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Abstract: Nutrition underpins survival and reproduction in animal populations; reliable nutritional
biomarkers are therefore requisites to understanding environmental drivers of population dynamics.
Biomarkers vary in scope of inference and sensitivity, making it important to know what and when to
measure to properly quantify biological responses. We evaluated the repeatability of three nutritional
biomarkers in a large, iteroparous mammal to evaluate the level of intrinsic and extrinsic contributions
to those traits. During a long-term, individual-based study in a highly variable environment, we
measured body fat, body mass, and lean mass of mule deer (Odocoileus hemionus) each autumn and
spring. Lean mass was the most repeatable biomarker (0.72 autumn; 0.61 spring), followed by body
mass (0.64 autumn; 0.53 spring), and then body fat (0.22 autumn; 0.01 spring). High repeatability in
body and lean mass likely reflects primary structural composition, which is conserved across seasons.
Low repeatability of body fat supports that it is the primary labile source of energy that is largely
a product of environmental contributions of the previous season. Based on the disparate levels in
repeatability among nutritional biomarkers, we contend that body and lean mass are better indicators
of nutritional legacies (e.g., maternal effects), whereas body fat is a direct and sensitive reflection of
recent nutritional gains and losses.

Keywords: biomarker; body fat; body mass; ingesta-free body fat; intraclass correlation coefficient;
lean mass; nutrition; nutritional biomarker

1. Introduction

Variations in physiological, morphological, and behavioral traits constitute the raw
material for evolutionary change to act upon [1–4]. Though variation among individuals is
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a ubiquitous characteristic across taxa [5,6], sources of individual variation can be intrinsic
(e.g., genotypic) or extrinsic (e.g., cultural, environmental) [7]. Understanding sources of
individual variation may improve predictions regarding species responses to ecological
and environmental drivers [5,8].

Repeatability in traits across time may serve to elucidate drivers of individual vari-
ation. Repeatability—the proportion of phenotypic variance explained by differences
between individuals [9]—can be used to identify genetic, behavioral, or cultural heritability.
Repeatability works to distinguish between intrinsic and extrinsic sources of individual
differences [10], whereby repeatable traits are consistent within individuals across time,
despite population and environmental variation; therefore, such traits are likely herita-
ble [11]. Alternatively, if individual traits are inconsistent across time (i.e., low repeatability),
then trait variation is likely influenced by extrinsic factors (e.g., environment) [12]. The
challenges of isolating physiological processes associated with a trait or identifying and
quantifying meaningful environmental drivers have led to the use of proxies in examining
sources of individual variation (e.g., biomarkers) [9,13]. In this context, the propensity
for biomarkers to be repeatable may provide context for identifying the responsiveness to
intrinsic or extrinsic factors and the scope of inference that can be drawn from a biomarker.

Elsewhere, biomarkers have been used as proxies to make inferences regarding phys-
iological states and nutritional conditions [14–16]. Biomarkers can reveal the underly-
ing drivers of behavior, fitness, and responses to environmental change. For example,
brown trout (Salmo trutta) in good nutritional condition, as measured by a ratio-based
biomarker (mass/length3), migrated earlier than fish in poor condition [17]. Notably, how-
ever, biomarker selection may influence inferences regarding the physiological process
under investigation. For instance, when examining biomarkers of hematocrit and lipid
metabolites, neotropical birds showed reduced nutritional condition in response to drought;
however, changes in condition were not detectable when scaled mass index was used as a
biomarker [18]. Thus, the effective use of biomarkers hinges on both understanding drivers
of variation within and across individuals and an understanding between the biomarker
and the associated physiological process being measured.

Nutrition ultimately underpins fitness [19,20] and is especially important for species
that partially depend on stored reserves to finance survival or reproduction [21,22]. Biomark-
ers of nutritional condition may help reveal the underlying drivers of individual and
population-level fitness [23]. Nevertheless, subtle differences among biomarkers of nu-
trition may have a drastic influence on the inference that can be drawn. Body mass, a
nutritional biomarker that is commonly used, integrates accumulation and catabolism
of both body fat and lean mass (i.e., protein reserves), with protein reserves generally
conserved over fat reserves [24]. Body fat is considered a labile source of energy and a
product of the environment an animal experiences [24]. As a primary energetic store, body
fat is regulated in a risk-sensitive manner; environmental conditions and nutritional state
determine the degree to which individuals allocate fat reserves to survival and reproduc-
tion [25–27]. Indeed, for animals in temperate environments, body fat fluctuates seasonally
with resource availability [24]. High-quality and abundant forage allows animals to accu-
mulate high levels of fat during the summer, which can deplete when animals are faced
with resource scarcity and harsh winter conditions [28]. Alternatively, lean mass represents
the fat-free, ingesta-free mass of an animal and, thus, primarily reflects protein reserves.
Protein is often conserved over fat, in part because protein also serves a structural value to
the animal [27]. Consequently, fluctuations in protein may be subtle but are most obvious
during the winter when animals are faced with both reductions in available forage and
the physiological requirements of gestation. Given the physiological differences in how
protein and fat are used during different seasons, estimates of body fat, lean mass, and
body mass may reflect different life-history processes at different scales. Further, interpre-
tation of these three biomarkers may differ in intrinsic (e.g., genotype) or extrinsic (e.g.,
environmental) expression.
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Biomarkers of nutrition likely are influenced by different biological processes and serve
slightly different physiological roles. Therefore, differences in sensitivity to environmental
conditions, and, thus, the scope of inference, likely exist between body fat, lean mass, and
body mass. Nevertheless, various nutritional biomarkers are often used interchangeably as
indicators of nutritional status [29,30]. We suspect that the repeatability of each biomarker
could yield insight into the context or scope of inference that each biomarker could repre-
sent, which could improve their interpretation in ecological studies. Since traits with high
repeatability are more heritable, individual variation within repeatable traits providing fit-
ness benefits is likely to proliferate into the population. For example, if lean mass and body
mass are more heritable, favorable individual variation in these traits (e.g., the correlation
between body size and reproductive success) [31] would naturally be incorporated into
the population through natural selection. Yet, highly heritable or canalized traits are often
static among individuals and may reduce fitness by way of an inability for individuals to
respond to stochasticity, therefore being maladaptive in certain contexts [32]. Given that
some aspects of nutrition can act as a buffer against environmental stochasticity [25,33], the
degree of heritability versus plasticity in nutritional biomarkers likely has consequences
for their relevance and interpretation relative to environmental variation.

