https://doi.org/10.1371/journal.pone.0021336
https://doi.org/10.1186/s40462-014-0023-4
https://doi.org/10.3354/meps224283
https://doi.org/10.3354/meps338295
https://doi.org/10.3354/meps224267
https://doi.org/10.1111/j.1748-7692.1998.tb00694.x
https://doi.org/10.1139/f95-209

164

Mar Ecol Prog Ser 578: 151-166, 2017

ble carbon and nitrogen isotopic fractionation between
diet and tissues of captive seals: implications for dietary
reconstructions involving marine mammals. Can J Fish
Aquat Sci 53:528-533
ﬁ<Hoelze1 AR, Dorsey EM, Stern SJ (1989) The foraging spe-
cializations of individual minke whales. Anim Behav 38:
786-794
]%Jaeger A, Goutte A, Lecomte VJ, Richard P and others
(2014) Age, sex, and breeding status shape a complex
foraging pattern in an extremely long-lived seabird.
Ecology 95:2324-2333
]\(Kappes MA, Shaffer SA, Tremblay Y, Foley DG and others
(2010) Hawaiian albatrosses track interannual variability
of marine habitats in the north Pacific. Prog Oceanogr 86:
246-260
HKernaléguen L, Cherel Y, Knox TC, Baylis AM, Arnould JP
(2015) Sexual niche segregation and gender-specific
individual specialisation in a highly dimorphic marine
mammal. PLOS ONE 10:e0133018
]\<Kotzerka J, Garthe S, Hatch SA (2010) GPS tracking devices
reveal foraging strategies of black-legged kittiwakes.
J Ornithol 151:459-467
ﬁiKotzerka J, Hatch SA, Garthe S (2011) Evidence for forag-
ing-site fidelity and individual foraging behavior of
pelagic cormorants rearing chicks in the Gulf of Alaska.
Condor 113:80-88
A Laidre KL, Heide-Jorgensen MP, Dietz R (2002) Diving be-
haviour of narwhals (Monodon monoceros) at two coastal
localities in the Canadian High Arctic. Can J Zool 80:
624-635
]\(Lea JS, Wetherbee BM, Queiroz N, Burnie N and others
(2015) Repeated, long-distance migrations by a philo-
patric predator targeting highly contrasting ecosystems.
Sci Rep 5:11202
]\(Lessells CM, Boag PT (1987) Unrepeatable repeatabilities: a
common mistake. Auk 104:116-121
ﬁiLﬂnne 0OJ, Gabrielsen GW (1992) Summer diet of seabirds
feeding in sea-ice-covered waters near Svalbard. Polar
Biol 12:685-692
ﬁELouzao M, Navarro J, Forero MG, Igual JM, Genovart M,
Hobson KA, Oro D (2011) Exploiting the closest produc-
tive area: geographical segregation of foraging grounds
in a critically endangered seabird. Mar Ecol Prog Ser 429:
291-301
#Mackley EK, Phillips RA, Silk JRD, Wakefield ED,
Afanasyev V, Fox JW, Furness RW (2010) Free as a bird?
Activity patterns of albatrosses during the nonbreeding
period. Mar Ecol Prog Ser 406:291-303
]\(Mackley EK, Phillips RA, Silk JRD, Wakefield ED, Afanas-
yev V, Furness RW (2011) At-sea activity patterns of
breeding and nonbreeding white-chinned petrels Pro-
cellaria aequinoctialis from South Georgia. Mar Biol 158:
429-438
Maldini D, Ward C, Cecchetti A, Riggin J (2010) Southern
sea otter diet in a soft sediment community. J Mar Anim
Ecol 3:27-36
HMartin JG, Nussey DH, Wilson AJ, Reale D (2011) Measur-
ing individual differences in reaction norms in field and
experimental studies: a power analysis of random regres-
sion models. Methods Ecol Evol 2:362-374
A Masello JF, Wikelski M, Voigt CC, Quillfeldt P (2013) Distri-
bution patterns predict individual specialization in the
diet of dolphin gulls. PLOS ONE 8:e67714
ﬁiMatiCh P, Heithaus MR, Layman CA (2011) Contrasting pat-
terns of individual specialization and trophic coupling in

two marine apex predators. J Anim Ecol 80:294-305

A McFarlane Tranquilla LAM, Montevecchi WA, Fifield DA,
Hedd A, Gaston AJ, Robertson GJ, Phillips RA (2014)
Individual winter movement strategies in two species of
murre (Uria spp.) in the Northwest Atlantic. PLOS ONE
9:90583

