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Abstract. Despite many similarities and intuitive links between individual dietary speciali-
zation and behavioral inter-individual variation, these phenomena have been studied in isola-
tion, and empirical data confirming relationships between these intraspecific variance sources
are lacking. Here we use stable isotope analysis and acoustic telemetry to test the hypothesis
that individual specialization in trophic (§!5N) and littoral/pelagic prey reliance (§!13C) covary
with inter-individual variation in movement in a group of 34 free-swimming burbot (Lota lota).
By performing stable isotope analysis on tissues with differing isotopic turnover rates (anal fin
and dorsal muscle), in 24 lethally sampled burbot, we demonstrate that individual specializa-
tion in trophic niche (8'5N) and littoral/pelagic prey reliance (8!3C) occurred within the popu-
lation. By performing stable isotope analysis on anal fins of a group of telemetry tagged burbot,
we were able to show that interactions between trophic niche and littoral/pelagic prey reliance,
explained a significant proportion of the subsequent between-individual variance in mean
movement rates. These findings demonstrate an empirical connection between behavioral
inter-individual variation and dietary specialization, thus providing a substantial expansion of
our understanding of the wider ecological consequences of these interesting phenomena.

Key words:  animal personality; burbot; individual differences; individual specialization; intraspecific
variation isotope ecology; Lota lota; spatial ecology, telemetry.

INTRODUCTION relationships among behavioral and dietary specializa-
tions have the potential to result in significant ecological
consequences (Dall et al. 2012). However, despite many
similarities and intuitive connections between behavioral
and dietary specialization (Dall et al. 2012, Toscano et al.
2016), research among these phenomena has been iso-
lated, and empirical data confirming connections among
these individual variation sources are lacking.

Animal movement shapes ecosystems (Clobert et al.
2009). Accordingly, inter-individual variation in
movement ecology, which is a common feature of spatial
data sets (e.g., Cote et al. 2010, Harrison et al. 2015),
likely plays an important role in mediating diet and
resource use. Several theoretical pathways by which such
inter-individual variation in movement ecology may

The ecological consequences of individual trophic and
prey niche specialization and behavioral inter-individual
variation are hypothesized to be far reaching (Réale et al.
2007, Dall et al. 2012, Sih et al. 2012). However, in com-
parison to the multitude of papers describing these phe-
nomena (see Bolnick et al. [2003] and Bell et al. [2009] for
reviews on individual dietary specialization and behav-
ioral inter-individual variation respectively), demonstra-
tions of how such variation influences the wider ecology
of animals are scarce (Wolf and Weissing 2012). Given
the central importance of diet and resource use in deter-
mining animal fitness (Smith and Blumstein 2008),
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influence diet and resource use specializations have been
identified by Toscano et al. (2016). Individuals with
varying space use patterns may have access to differing
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prey types in systems with spatially heterogeneous prey
distributions (Wolf and Weissing 2012). Inter-individual
variation in movement ecology has the potential to result
in varying search and handling times among differing
prey types, and thus optimal foraging theory (Stephens
and Krebs 1986) would predict among individual hetero-
geneity in prey preference (Aratjo et al. 2011). Moreover,
individual differences in movement that are linked to
individual differences in physiological requirements
(including environmental tolerances) or social dominance
hierarchies, have the potential to result in heterogeneity
in optimal forage types (Toscano et al. 2016). Although
there are many compelling theoretical connections
between inter-individual variation in movement and indi-
vidual dietary specialization, empirical tests of such rela-
tionships in wild contexts have rarely been attempted.