Using a long-term dataset of a large mammal through time, we sought to estimate
the repeatability of three nutritional biomarkers (i.e., body fat, lean mass, and body mass)
during periods of resource abundance and scarcity. Mule deer (Odocoileus hemionus) are highly
fecund, long-lived mammals that are finely tuned to the heterogeneous landscapes that they
occupy [34]. In the summer, when resources are abundant, mule deer must balance energy
allocation between raising offspring and accruing somatic resources that were depleted the
previous winter. Mule deer rely on fat and protein stores during the resource-limited winter
months to finance their own survival and future reproduction [22]. Consequently, measures
of nutritional condition are typified by seasonal fluctuations that often peak in autumn and
drop in late winter and early spring. Nutritional biomarkers and their variation across seasons
and years could affect reproduction or survival in a given year, as well as carry over to affect
reproduction or survival in the future through maternal effects [35–38].

We hypothesized that the physiological processes that affect accretion and catabolism of
somatic reserves influence the degree of repeatability of nutritional biomarkers (H1). Because
lean mass reflects protein reserves and skeletal structure of an animal and is the last reserve to
be catabolized, we predicted that it would be the most repeatable, followed by body mass
and then body fat. We expected body fat to be the least repeatable because it is the most
readily catabolized somatic store (P1). Next, given that energetic demands associated with the
physiological processes vary between autumn and spring, we hypothesized that repeatability
would vary between seasons (H2). We predicted that body fat would be more repeatable
in spring than in autumn because of the potential variability of energetic investments to
reproduction in autumn (P2). When mule deer replenish somatic reserves during summer,
they prioritize protein stores before body fat and reproduction; therefore, we predicted both
lean mass and body mass would be more repeatable in autumn than spring (P3).

2. Materials and Methods
2.1. Study Area

We studied a population of migratory mule deer located in western Wyoming, USA
(42◦25′ N, 110◦42′ W), a semi-arid region of the Rocky Mountains characterized by cold
winters and warm, productive summers. Animals migrated to winter ranges from October
to November and spent winters at low elevations (~2000–2300 m) in sagebrush-steppe
ecosystems dominated by sagebrush species (Artemisia tridentata, Artemisia nova) [39]. Mean
annual snowfall on winter ranges (Western Regional Climate Center [40] full record aver-
ages) varied from 68.61 cm in the north (Fontenelle Dam, Wyoming, 1977 m) to 196.14 cm in
the south (Fossil Butte, Wyoming, 2068 m) [40]. The timing of spring green-up, from March
to May, triggered spring migration to higher elevation summer ranges (~2000–3040 m) in
the Salt and Wyoming Ranges, where individuals occupied a variety of vegetative com-
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munities along a steep elevational gradient [41,42]. Mean annual precipitation on summer
ranges (Applied Climate Information System [43] 20-year averages) was 99.84 cm (Triple
Peak, SNOTEL site, 2591 m [43]). Summer range vegetation types included low-elevation
(~2000–2300 m) sagebrush communities similar to those on the winter range, middle ele-
vation (~2300–2750 m) aspen (Populus tremuloides), mixed conifer, mixed mountain shrub
and forb communities, and high-elevation (>2750 m) subalpine tall forb communities and
pine-fir complexes [42]. There is no supplemental feeding in the population. The peak of
parturition occurred in mid-June in the summer range.

The study period (2013–2021) coincided with highly variable weather conditions in
western Wyoming, with multiple years experiencing snowfall that was well above average
and some years with periods of extreme drought. During 2013–2021, annual snowfall
(measured December through April) ranged from 12.70 cm at Fontenelle Dam, Wyoming in
the winter of 2014–2015 to 236.22 cm in Fossil Butte, Wyoming in the winter of 2016–2017,
the third greatest annual winter snowfall recorded for the state. Annual precipitation
during the primary growing season (measured June through August, Triple Peak, SNOTEL
site, 2591 m) ranged from 7.62 cm in 2016 to 20.07 cm in 2015.