]% Montevecchi WA, Benvenuti S, Garthe S, Davoren GK,
Fifield D (2009) Flexible foraging tactics by a large
opportunistic seabird preying on forage- and large
pelagic fishes. Mar Ecol Prog Ser 385:295-306

]\'{ Moreno R, Jover L, Velando A, Munilla I, Sanpera C (2011)
Influence of trophic ecology and spatial variation on the
isotopic fingerprints of seabirds. Mar Ecol Prog Ser 442:
229-239

HMoreno R, Stowasser G, McGill RAR, Bearhop S, Phillips RA
(2016) Assessing the structure and temporal dynamics of
seabird communities: the challenge of capturing marine
ecosystem complexity. J Anim Ecol 85:199-212

FMuller MS, Massa B, Phillips RA, Dell'omo G (2014) Individ-
ual consistency and sex differences in migration strate-
gies of Scopoli's shearwaters Calonectris diomedea
despite year differences. Curr Zool 60:631-641

,"{ 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

’\'g Navarro J, Gonzalez-Solis J (2009) Environmental determi-
nants of foraging strategies in Cory's shearwaters
Calonectris diomedea. Mar Ecol Prog Ser 378:259-267

,"( Navarro J, Oro D, Bertolero A, Genovart M, Delgado A,
Forero MG (2010) Age and sexual differences in the
exploitation of two anthropogenic food resources for an
opportunistic seabird. Mar Biol 157:2453-2459

]\'{ Newsome SD, Tinker MT, Monson DH, Oftedal OT and oth-
ers (2009) Using stable isotopes to investigate individual
diet specialization in California sea otters (Enhydra lutris
nereis). Ecology 90:961-974

] Novak M, Tinker MT (2015) Timescales alter the inferred
strength and temporal consistency of intraspecific diet
specialization. Oecologia 178:61-74

] Okuyama T (2008) Individual behavioral variation in
predator—prey models. Ecol Res 23:665-671

] Oppel S, Beard A, Fox D, Mackley E and others (2015) For-
aging distribution of a tropical seabird supports Ash-
mole's hypothesis of population regulation. Behav Ecol
Sociobiol 69:915-926

A‘Orben RA, Paredes R, Roby DD, Irons DB, Shaffer SA (2015)
Wintering North Pacific black-legged kittiwakes balance
spatial flexibility and consistency. Mov Ecol 3:36

A0roD, de Leén A, Minguez E, Furness RW (2005) Estimating
predation on breeding European storm-petrels (Hydro-
bates pelagicus) by yellow-legged gulls (Larus micha-
hellis). J Zool 265:421-429

’\'g Paiva VH, Xavier J, Geraldes P, Ramirez I, Garthe S, Ramos
JA (2010) Foraging ecology of Cory's shearwaters in dif-
ferent oceanic environments of the North Atlantic. Mar
Ecol Prog Ser 410:257-268

]\'{ Patrick SC, Bearhop S, Grémillet D, Lescroél A and others
(2014) Individual differences in searching behaviour and
spatial foraging consistency in a central place marine
predator. Oikos 123:33-40

] Patrick SC, Bearhop S, Bodey TW, Grecian WJ, Hamer KC,
Lee J, Votier SC (2015) Individual seabirds show consis-
tent foraging strategies in response to predictable fish-
eries discards. J Avian Biol 46:431-440

] Pearman PB, Guisan A, Broennimann O, Randin CF (2008)