The stable isotopes ratios of predators consistently
reflect the stable isotopes ratios of prey (Bearhop et al.
2004). Indeed, because 315N is enriched between con-
sumers and diet, 815N is often used to estimate trophic
position, with a 3.4%o enrichment representative of one
trophic level (Post 2002). In contrast, because 313C values
are relatively constant between consumer and diet, yet
differ among habitats, §!13C analysis has proved a useful
indicator of prey habitat. In aquatic systems, heteroge-
neity in 313C between pelagic (lowered §!13C) and littoral
food webs (enriched 313C), has proved to be particularly
useful for determining lacustrine fishes’ resource use (Post
2002), where resource partitioning is most commonly
observed between littoral and pelagic zones (Svanbick
et al. 2008). Moreover, because metabolically inert tissues
such as muscle reflect long-term diet, and more metabol-
ically active tissues such as fins reflect more recent diet
(Bearhop et al. 2004), within-individual temporal dietary
consistency can be quantified from a single sampling
occasion (Bolnick et al. 2003). Thus stable isotope analysis
of multiple tissue types from multiple individuals, allows
for the decomposition of the proportion of total isotopic
variance (TNW, total niche width) explained by among-
individual differences and the proportion of TNW
explained by within-individual differences (WIC, within
individual component). Accordingly, stable isotope
analysis has proved to be a powerful tool for quantifying
long-term trophic and foraging habitat niche specializa-
tions (e.g., Newsome et al. 2009).

Given the practicality of using telemetry to investigate
inter-individual variation in behavior in wild contexts
(Harrison et al. 2015, Killen et al. 2016, Nakayama et al.
2016); the large potential for relationships between
movement and dietary and habitat niche (Cote et al. 2010);
and the utility of stable isotope analysis to infer dietary and
foraging habitat niche specialization, a study that com-
bines the use of telemetry and stable isotope analysis has
good potential to inform on the broader ecological conse-
quences of intraspecific diversity. In this study, we inves-
tigate the hypothesis that long-term individual isotopic
specialization explains a significant proportion of inter-
individual variation in movement in the freshwater gadoid,
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Lota lota. To test this hypothesis, we first determine the
temporal consistency of specialization within the popu-
lation through analysis of 813C and 8!5N signatures of
dorsal muscle and anal fin tissue of a lethally sampled
group (n = 24). We then examine the relationship between
313C and 815N signatures of anal fin tissue and subsequent
mean movement rates in a group of 34 telemetry-tagged
burbot previously found to exhibit temporally consistent
inter-individual variation in movement rates.

METHODS

Study system and study species

The study took place in Kinbasket reservoir, British
Columbia, Canada (Appendix S1: Fig. SI, 52°08' N
118°27" W). Kinbasket reservoir is a large (410 km?2), deep
(up to 190 m), steep sided, reservoir in the Columbia River
watershed operated for storage and hydroelectricity pro-
duction. For a full description of the reservoir, see
Harrison et al. (2013). Burbot, Lota lota, are a winter
active, benthic, piscivorous, top predator, and are
common in lakes, rivers, and reservoirs (Stapanian et al.
2010, Harrison et al. 2016a) throughout much of their
Holarctic range. Top predators in our study site included
a large population of burbot (see Harrison et al. 2013,
2015, 2016b), and a population of bull trout, Salvelinus
confluentus (Gutowsky et al. 2013) and rainbow trout,
Onchorynchus mykiss. The study system contains a large
population of kokanee, Onchorynchus nerka, which are
thought to be burbot’s main pelagic prey fish in the system,
and Mountain whitefish, Prosopium williamsoni, the main
littoral benthic forage fish species for burbot. Other
species confirmed in reservoir include the longnose sucker
Catostomus catostomus, large-scale sucker Catostomus
macrocheilus, redside shiner, Richardsonius balteatus,
northern pikeminnow, Ptychocheilus oregonensis, and
slimy sculpin, Cottus cognatus (Harrison et al. 2013).

Telemetry array

An array consisting of 42 omni-direction acoustic
telemetry receivers (VR2W, VEMCO, Bedford, Nova
Scotia, Canada) was deployed in the spring of 2010,
retrieved, downloaded, and redeployed in the spring of
2011 and retrieved and downloaded in the spring of 2012,
thus yielding a two-year study span. Full descriptions of
the array design (Appendix S1: Fig. S1), receiver perfor-
mance, and deployment procedure are given in (Harrison
et al. 2013, 2015).