2.2. Data Collection

We captured adult (>2 yrs old) female mule deer twice a year using a net gun deployed
via helicopter [44] every autumn (December) and spring (March) from December 2013
to March 2021. Recapture rates for this population are generally high, and most animals
were captured at each capture event between their initial capture and either the end of
the study or their death. We fitted captured deer with GPS collars (Advanced Telemetry
Systems, Isanti, MN; Vectronics Aerospace, Berlin, Germany). We assigned a unique animal
identification number to each animal, and, at each capture, animals were assigned an
animal-season identifier (e.g., the animal-season for animal “001” in autumn 2015 would be
“001-Autumn-2015”). We used manual palpation and ultrasonography (5-MHz transducer;
Ibex Pro, E.I. Medical Imaging, Loveland, CO, USA) to estimate the ingesta-free body
fat (hereafter, body fat; %) with standardized equations developed for mule deer [45,46].
One observer performed all body fat measurements throughout the study, so there was
minimal variation in observer error. We estimated the body mass of deer using a platform
scale (±0.1 kg). We calculated ingesta-free, fat-free body mass (hereafter, lean mass) by
calculating ingesta-free body mass [46] and subtracting the weight of body fat (ingesta-free
body mass x ingesta-free body fat) [24].

2.3. Statistical Analyses

Repeatability (i.e., the intraclass correlation coefficient) is the proportion of variance
that can be attributed to the variance between animals and, thus, is estimated using both
within-animal and between-animal variance estimates (Equation (1)) [47,48]. Repeatability
estimates range from 0 to 1.0, and are considered low from 0 to 0.3, moderate from 0.3 to
0.5, and high from 0.5 to 1.0 [49]. We let σ2

w denote within-animal variance and σ2
B denote

between-animal variance.

Repeatability =
σ2

B
σ2

B + σ2
W

(1)

We calculated the repeatability of three nutritional biomarkers (i.e., body fat, body
mass, and lean mass) for mule deer using the ratio between variance components derived
from Bayesian hierarchical models. We implemented the same model for each biomarker
and two different seasons (autumn and spring) for a total of six separate models. Given
repeatability is calculated using both within- and between-animal variance components,
we only included animals in the analyses if they were captured more than once for a given
season (e.g., an animal had to be captured in at least two springs to be included in the
spring model). We evaluated biomarkers in each season as a function of a random intercept
for individuals with a fixed mean.
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We assumed yij
∣∣µij, σ2

W ∼ N
(
µij, σ2

W
)
, where yij denotes the nutritional biomarker at

time j for animal i. We assumed that the conditional mean response (conditional on animal
i) is given β.

µij
∣∣δi = β0 + δ0i

where β0 denotes a fixed-effects intercept and δ0i represents the random deviation from
the fixed effects intercept associated with animal i. Random intercepts were assumed to be
normal (0,σ2

B).
We implemented our models examining the repeatability of three nutritional biomark-

ers using the WinBUGS [50] software in program R [51] with the ‘R2WinBUGS’ pack-
age [52]. Using the WinBUGS defaults, there was a burn-in of 1000 draws. We generated
100,000 draws and took from every 10th draw. We used the delta and epsilon variance
estimates from the 10,000 draws to calculate repeatability estimates in the WinBUGS model.
Results for the remainder of the analyses associated with repeatability are based on the
10,000 draws of the parameters. Models were considered convergent if they had unimodal
posteriors, “R values < 1.1 [53], and an even mixture of the MCMC chains [54]. For the
Bayesian estimates reported, we used the median of the posteriors since the posteriors for
body fat in spring were skewed right. Model formulation and corresponding code used for
our Bayesian analyses can be found in the Supplementary Materials.

Repeatability for body fat in spring was low, which was partially because of minimal
between-group variation (see Results). Given the low population-level variance of spring
fat in the model, we evaluated additional descriptive statistics for both autumn and spring
body fat to investigate this biomarker as an indicator of nutrition in different seasons. We
calculated the mean, standard deviation, and coefficient of variation of body fat for each
independent season (e.g., spring 2014 or autumn 2020) and averaged those three statistics
across all years for both spring and autumn.

3. Results

We evaluated 1039 capture events for 182 adult female mule deer between autumn
2013 and spring 2021. We evaluated repeatability in autumn using 456 animal-seasons from
146 animals measured between 2 and 8 times (mean = 3.12). We evaluated repeatability
in spring using 583 animal-seasons from 174 animals measured between 2 and 9 times
(mean = 3.35). The recapture rate for individuals was extremely high, with a mean of
1.01 ± 0.01 years between spring captures and 1.02 ± 0.01 years between autumn.

All models converged based on unimodal posteriors, “R values < 1.1, and an even
mixture of the MCMC chains. Across seasons, repeatability was greatest for lean mass,
followed by body mass, and lowest for body fat (Table 1; Figure 1). The repeatability of all
three biomarkers was greater in autumn than in spring (Table 1; Figure 1).

Within-animal variance was greatest for body fat, followed by body mass, and then
lean mass across seasons (Table 2). Body fat was higher in autumn (mean = 10.82, Standard
Deviation [SD] = 3.86) than spring (mean = 4.49, SD = 1.84), and the coefficient of variation
was higher in spring (CV = 44.59) than in autumn (CV = 36.27; Figure 2).

Table 1. Mean unscaled values and median scaled repeatability estimates with 95% credible intervals
for lean mass (ingesta-free, fat free body mass; IFFFBMass), body mass, and body fat (ingesta-free
body fat; % IFBFat) and in female mule deer in the Wyoming and Salt Ranges, Wyoming, USA,
between 2013 and 2021.