https://doi.org/10.1016/S0003-3472(89)80111-3
https://doi.org/10.1890/13-1376.1
https://doi.org/10.1016/j.pocean.2010.04.012
https://doi.org/10.1371/journal.pone.0133018
https://doi.org/10.1007/s10336-009-0479-y
https://doi.org/10.1525/cond.2011.090158
https://doi.org/10.1139/z02-041
https://doi.org/10.1038/srep11202
https://doi.org/10.2307/4087240
https://doi.org/10.1007/BF00238868
https://doi.org/10.3354/meps09126
https://doi.org/10.3354/meps08532
https://doi.org/10.1007/s00227-010-1570-x
https://doi.org/10.1111/j.2041-210X.2010.00084.x
https://doi.org/10.1371/journal.pone.0067714
https://doi.org/10.1111/j.1365-2656.2010.01753.x
https://doi.org/10.1371/journal.pone.0090583
https://doi.org/10.3354/meps08006
https://doi.org/10.3354/meps09420
https://doi.org/10.1111/1365-2656.12434
https://doi.org/10.1093/czoolo/60.5.631
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20569253&dopt=Abstract
https://doi.org/10.3354/meps07880
https://doi.org/10.1007/s00227-010-1509-2
https://doi.org/10.1890/07-1812.1
https://doi.org/10.1007/s00442-014-3213-2
https://doi.org/10.1007/s11284-007-0425-5
https://doi.org/10.1007/s00265-015-1903-3
https://doi.org/10.1186/s40462-015-0059-0
https://doi.org/10.1017/S0952836905006515
https://doi.org/10.3354/meps08617
https://doi.org/10.1111/j.1600-0706.2013.00406.x
https://doi.org/10.1111/jav.00660
https://doi.org/10.1016/j.tree.2007.11.005

Carneiro et al.: Individual specialisation in marine predators

165

Niche dynamics in space and time. Trends Ecol Evol 23:
149-158
A Perez C, Granadeiro JP, Dias MP, Alonso H, Catry P (2014)
When males are more inclined to stay at home: insights
into the partial migration of a pelagic seabird provided
by geolocators and isotopes. Behav Ecol 25:313-319
Pettex E, Lorentsen SH, Grémillet D, Gimenez O and others
(2012) Multi-scale foraging variability in northern gan-
net (Morus bassanus) fuels potential foraging plasticity.
Mar Biol 159:2743-2756
H¢Phalan B, Phillips RA, Silk JRD, Afanasyev V and others
(2007) Foraging behaviour of four albatross species by
night and day. Mar Ecol Prog Ser 340:271-286
FPhillips RA, Silk JRD, Phalan B, Catry P, Croxall JP (2004a)
Seasonal sexual segregation in two Thalassarche alba-
tross species: competitive exclusion, reproductive role
specialization or foraging niche divergence? Proc R Soc
Lond B 271:1283-1291
FPhillips RA, Silk JRD, Croxall JP, Afanasyev V, Briggs DR
(2004b) Accuracy of geolocation estimates for flying sea-
birds. Mar Ecol Prog Ser 266:265-272
ﬁiPhillips RA, Silk JRD, Croxall JP, Afanasyev V, Bennett VJ
(2005) Summer distribution and migration of nonbreed-
ing albatrosses: individual consistencies and implications
for conservation. Ecology 86:2386-2396
ZPhillips RA, Silk JRD, Croxall JP, Afanasyev V (2006) Year-
round distribution of white-chinned petrels from South
Georgia: relationships with oceanography and fisheries.
Biol Conserv 129:336-347
]\(Phillips RA, Croxall JP, Silk JRD, Briggs DR (2007) Foraging
ecology of albatrosses and petrels from South Georgia:
two decades of insights from tracking technologies.
Aquat Conserv 17(Suppl S1):S6-S21
]\(Phillips RA, Bearhop S, Mcgill RAR, Dawson DA (2009) Sta-
ble isotopes reveal individual variation in migration
strategies and habitat preferences in a suite of seabirds
during the nonbreeding period. Oecologia 160:795-806
Pierce GJ, Boyle PR (1991) A review of methods for diet
analysis in piscivorous marine mammals. Oceanogr Mar
Biol Annu Rev 29:409-486
ﬁiPierotti R, Annett CA (1991) Diet choice in the herring gull:
constraints imposed by reproductive and ecological
factors. Ecology 72:319-328
ﬁiPinaud D, Weimerskirch H (2005) Scale-dependent habitat
use in a long-ranging central place predator. J Anim Ecol
74:852-863
HPinet P, Jaquemet S, Pinaud D, Weimerskirch H, Phillips RA,
Le Corre M (2011) Migration, wintering distribution and
habitat use of an endangered tropical seabird, Barau's
petrel Pterodroma baraui. Mar Ecol Prog Ser 423:291-302
A Potier S, Carpentier A, Grémillet D, Leroy B, Lescroél A
(2015) Individual repeatability of foraging behaviour in a
marine predator, the great cormorant, Phalacrocorax
carbo. Anim Behav 103:83-90
]\( Quillfeldt P, McGill RAR, Masello JF, Weiss F, Strange 1J,
Brickle P, Furness RW (2008) Stable isotope analysis
reveals sexual and environmental variability and indi-
vidual consistency in foraging of thin-billed prions. Mar
Ecol Prog Ser 373:137-148
] Quillfeldt P, Schroff S, van Noordwijk HJ, Michalik A, Ludy-
nia K, Masello JF (2011) Flexible foraging behaviour of a
sexually dimorphic seabird: large males do not always
dive deep. Mar Ecol Prog Ser 428:271-287
ﬁERamirez I, Paiva VH, Fagundes I, Menezes D and others
(2016) Conservation implications of consistent foraging