Capture, tagging and stable isotope sampling

A total of 75 burbot were captured using baited cod
traps in the spring of 2010 (n = 50) and in the spring of
2011 (n = 25). Burbot were anesthetized, measured (total
length, mm), and surgically implanted with acoustic
telemetry transmitters. Further details of the capture and
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surgery process can be found in Harrison et al. (2013,
2015). A small piece of anal fin tissue from each tagged fish
was removed for isotopic analyses during surgery
whenever possible. However, this procedure was not per-
formed on individuals showing signs of barotrauma, to
minimize additional stress. Dorsal muscle flesh was not
collected from tagged fish due to infection risk. However,
to test for the existence of dietary specialization within the
population, an additional 24 burbot were captured and
lethally sampled in the spring. For these fish, anal fin tissue
and a small sample of dorsal muscle flesh were collected.
All isotope samples were frozen at —18°C. Permitting
restricted capture methods to cod-trapping and prescribed
a decompression procedure (see Harrison et al. [2013,
2015] for full description). Accordingly, burbot were held
in baited traps for 48-96 h prior to sampling and thus
stomach content analysis was not possible.

Laboratory isotope analysis

Samples were dried for 48 h in a 50°C oven, ground,
and weighed using a microbalance (readability 0.1 pg;
Mettler, Toledo GmbH, Greifensee, Switzerland).
Samples were analysed at the Environmental Isotope
Laboratory at the University of Waterloo using a
Thermo-Finnigan Delta Plus continuous flow isotope
massspectrometer (Thermo Finnigan, Bremen, Germany)
and coupled to a Carlo Erba Elemental Analyzer
(CHNS-O EA1108, Carlo Erba, Milan, Italy). Machine
analytical precision was £0.1%o and +0.2%o for 3!13C and
315N, respectively, and was determined by repeat analysis
of duplicates (1 in 10). All resulting measurements are
expressed using standard delta notation as parts per
thousand (%o) differences with respect to the interna-
tional reference standards, carbonate rock from the
Peedee Belemnite formation for §13C (Craig 1957) and
nitrogen gas in the atmosphere for 815N (Mariotti 1983).

Individual isotopic specialization

Trophic and littoral/pelagic resource use specialization
were assessed in our lethally sampled group, using the
within-individual variance in isotopic signatures (315N
and 813C, respectively) between anal fin and dorsal
muscle flesh samples, to estimate individual temporal
consistency (Araujo et al. 2007). Variance components
were estimated using a Gaussian linear mixed effects
model, with individual burbot as the random intercept,
and isotope values (two per fish) as the response. Thus the
residual error term V., accounted for within-individual
variation in isotope signatures, and the random effects
variance Vj,4 the between-individual variation, with the
sum of V., and V4 the total niche width (TNW). WIC
was then expressed as the proportion of TNW accounted
for by residual error. Thus low WIC values (near zero)
indicate consistent among individual differences, i.e.,
specialization, and high WIC values (near one), suggest
individually plastic diets, i.e., generalism.
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Movement inter-individual variation

Significant, temporally consistent, repeatability of
burbot monthly movement rates (R =0.32 CI =0.21, 0.5)
was previously demonstrated in our tagged fish (Harrison
etal. 2015) using Bayesian mixed effects models following
the procedures outlined in Dingemanse and Dochtermann
(2013). Individual mean monthly movement rates were
calculated based on this data set. Of the 75 tagged burbot,
44 individuals yielded sufficient data to establish
movement metrics (Harrison et al. 2015). While the array
allowed us to estimate broad-scale movement metrics,
individual receiver ranges were too large (~750 m radius)
to allow for quantification of habitat use.

Relationship between movement and isotopic
specializations

Of the 44 burbot that provided sufficient telemetry
data to estimate movement, 34 provided sufficient tissue
for isotope analysis. Using these 34 individuals, linear
regressions were fitted to determine the relationship
between our response variable, individual mean monthly
movement rate, and our predictors; 813C, 315N, and total
length (cm) and all interactions. Prior to regression
movement was cube root transformed to homogenize
variances. Model selection was performed based on
Akaike’s information criterion adjusted for sample size
(AIC,) comparison using the package AICmodavg for R
3.2 (R Development Core Team 2016).