Biomarker Season Mean
Repeatability

Estimate 2.5% CRI 97.5% CRI

Lean mass (kg) Autumn 60.4 0.72 0.65 0.78
Spring 55.0 0.61 0.53 0.68

Body mass (kg) Autumn 74.2 0.64 0.56 0.71
Spring 65.1 0.53 0.45 0.61

Body fat (% IFBFat) Autumn 10.81 0.22 0.11 0.33
Spring 4.48 0.01 0.00 0.07
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Figure 1. Posterior distribution of the repeatability estimates of lean mass (blue), body mass (green),
and body fat (purple) in autumn and spring of female mule deer in the Wyoming and Salt Ranges
from 2013 to 2021. Median is represented by the white dot, 50% credible intervals are represented by
the thick colored bar, 95% credible intervals are represented with the thin, solid line, and outliers are
represented by colored dots.

Table 2. Variance estimates with 95% credible intervals for lean mass (ingesta-free, fat free body
mass), body mass, and body fat (ingesta-free body fat; % IFBFat) in female mule deer in the Wyoming
Range, Wyoming, USA, between 2013 and 2021.

Biomarker Season
Between-Animal Variance (Population) Within-Animal Variance (Individual)

Estimate 2.5% CRI 97.5% CRI Estimate 2.5% CRI 97.5% CRI

Lean mass (kg) Autumn 0.37 0.29 0.49 0.18 0.12 0.17
Spring 0.28 0.22 0.37 0.15 0.16 0.21

Body mass (kg) Autumn 0.35 0.26 0.46 0.20 0.17 0.23
Spring 0.22 0.17 0.30 0.20 0.17 0.23

Body fat (% IFBFat) Autumn 0.21 0.10 0.34 0.74 0.63 0.87
Spring <0.01 <0.01 0.02 0.24 0.21 0.27
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three biomarkers.
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4. Discussion

Repeatability may reveal the degree to which intrinsic (i.e., heritable) or extrinsic
(i.e., environmental) factors drive phenotypic plasticity in a trait [55]. The repeatability of
nutritional biomarkers should reflect how much that trait corresponds with environmental
variation versus more intrinsic characteristics. We evaluated the degree of repeatability of
three nutritional biomarkers (i.e., lean mass, body mass, and body fat) across eight years
during spring and autumn in mule deer. In support of our hypothesis associated with the
lability of various energy stores (H1), lean mass was most repeatable, followed by body
mass, and body fat was least repeatable (P1; Figure 1). Consistent with our hypothesis of
seasonal fluctuations in repeatability (H2), repeatability in biomarkers differed between
seasons. In contrast to our prediction (P2), repeatability was greater in the autumn than
in spring for all biomarkers, indicating that variability in environmental conditions in
winter may have a larger influence on spring conditions, compared with the influence
of conditions in summer on autumn conditions. As predicted, lean mass and body mass
were more repeatable in autumn than in spring (P3). Notably, repeatability in nutritional
biomarkers differed markedly, with lean mass and body mass being highly repeatable
(>0.50; Figure 1) and body fat having low repeatability (<0.30; Figure 1). High repeatability
suggests that lean mass and body mass are heritable traits that lack influence from short-
term environmental stochasticity, whereas low repeatability of body fat supports that it is
almost exclusively a product of the animal’s experience from the recent past (Figure 3).
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Figure 3. Conceptual representation of the dynamics of fat and lean mass in mule deer over time,
where deer generally gained fat and protein reserves in the spring and summer and lost them over late
fall and winter. Mule deer give birth in late spring and nurse their offspring throughout the summer.
In the autumn, offspring are nutritionally independent. Our results suggest high repeatability of lean
and body mass and low repeatability of body fat.

Variation in environmental conditions may have driven lower repeatability during
spring compared with autumn across all biomarkers in our system. To survive harsh
winters, mule deer, like other temperate ruminants, are metabolically preprogrammed to
undergo a negative energy budget through a decrease in metabolism and loss of body
reserves [56]. Importantly, these metabolic adaptations operate in a state-dependent man-
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ner in line with the risk-sensitive allocation of fat reserves [57]. Beyond animal state,
variation in the catabolism of somatic reserves to meet energetic demands is a function
of forage conditions and snow depth on the winter range [58,59]. Winter severity varied
considerably during our study; severe winter conditions are more energetically costly
because of locomotion through snow, thermoregulatory stress, and limitations to forage
access and availability [59–61]. With less flexibility in resource allocation during winter
(i.e., allocation focused primarily on survival and less on reproduction), combined with
the stochasticity in winter severity, nutritional biomarkers become less repeatable as they
become more reflective of extrinsic factors. Variation in winter conditions may influence
the amount of body fat animals need to catabolize in a given winter to meet the energetic
costs of survival, which we suspect contributed to the low repeatability in spring fat. While
the potential for greater between-animal (i.e., population-level) variance of body fat was
evident in autumn (Table 2, Figure 2), it may be that spring body fat levels are simply
driven by environmental conditions (e.g., winter range conditions and severity) and have
low repeatability. Alternatively, given that the population variance was so low, spring fat
levels may indicate a population-level threshold, or set point, that, in the absence of severe
winters, animals are metabolically programmed to reach in late winter [62]. Considering
a metabolically programmed set point, repeatability may still be quite low but within a
relatively small range, an assertion that is supported by the high coefficient of variation in
spring fat.