and trophic ecology in a rare petrel species. Anim Con-
serv 19:139-152

HA‘Ratcliffe N, Takahashi A, O'Sullivan C, Adlard S, Trathan
PN, Harris MP, Wanless S (2013) The roles of sex, mass
and individual specialisation in partitioning foraging-
depth niches of a pursuit-diving predator. PLOS ONE 8:
e79107

]\'{ Réale D, Dingemanse NJ (2001) Animal personality. In:
Encyclopedia of life sciences (eLS.net). John Wiley &
Sons, Chichester

Ropert-Coudert Y, Kato A, Naito Y, Cannell BL (2003) Indi-

vidual diving strategies in the little penguin. Waterbirds
Int J Waterbird Biol 26:403-408 www.jstor.org/stable/
1522292

] Sargeant BL, Mann J, Berggren P, Kriitzen M (2005) Spe-
cialization and development of beach hunting, a rare for-
aging behavior, by wild bottlenose dolphins (Tursiops
sp.). Can J Zool 83:1400-1410

] Scheel D, Anderson R (2012) Variability in the diet special-
ization of Enteroctopus dofleini (Cephalopoda: Octopo-
didae) in the eastern Pacific examined from midden con-
tents. Am Malacol Bull 30:267-279

]% Schreiber SJ, Biirger R, Bolnick DI (2011) The community
effects of phenotypic and genetic variation within a
predator population. Ecology 92:1582-1593

AShaffer SA, Weimerskirch H, Costa DP (2001) Functional
significance of sexual dimorphism in wandering alba-
trosses, Diomedea exulans. Funct Ecol 15:203-210

]\( Shaffer SA, Tremblay Y, Awkerman JA, Henry RW and oth-
ers (2005) Comparison of light- and SST-based geoloca-
tion with satellite telemetry in free-ranging albatrosses.
Mar Biol 147:833-843

ASoanes LM, Arnould JPY, Dodd SG, Sumner MD, Green JA
(2013) How many seabirds do we need to track to define
home-range area? J Appl Ecol 50:671-679

] Sommerfeld J, Kato A, Ropert-Coudert Y, Garthe S, Wilcox
C, Hindell MA (2015) Flexible foraging behaviour in a
marine predator, the masked booby (Sula dactylatra),
according to foraging locations and environmental con-
ditions. J Exp Mar Biol Ecol 463:79-86

] Staniland 1J, Robinson SL (2008) Segregation between the
sexes: Antarctic fur seals, Arctocephalus gazella, forag-
ing at South Georgia. Anim Behav 75:1581-1590

X Staniland 1J, Reid K, Boyd IL (2004) Comparing individual
and spatial influences on foraging behaviour in Antarctic
fur seals Arctocephalus gazella. Mar Ecol Prog Ser 275:
263-274

‘Staniland 1J, Robinson SL, Silk JR, Warren N, Trathan PN
(2012) Winter distribution and haul-out behaviour of
female Antarctic fur seals from South Georgia. Mar Biol
159:291-301

,"( Stauss C, Bearhop S, Bodey TW, Garthe S and others (2012)
Sex-specific foraging behaviour in northern gannets
Morus bassanus: incidence and implications. Mar Ecol
Prog Ser 457:151-162

]% Stowasser G, Atkinson A, McGill RAR, Phillips RA, Collins
MA, Pond DW (2012) Food web dynamics in the Scotia
Sea in summer: a stable isotope study. Deep Sea Res II
59-60:208-221