REsuLTs

Individual isotopic specialization

Anal fin §13C values from our 24 lethally sampled
burbot ranged by 10.9%o (from —24.4%o to —35.8%0) and
dorsal muscle samples ranged by 12.4%0 (—24.7%0 to
—37.1%o). Anal fin §13C explained a significant proportion
of the variance in dorsal muscle §13C (R? = 0.93,
P <0.0001). WIC values for §!13C were low (WIC 0.06),
indicating high 813C specialization. Total length was not
found to be a significant predictor of lethally sampled
burbot dorsal muscle §13C (adjusted R2=-0.03, F=0.41,
df =1,22, P =0.52) or anal fin 813C (adjusted R2=-0.01,
F=0.66,df = 1,22, P =0.42).

Anal fin 815N values from our lethally sampled burbot
(n = 24) ranged by more than one trophic level (3.7%o)
from 8.2%o to 11.9%o, and dorsal muscle samples ranged
by 4.2%o (7.1-11.3%o). Anal fin 815N explained a signif-
icant proportion of the variance in dorsal muscle 315N
(R2=10.69, P <0.0001). WIC values for 815N (WIC 0.42)
were not as low as for §!13C, suggesting moderate 55N
specialization. Total length was not found to be a signif-
icant predictor of lethally sampled burbot dorsal muscle
SI5N (adjusted R2 = —-0.04, F=0.12,df = 1,22, P =0.72)
or anal fin §13C (adjusted R2=10.001, F=1.036,df = 1,22,
P =0.32). Total length of lethally sampled burbot ranged
from 39.6 cm to 90.1 cm with a mean of 52.3 cm.
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Tagged burbot (n = 34) anal fin §!13C values ranged by
a similar extent to our lethally sampled fish (range 9.1%o,
—24.3 to —33.4%o). Furthermore tagged burbot anal fin
315N values ranged by a similar extent to our lethally
sampled fish 3.4%0 (9.9-13.3%o see Appendix S1: Fig. S1).
Total length (cm) was not found to be a significant pre-
dictor of tagged burbot 815N (adjusted R2 = —0.03,
F =0.001, df = 1,33, P = 0.97). Total length (cm) was
found to be a marginally significant predictor of tagged
burbot 813C (adjusted Rz = 0.08, F = 3.96, df = 1,33,
P = 0.05), with increased total length associated with a
slight increase in 8!13C enrichment (estimate = 0.11,
SE=0.06, T=2.0, P=0.05). Tagged burbot total length
was not found to be a significant predictor of a multi-
variate 815N x §13C response (Pillai test statistic = 0.11,
F=1.92,df =2,32, P=0.16). Tagged burbot total length
ranged from 44.8 cm to 72.0 cm with a mean of 55.5 cm.

Relationship between isotopic and movement
specialization

Our best model (AIC, = 86.35, RZ = 0.49, adjusted
R2=10.44, P<0.001) to predict post sampling movement
rates featured a significant interaction effect between
313C and 815N (SS = 14.86, df = 1, F = 26.92, P> 0.001),
and provided a reasonable fit to our raw data (Fig. 1).
Among individuals enriched in 315N, a general pattern of
decreased movement with increasing §!3C enrichment
was observed (Figs. 1 and 2). Among individuals with
lowered 815N, increased §13C enrichment was associated
with a slight increase in movement. Total length and all
interactions involving total length were not found to
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significantly contribute to variance in movement (see
Appendix S1: Table S1).