Set points can be influenced, in part, by environmental factors that determine the
somatic reserves necessary to meet long-term metabolic requirements within the context of
the system within which an animal resides [16]. Nutritional indices may differ dramatically
across populations—how animals catabolize and accrete resources to meet energetic and
metabolic demands may indicate the synchronization of an animal’s physiology with its
environment. For example, average fat levels in autumn were 10.8% and dropped to 4.5%
in the spring for our study population during an 8-year study, which is markedly different
from the average decline in body fat from 9.7% in autumn to 7.2% in spring for mule deer in
the Sierra Nevada of California during a 7-year study [22]. Compared with mule deer in the
Wyoming Range, mule deer occupy relatively dry and unproductive summer ranges, and
winters are mild in the Sierra Nevada [61]. Considering summer range quality dictates risk-
sensitive allocation to a higher degree than winter severity, the less dramatic fluctuations
between seasons in body fat of mule deer in the Sierra Nevada may be indicative of their
environments and the resources they need to meet metabolic demands across seasons. If
the metabolic programming of animals becomes mismatched to their environment because
of unexpected, stochastic changes in conditions, it may come at a significant fitness cost [63].
Therefore, spring fat also may be one of the most important biomarkers for measuring
responses and degree of plasticity to environmental change.

Our assessment herein asserts that body fat is the most responsive of the three biomark-
ers to recent environmental conditions. Nevertheless, other biomarkers may still provide
insight into individual-level variation but, importantly, at a different scope of inference.
Body mass, an appealing biomarker because of its ease of acquisition, represents a com-
posite measure of multiple biomarkers, including lean mass and body fat, while also
incorporating animal size and ingesta. When interpreted cautiously, body mass may be
informative to an animal’s fitness. Fluctuations in body mass between seasons may be
driven primarily by changes in body fat. Thus, seasonal changes in body mass may be a
useful proxy of environmental drivers of nutrition when fat measurements are unavailable
but will notably be less responsive to extrinsic factors. Further, body mass has been shown
to influence the survival and reproduction of large herbivores [20,37] and, in some instances,
may be more predictive of survival than body fat [22].

Size or performance of animals can be reflective of conditions during the year they
were born (i.e., cohort effects) and are a population-level example of cross-generational
effects of maternal nutrition [64–66] that can yield disparities in reproduction and survival
advantages between large- and small-bodied animals [19,20,31,36]. Adult body mass is
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underpinned by maternal and grandmaternal effects [67], where the nutritional status of
the mother during gestation can determine the lifetime trajectory of growth for an animal,
regardless of nutritional experiences thereafter [68–71]. For example, offspring born to
mothers in poor nutritional condition may be subject to a negative maternal effect and, thus,
will express the consequence of their mother’s nutritional condition during gestation for
their entire life [69]. As a result, animals born to mothers in poor condition may be stunted
in body mass regardless of the body fat that they are accreting and catabolizing through
different seasons. Therefore, body mass and lean mass may be more useful in reflecting a
historical nutritional legacy and the maternal condition during the year an animal was born
than as a biomarker of current environmental conditions. Knowing how nutritional legacy,
genetics, and environment contribute to potential biomarkers is key to their appropriate
interpretation and scope of inference, which should be strongly considered for the most
readily accessible biomarkers, such as body mass.

5. Conclusions

The repeatability of biomarkers can elucidate the scale at which they operate and, thus,
provide insight into the underlying environmental factors that drive them [9]. Lean mass
and body mass were highly repeatable in both autumn (0.72 and 0.64, respectively) and
spring (0.61 and 0.53, respectively), which indicates a lack of sensitivity to environmental
conditions and is more a reflection of heritability (via classic inheritance and nutritional
legacy). Body fat had low levels of repeatability in both autumn (0.22) and spring (0.01),
which indicates a strong influence of the environment in the preceding season on the
amount of body fat that an animal accrues. Despite relatively large differences in the
degree of repeatability across nutritional biomarkers, metrics of nutrition are often used
interchangeably to investigate questions of nutritional relationships in wild animals [29,30].
Our results highlight the importance of understanding the underlying mechanisms that
influence nutritional biomarkers—we strongly encourage careful consideration of the envi-
ronmental drivers of each biomarker when estimating the nutritional status of individuals.

Supplementary Materials: The following supporting information (R Code) can be downloaded at:
https://github.com/tlasharr/RepeatabilityBayes, accessed on 20 January 2022.

Author Contributions: Conceptualization, R.A.S., K.L.M., T.N.L., H.N.A., R.L.L., Y.N.S., R.T.R., R.P.J.,
S.T.R. and J.T.K.; Methodology, T.N.L., R.A.S. and K.L.M.; Formal Analysis, T.N.L., T.J.R. and R.A.S.;
Data Curation, S.P.H.D., T.N.L. and K.L.M.; Writing—Original Draft Preparation R.A.S., T.N.L.,
H.N.A., R.L.L., Y.N.S., R.T.R., R.P.J., S.T.R., J.T.K., B.L.W., T.J.R. and K.L.M.; Writing—Review &
Editing, R.A.S., K.L.M., T.N.L., H.N.A., R.L.L., Y.N.S., R.T.R., R.P.J., S.T.R., J.T.K., B.L.W., S.P.H.D.,
T.J.R., M.T., G.L.F., J.E.R., R.C.K., B.S. and T.F.; Visualization, Y.N.S. and T.N.L.; Supervision, R.A.S.
and K.L.M.; Project Administration, K.L.M.; Funding Acquisition, K.L.M., M.T. and G.L.F. All authors
have read and agreed to the published version of the manuscript.