A Thiebot JB, Lescroel A, Pinaud D, Trathan PN, Bost CA
(2011) Larger foraging range but similar habitat selection
in non-breeding versus breeding sub-Antarctic pen-
guins. Antarct Sci 23:117-126

A’ Thiemann GW, Iverson SJ, Stirling I, Obbard ME (2011)
Individual patterns of prey selection and dietary special-


https://doi.org/10.1093/beheco/art119
https://doi.org/10.3354/meps340271
https://doi.org/10.1098/rspb.2004.2718
https://doi.org/10.3354/meps266265
https://doi.org/10.1890/04-1885
https://doi.org/10.1016/j.biocon.2005.10.046
https://doi.org/10.1002/aqc.906
https://doi.org/10.1007/s00442-009-1342-9
https://doi.org/10.2307/1938925
https://doi.org/10.1111/j.1365-2656.2005.00984.x
https://doi.org/10.3354/meps08971
https://doi.org/10.1016/j.anbehav.2015.02.008
https://doi.org/10.3354/meps07751
https://doi.org/10.3354/meps09058
https://doi.org/10.1111/acv.12227
https://doi.org/10.1371/journal.pone.0079107
https://doi.org/10.1002/9780470015902.a0023570
https://doi.org/10.1139/z05-136
https://doi.org/10.4003/006.030.0206
https://doi.org/10.1890/10-2071.1
https://doi.org/10.1046/j.1365-2435.2001.00514.x
https://doi.org/10.1007/s00227-005-1631-8
https://doi.org/10.1111/1365-2664.12069
https://doi.org/10.1016/j.jembe.2014.11.005
https://doi.org/10.1016/j.anbehav.2007.10.012
https://doi.org/10.3354/meps275263
https://doi.org/10.1007/s00227-011-1807-3
https://doi.org/10.3354/meps09734
https://doi.org/10.1016/j.dsr2.2011.08.004
https://doi.org/10.1017/S0954102010000957
https://doi.org/10.1111/j.1600-0706.2011.19277.x

166

Mar Ecol Prog Ser 578: 151-166, 2017

ization in an Arctic marine carnivore. Oikos 120:
1469-1478
A Tinker MT, Bentall G, Estes JA (2008) Food limitation leads
to behavioral diversification and dietary specialization in
sea otters. Proc Natl Acad Sci USA 105:560-565
]\(Twiss SD, Franklin J (2010) Individually consistent behav-
ioural patterns in wild, breeding male grey seals (Hali-
choerus grypus). Aquat Mamm 36:234-238
]\< Tyson C, Shamoun-Baranes J, Loon EEV, Camphuysen KCJ,
Hintzen NT (2015) Individual specialization on fishery
discards by lesser black-backed gulls (Larus fuscus).
ICES J Mar Sci 72:1882-1891
Hvan de Pol M, Wright J (2009) A simple method for distin-
guishing within-versus between-subject effects using
mixed models. Anim Behav 77:753-758
#A‘Vander Zanden HB, Bjorndal KA, Reich KJ, Bolten AB
(2010) Individual specialists in a generalist population:
results from a long-term stable isotope series. Biol Lett 6:
711-714
ﬁ<Vander Zanden HB, Bjorndal KA, Bolten AB (2013) Tempo-
ral consistency and individual specialization in resource
use by green turtles in successive life stages. Oecologia
173:767-777
ﬁ<Villegas-Amtmann S, Costa DP, Tremblay Y, Salazar S,
Aurioles-Gamboa D (2008) Multiple foraging strategies
in a marine apex predator, the Galapagos sea lion Zalo-
phus wollebaeki. Mar Ecol Prog Ser 363:299-309
A Votier SC, Bearhop S, Ratcliffe N, Furness RW (2004a)
Reproductive consequences for great skuas specializing
as seabird predators. Condor 106:275-287
FVotier SC, Bearhop S, Ratcliffe N, Phillips RA, Furness RW
(2004b) Predation by great skuas at a large Shetland sea-
bird colony. J Appl Ecol 41:1117-1128
ﬁ<Votier SC, Bearhop S, Witt MJ, Inger R, Thompson D, New-
ton J (2010) Individual responses of seabirds to commer-
cial fisheries revealed using GPS tracking, stable isotopes
and vessel monitoring systems. J Appl Ecol 47:487-497
ﬁ€Wakefield ED, Phillips RA, Matthiopoulos J (2009) Quantify-
ing habitat use and preferences of pelagic seabirds using
individual movement data: a review. Mar Ecol Prog Ser
391:165-182