DiscussioN

Our data reveal that interactions between 3!5N and
313C isotopic niches explained a significant proportion of
subsequent inter-individual variation in movement, in a
group of wild, free-swimming fish. These findings provide
an intuitive, yet novel confirmation of our hypothesis
that individual trophic and littoral/pelagic prey speciali-
zation, and individual variance in movement behavior
are linked. Theoretical connections between individual
dietary and behavioral specialization and have often been
proposed (e.g., Bolnick et al. 2011, Dall et al. 2012).
Furthermore, behavioral inter-individual variation has
been shown to influence many factors related to feeding
ecology including food intake rates and growth (reviewed
in Biro and Stamps 2008), community dynamics and
species interactions (Pruitt and Modlmeier 2015), social
dominance hierarchies (reviewed in Toscano et al. 2016),
and predator—prey interactions (Griffen et al. 2012,
Toscano and Griffen 2014). Moreover a number of
studies have shown that individual differences in behavior
are linked to the occupation of habitats with differing
forage opportunities (e.g., Griffen et al. 2012, Oudman
et al. 2016). However, our data are among the first to
provide a direct empirical demonstration that individual
differences in movement behavior are related to dietary
specialization in a natural setting, and thus significantly
advance our understanding of the wider ecological con-
sequences of both phenomena.
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Model estimates depicting the relationship between individual 815N x §13C interactions and subsequent cube-root-

transformed movement rates of burbot, Lota lota. Solid circles depict raw data points and background grid depicts model estimates.
Color gradients for raw data and model estimates reflect mean monthly movement.
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Our data suggest that for the more piscivorous indi-
viduals (enriched in 8!5N), a higher reliance on pelagic
prey items (lower 8!3C) was associated with increased
monthly movement rates. In contrast, our data indicate
that among the less piscivorous individuals (lowered
315N), increasingmovement was associated withincreasing
reliance on more littoral-based food items (enriched §13C).
These findings raise interesting questions about the direc-
tional causation of the covariation. Given that pelagic
prey fish tend to be mobile, it is possible that a preference
for pelagic prey may drive increased movement, with
more resident tactics being suitable for ambush style
capture of littoral fish. Indeed, in Red Knots Calidris
canutus, a migratory shorebird, inter-individual differ-
ences in preference for prey nutritional quality have been
shown to cause physiological differences in gizzard size
and drive inter-individual variance in patch residence
(Oudman et al. 2016). Alternatively, it has been argued
that because behavioral variation can often be consistent
across ontogeny, whereas diet preferences tend to be
plastic, behavior is the more likely driver of prey choices
(Toscano et al. 2016). In the case of our data, it is plausible
that the differing physiological and energetic require-
ments of the resident and mobile behavioral types may
drive prey choices. A third alternative is that both types of
inter-individual variance are correlated with an uniden-
tified covariate. Indeed, evidence that behavior, energy
metabolism, stress physiology, and life history strategy
are correlated under a pace-of-life-syndrome (POLS) is
gaining ground (Réale et al. 2010). Thus it is also tenable
that the inter-individual variation in movement and diet
may be linked to a wider POLS type syndrome.
Accordingly, we suggest that further work to empirically

test hypotheses about the causal direction of inter-
individual variation covariance, and to establish whether
dietary specialization should be included in the POLS,
should be research priorities.

By performing isotopic analysis on anal fins as a proxy
for diet, we were able to show that our tagged fish differed
in their diets at a longer term scale than could have been
established using stomach content analyses. Indeed, given
the slow growing nature of the cold stenothermal burbot
(Stapanian et al. 2010), isotopic turnover is likely rela-
tively slow, and thus fin signatures may well represent a
longer time period than for faster growing species
(Hesslein et al. 1993). By utilizing multiple tissues from
our terminal sample, we were able to show that a degree
of temporal consistency in individual specializations
occurred within the population. Tissue isotope turnover
rates are not known for our study species, and thus low
WIC could be driven by similarities in turnover rates
among anal fin and dorsal muscle tissues. Nonetheless,
differences in turnover rates among fin and muscle tissues
have been experimentally established in a number of fish
species (reviewed in Willis et al. 2013). Furthermore,
observational relationships between fin and muscle have
been estimated for a broad range of fish species and the
rarity of 1:1 slopes suggest heterogeneity in turnover is
common (reviewed in Willis et al. 2013). Moreover, while
many confounding factors can mask specialization, in
general false positive detections of dietary specializations
are rare in multi-tissue stable isotope analysis (Bond et al.
2016). Accordingly we can be reasonably sure low WIC
values, at least in part reflect temporally consistent
isotopic specializations. Moreover, the temporal con-
sistency of the combination of behavioral and dietary
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specialization was highlighted by the ability of isotope
samples to predict individual variability in behavior for
up to two years following sampling. Accordingly, our
results provide convincing evidence that the connected
dietary and behavioral specializations we observed,
occurred over ecologically relevant time scales.