Funding: Funding for this project was provided by the Wyoming Game and Fish Department,
Wyoming Game and Fish Commission, Bureau of Land Management, Muley Fanatic Foundation
(including Southwest, Kemmerer, Upper Green, and Blue Ridge Chapters), Boone and Crockett Club,
Wyoming Wildlife and Natural Resources Trust, Knobloch Family Foundation, Wyoming Animal
Damage Management Board, Wyoming Governor’s Big Game License Coalition, Bowhunters of
Wyoming, Wyoming Outfitters and Guides Association, Pope and Young Club, U.S. Forest Service,
and U.S. Fish and Wildlife Service.

Institutional Review Board Statement: We captured animals and collected data in a manner that
was consistent and approved by the University of Wyoming Institutional Animal Care and Use
Committee (Protocols 20131111KM00040, 20151204KM00135, 20170215KM00260, 20200305KM00412).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data was not publicly available at the time of publication; data requests
can be made to Kevin Monteith.

https://github.com/tlasharr/RepeatabilityBayes


Life 2022, 12, 375 11 of 13

Acknowledgments: We thank the multiple landowners that kindly offered access to their property
for this research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kendall, B.E.; Fox, G. Variation among Individuals and Reduced Demographic Stochasticity. Conserv. Biol. 2002, 16, 109–116.

[CrossRef]
2. Bolnick, D.I.; Svanbäck, R.; Fordyce, J.; Yang, L.; Davis, J.; Hulsey, C.D.; Forister, M.L. The Ecology of Individuals: Incidence and

Implications of Individual Specialization. Am. Nat. 2003, 161, 1–28. [CrossRef] [PubMed]
3. Bolnick, D.I.; Amarasekare, P.; Araújo, M.S.; Bürger, R.; Levine, J.M.; Novak, M.; Rudolf, V.H.; Schreiber, S.J.; Urban, M.C.;

Vasseur, D.A. Why intraspecific trait variation matters in community ecology. Trends Ecol. Evol. 2011, 26, 183–192. [CrossRef]
[PubMed]

4. Vindenes, Y.; Langangen, Ø. Individual heterogeneity in life histories and eco-evolutionary dynamics. Ecol. Lett. 2015, 18, 417–432.
[CrossRef]

5. Hayes, J.; Jenkins, S.H. Individual Variation in Mammals. J. Mammal. 1997, 78, 274–293. [CrossRef]
6. Shaw, A.K. Causes and consequences of individual variation in animal movement. Mov. Ecol. 2020, 8, 1–12. [CrossRef]
7. Benton, T.G.; Plaistow, S.J.; Coulson, T.N. Complex population dynamics and complex causation: Devils, details and demography.

Proc. R. Soc. B Biol. Sci. 2006, 273, 1173–1181. [CrossRef]
8. Ellner, S.P.; Geber, M.A.; Hairston, N.G. Does rapid evolution matter? Measuring the rate of contemporary evolution and its

impacts on ecological dynamics. Ecol. Lett. 2011, 14, 603–614. [CrossRef] [PubMed]
9. Bell, A.M.; Hankison, S.J.; Laskowski, K. The repeatability of behaviour: A meta-analysis. Anim. Behav. 2009, 77, 771–783.

[CrossRef] [PubMed]
10. Wetzel, D.P.; Hatch, M.I.; Westneat, D.F. Genetic sources of individual variation in parental care behavior. Behav. Ecol. Sociobiol.

2015, 69, 1933–1943. [CrossRef]
11. Dingemanse, N.J.; Both, C.; Drent, P.J.; van Oers, K.; Van Noordwijk, A.J. Repeatability and heritability of exploratory behaviour

in great tits from the wild. Anim. Behav. 2002, 64, 929–938. [CrossRef]
12. Schuster, A.C.; Carl, T.; Foerster, K. Repeatability and consistency of individual behaviour in juvenile and adult Eurasian harvest

mice. Die Naturwissenschaften 2017, 104, 10. [CrossRef] [PubMed]
13. Dall, S.R.X.; Houston, A.I.; McNamara, J.M. The behavioural ecology of personality: Consistent individual differences from an

adaptive perspective. Ecol. Lett. 2004, 7, 734–739. [CrossRef]
14. Beldomenico, P.M.; Telfer, S.; Gebert, S.; Lukomski, L.; Bennett, M.; Begon, M. Poor condition and infection: A vicious circle in

natural populations. Proc. R. Soc. B Boil. Sci. 2008, 275, 1753–1759. [CrossRef]
15. Beaulieu, M.; Costantini, D. Biomarkers of oxidative status: Missing tools in conservation physiology. Conserv. Physiol. 2014,