Editorial responsibility: Jacob Gonzdlez-Solis (Guest Editor),
Barcelona, Spain

ﬁg Wakefield ED, Cleasby IR, Bearhop S, Bodey TW and others
(2015) Long-term individual foraging site fidelity—
why some gannets don't change their spots. Ecology 96:
3058-3074
,\'{ Walker JL, Macko SA (1999) Dietary studies of marine mam-
mals using stable carbon and nitrogen isotopic ratios of
teeth. Mar Mamm Sci 15:314-334
]\'{ Weimerskirch H (1998) How can a pelagic seabird provision
its chick when relying on a distant food resource? Cyclic
attendance at the colony, foraging decision and body
condition in sooty shearwaters. J Anim Ecol 67:99-109
] Weimerskirch H (2007) Are seabirds foraging for unpre-
dictable resources? Deep Sea Res 1T 54:211-223
] Weimerskirch H, Chastel O, Chaurand T, Ackerman L, Hin-
dermeyer X, Judas J (1994) Alternate long and short for-
aging trips in pelagic seabird parent. Anim Behav 47:
472-476
] Westneat DF, Wright J, Dingemanse NJ (2015) The biology
hidden inside residual within-individual phenotypic
variation. Biol Rev Camb Philos Soc 90:729-743
AWilson AJ (2008) Why h? does not always equal V,/Vp?
J Evol Biol 21:647-650
A‘Wilson RP, Grémillet D, Syder J, Kierspel MAM and others
(2002) Remote-sensing systems and seabirds: their use,
abuse and potential for measuring marine environmental
variables. Mar Ecol Prog Ser 228:241-261
]\( Wolak ME, Fairbairn DJ, Paulsen YR (2012) Guidelines for
estimating repeatability. Methods Ecol Evol 3:129-137
FWoo KJ, Elliott KH, Davidson M, Gaston AJ, Davoren GK
(2008) Individual specialization in diet by a generalist
marine predator reflects specialization in foraging
behaviour. J Anim Ecol 77:1082-1091
]\'{ Yamamoto T, Takahashi A, Sato K, Oka N, Yamamoto M,
Trathan PN (2014) Individual consistency in migratory
behaviour of a pelagic seabird. Behaviour 151:683-701
A Zaccarelli N, Bolnick DI, Mancinelli G (2013) RInSp: an R
package for the analysis of individual specialization in
resource use. Methods Ecol Evol 4:1018-1023
AZydelis R, Lewison RL, Shaffer SA, Moore JE and others
(2011) Dynamic habitat models: using telemetry data to
project fisheries bycatch. Proc R Soc B 278:3191-3200

Submitted: July 25, 2016; Accepted: May 31, 2017
Proofs received from author(s): July 8, 2017


https://doi.org/10.1073/pnas.0709263105
https://doi.org/10.1578/AM.36.3.2010.234
https://doi.org/10.1093/icesjms/fsv021
https://doi.org/10.1016/j.anbehav.2008.11.006
https://doi.org/10.1098/rsbl.2010.0124
https://doi.org/10.1007/s00442-013-2655-2
https://doi.org/10.3354/meps07457
https://doi.org/10.1650/7261
https://doi.org/10.1111/j.0021-8901.2004.00974.x
https://doi.org/10.1111/j.1365-2664.2010.01790.x
https://doi.org/10.3354/meps08203
https://doi.org/10.1890/14-1300.1
https://doi.org/10.1111/j.1748-7692.1999.tb00804.x
https://doi.org/10.1046/j.1365-2656.1998.00180.x
https://doi.org/10.1016/j.dsr2.2006.11.013
https://doi.org/10.1006/anbe.1994.1065
https://doi.org/10.1111/brv.12131
https://doi.org/10.1111/j.1420-9101.2008.01500.x
https://doi.org/10.3354/meps228241
https://doi.org/10.1111/j.2041-210X.2011.00125.x
https://doi.org/10.1111/j.1365-2656.2008.01429.x
https://doi.org/10.1163/1568539X-00003163
https://doi.org/10.1111/2041-210X.12079
https://doi.org/10.1098/rspb.2011.0330