While body-size is commonly reported as a predictor of
animal movement (Radinger and Wolter 2013) body-size
independent movement, such as we observed, is also com-
monly observed, particularly at the intra-specific scale, and
among adult animals (Clobert et al. 2009). Likewise, no
cross-species consensus exists concerning the relationship
between littoral/pelagic foraging niche and body size, and
indeed small-body-size effects such as we observed, and
the complete absence of body size effects are commonly
reported (Beaudoin et al. 1999). Furthermore, while one
might intuitively expect individuals with larger body sizes
to feed at higher trophic levels, body-size-independent
315N muscle tissue such as we observed, is also fairly com-
monly reported (Layman et al. 2014, O’Farrell et al. 2014).
Together, these findings suggest that the combination of
behavioral and dietary specialization we observed, were
not likely to be a function of ontogeny or body size related
heterogeneity, within the size ranges of fish tested herein.

While sex determination of tagged fish was not possible
due to the necessary post-spawn capture timing, previous
studies have shown that burbot isotopes and diet derived
from stomach contents do not differ by sex (Recknagel
etal. 2014). Furthermore there is little evidence to suggest
burbot in this population exhibit sex-biased spatial
ecology (Harrison et al. 2015). Accordingly, given the
balance of evidence, our findings indicate that the inter-
individual variation in diet and movement behavior are
not likely a function of sexual heterogeneity.

The role of inter-individual variation in space use in
determining habitat carrying capacity is increasingly being
recognized (Cote et al. 2010). Our findings suggest that such
diversity in behavior not only contributes to the carrying
capacity of habitats by increasing the potential spatial niche
available to a population, it is also likely increases the
available trophic niche space available (Power et al. 2012).
Similarly, the importance of inter-individual variation in
space use is hypothesized to increase population resilience
to environmental change, as the use of differing spatial
locations and habitats provide an “insurance effect” to
spatial or habitat specific threats (Wolf and Weissing 2012).
Our findings suggest this population insurance effect may
be amplified by the associated heterogeneity in diet and
resource use, which likely results in a concurrent resilience
to niche specific food-web collapse. Furthermore, inter-
individual variation in diet and resource use (Michaud
et al. 2010), habitat use (Power et al. 2012), and behavior
(Duckworth 2009), are increasingly being recognized to
contribute to diversification, speciation, and thus ulti-
mately to biodiversity (Dall et al. 2012, Wolf and Weissing
2012). Our findings, along with the aforementioned work,
suggest that the interconnectivity among these specializa-
tions may well further facilitate such divergence.

COVARYING DIET AND MOVEMENT VARIATION 613

The study of inter-individual variation in behavior and
the study of individual diet and resource specialization
have often occurred in isolation and the literatures are
fragmented (Dall et al. 2012). By providing an intuitive yet
novel demonstration of inter-individual covariation in iso-
topic niche and movement rates, we have provided an
important empirical demonstration of the interconnec-
tivity between behavioral and dietary specializations in a
group of free-swimming animals, observed in natural con-
texts. By combining stable isotope and telemetry methods,
we were able to demonstrate that these covarying indi-
vidual differences occur in ecologically relevant metrics at
ecologically relevant timescales. Given that an improved
understanding of the ecological consequences of inter-
individual variation remains a major goal for contem-
porary food-web (Dall et al. 2012) and behavioral ecology
(Wolfand Weissing 2012, Toscano et al. 2016), our findings
highlight the promise of future work exploring the connec-
tivity among dietary and behavioral specializations.
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