2, cou014. [CrossRef]
16. Wilson, A.E.; Wismer, D.; Stenhouse, G.; Coops, N.C.; Janz, D.M. Landscape condition influences energetics, reproduction, and

stress biomarkers in grizzly bears. Sci. Rep. 2021, 11, 1–16. [CrossRef]
17. Peiman, K.S.; Birnie-Gauvin, K.; Midwood, J.D.; Larsen, M.H.; Wilson, A.; Aarestrup, K.; Cooke, S. If and when: Intrinsic

differences and environmental stressors influence migration in brown trout (Salmo trutta). Oecologia 2017, 184, 375–384. [CrossRef]
18. Nishikawa, E.T.; Pollock, H.S.; Brawn, J.D. Dry season intensity has equivocal effects on the nutritional condition of understory

birds in a Neotropical forest. Auk 2021, 138, 1–13. [CrossRef]
19. Sand, H.; Cederlund, G. Individual and geographical variation in age at maturity in female moose (Alces alces). Can. J. Zoöl. 1996,

74, 954–964. [CrossRef]
20. Gaillard, J.-M.; Festa-Bianchet, M.; Yoccoz, N.G.; Loison, A.; Toïgo, C. Temporal Variation in Fitness Components and Population

Dynamics of Large Herbivores. Annu. Rev. Ecol. Syst. 2000, 31, 367–393. [CrossRef]
21. Birnie-Gauvin, K.; Peiman, K.S.; Raubenheimer, D.; Cooke, S.J. Nutritional physiology and ecology of wildlife in a changing

world. Conserv. Physiol. 2017, 5, cox030. [CrossRef]
22. Monteith, K.L.; Bleich, V.C.; Stephenson, T.R.; Pierce, B.M.; Conner, M.M.; Kie, J.G.; Bowyer, R.T. Life-history characteristics of

mule deer: Effects of nutrition in a variable environment. Wildl. Monogr. 2014, 186, 1–62. [CrossRef]
23. Gingery, T.M.; Diefenbach, D.R.; Pritchard, C.E.; Ensminger, D.C.; Wallingford, B.D.; Rosenberry, C.S. Survival is negatively

associated with glucocorticoids in a wild ungulate neonate. Integr. Zoöl. 2021, 16, 214–225. [CrossRef]
24. Monteith, K.L.; Stephenson, T.R.; Bleich, V.C.; Conner, M.M.; Pierce, B.M.; Bowyer, R.T. Risk-sensitive allocation in seasonal

dynamics of fat and protein reserves in a long-lived mammal. J. Anim. Ecol. 2013, 82, 377–388. [CrossRef] [PubMed]
25. Bårdsen, B.-J.; Fauchald, P.; Tveraa, T.; Langeland, K.; Yoccoz, N.G.; Ims, R.A. Experimental evidence of a risk-sensitive

reproductive allocation in a long-lived mammal. Ecology 2008, 89, 829–837. [CrossRef] [PubMed]
26. Bårdsen, B.-J.; Tveraa, T.; Fauchald, P.; Langeland, K. Observational evidence of risk-sensitive reproductive allocation in a

long-lived mammal. Oecologia 2010, 162, 627–639. [CrossRef] [PubMed]
27. Parker, K.L.; Barboza, P.S.; Gillingham, M.P. Nutrition integrates environmental responses of ungulates. Funct. Ecol. 2009,

23, 57–69. [CrossRef]

http://doi.org/10.1046/j.1523-1739.2002.00036.x
http://doi.org/10.1086/343878
http://www.ncbi.nlm.nih.gov/pubmed/12650459
http://doi.org/10.1016/j.tree.2011.01.009
http://www.ncbi.nlm.nih.gov/pubmed/21367482
http://doi.org/10.1111/ele.12421
http://doi.org/10.2307/1382882
http://doi.org/10.1186/s40462-020-0197-x
http://doi.org/10.1098/rspb.2006.3495
http://doi.org/10.1111/j.1461-0248.2011.01616.x
http://www.ncbi.nlm.nih.gov/pubmed/21518209
http://doi.org/10.1016/j.anbehav.2008.12.022
http://www.ncbi.nlm.nih.gov/pubmed/24707058
http://doi.org/10.1007/s00265-015-2006-x
http://doi.org/10.1006/anbe.2002.2006
http://doi.org/10.1007/s00114-017-1430-3
http://www.ncbi.nlm.nih.gov/pubmed/28236075
http://doi.org/10.1111/j.1461-0248.2004.00618.x
http://doi.org/10.1098/rspb.2008.0147
http://doi.org/10.1093/conphys/cou014
http://doi.org/10.1038/s41598-021-91595-4
http://doi.org/10.1007/s00442-017-3873-9
http://doi.org/10.1093/ornithology/ukaa085
http://doi.org/10.1139/z96-108
http://doi.org/10.1146/annurev.ecolsys.31.1.367
http://doi.org/10.1093/conphys/cox030
http://doi.org/10.1002/wmon.1011
http://doi.org/10.1111/1749-4877.12499
http://doi.org/10.1111/1365-2656.12016
http://www.ncbi.nlm.nih.gov/pubmed/23379674
http://doi.org/10.1890/07-0414.1
http://www.ncbi.nlm.nih.gov/pubmed/18459345
http://doi.org/10.1007/s00442-009-1537-0
http://www.ncbi.nlm.nih.gov/pubmed/20033822
http://doi.org/10.1111/j.1365-2435.2009.01528.x


Life 2022, 12, 375 12 of 13

28. Pekins, P.J.; Mautz, W.W.; Kanter, J.J. Reevaluation of the Basal Metabolic Cycle in White-Tailed Deer. Biol. Deer 1992, 6, 418–422.
[CrossRef]

29. Hjeljord, O.; Histøl, T. Range-body mass interactions of a northern ungulate—A test of hypothesis. Oecologia 1999, 119, 326–339.
[CrossRef]

30. Couturier, S.; Côté, S.D.; Huot, J.; Otto, R.D. Body-condition dynamics in a northern ungulate gaining fat in winter. Can. J. Zoöl.
2009, 87, 367–378. [CrossRef]

31. Clutton-Brock, T.H.; Stevenson, I.R.; Marrow, P.; MacColl, A.; Houston, A.I.; McNamara, J.M. Population Fluctuations, Reproduc-
tive Costs and Life-History Tactics in Female Soay Sheep. J. Anim. Ecol. 1996, 65, 675. [CrossRef]

32. Foley, A.M.; Deyoung, R.W.; Lukefahr, S.D.; Lewis, J.S.; Hewitt, D.G.; Hellickson, M.W.; Draeger, D.A.; Deyoung, C.A. Repeatabil-
ity of antler characteristics in mature white-tailed deer in South Texas: Consequences of environmental effects. J. Mammal. 2012,
93, 1149–1157. [CrossRef]

33. Hempson, G.P.; Illius, A.W.; Hendricks, H.H.; Bond, W.J.; Vetter, S. Herbivore population regulation and resource heterogeneity
in a stochastic environment. Ecology 2015, 96, 2170–2180. [CrossRef] [PubMed]

34. Aikens, E.O.; Dwinnell, S.P.; LaSharr, T.N.; Jakopak, R.P.; Fralick, G.L.; Randall, J.; Kaiser, R.; Thonhoff, M.; Kauffman, M.J.;
Monteith, K.L. Migration distance and maternal resource allocation determine timing of birth in a large herbivore. Ecology 2021,
102, e03334. [CrossRef] [PubMed]

35. Flajšman, K.; Jerina, K.; Pokorny, B. Age-related effects of body mass on fertility and litter size in roe deer. PLoS ONE 2017,
12, e0175579. [CrossRef]

36. Albon, S.; Mitchell, B.; Staines, B.W. Fertility and Body Weight in Female Red Deer: A Density-Dependent Relationship. J. Anim.
Ecol. 1983, 52, 969. [CrossRef]

37. Festa-Bianchet, M.; Gaillard, J.; Jorgenson, J.T. Mass- and Density-Dependent Reproductive Success and Reproductive Costs in a
Capital Breeder. Am. Nat. 1998, 152, 367–379. [CrossRef]

38. Hadley, G.L.; Rotella, J.J.; Garrott, R.A. Influence of maternal characteristics and oceanographic conditions on survival and
recruitment probabilities of Weddell seals. Oikos 2007, 116, 601–613. [CrossRef]

39. Dwinnell, S.P.H.; Sawyer, H.; Randall, J.E.; Beck, J.L.; Forbey, J.S.; Fralick, G.L.; Monteith, K.L. Where to forage when afraid: Does
perceived risk impair use of the foodscape? Ecol. Appl. 2019, 29, e01972. [CrossRef] [PubMed]

40. Western Regional Climate Center (WRCC). Available online: https://wrcc.dri.edu/ (accessed on 12 November 2021).
41. Monteith, K.L.; Bleich, V.C.; Stephenson, T.R.; Pierce, B.M.; Conner, M.M.; Klaver, R.W.; Bowyer, R.T. Timing of seasonal migration

in mule deer: Effects of climate, plant phenology, and life-history characteristics. Ecosphere 2011, 2, 1–34. [CrossRef]
42. Aikens, E.O.; Kauffman, M.J.; Merkle, J.A.; Dwinnell, S.P.H.; Fralick, G.L.; Monteith, K.L. The greenscape shapes surfing of

resource waves in a large migratory herbivore. Ecol. Lett. 2017, 20, 741–750. [CrossRef] [PubMed]
43. Applied Climate Information System (ACIS). Available online: https://www.rcc-acis.org/ (accessed on 12 November 2021).
44. Barrett, M.W.; Nolan, J.W.; Roy, L.D. Evaluation of a hand-held net-gun to capture large mammals. Wildl. Soc. Bull. 1982,

10, 108–144.
45. Cook, R.C.; Cook, J.G.; Stephenson, T.R.; Myers, W.L.; McCorquodale, S.M.; Vales, D.J.; Irwin, L.L.; Hall, P.B.; Spencer, R.D.;

Murphie, S.L.; et al. Revisions of Rump Fat and Body Scoring Indices for Deer, Elk, and Moose. J. Wildl. Manag. 2010, 74, 880–896.
[CrossRef]

46. Cook, R.C.; Stephenson, T.R.; Myers, W.L.; Cook, J.G.; Shipley, L.A. Validating Predictive Models of Nutritional Condition for
Mule Deer. J. Wildl. Manag. 2007, 71, 1934–1943. [CrossRef]

47. Stoffel, M.; Nakagawa, S.; Schielzeth, H. rptR: Repeatability estimation and variance decomposition by generalized linear
mixed-effects models. Methods Ecol. Evol. 2017, 8, 1639–1644. [CrossRef]

48. Nakagawa, S.; Schielzeth, H. Repeatability for gaussian and non-gaussian data: A practical guide for biologists. Biol. Rev. 2010,
85, 935–956. [CrossRef]

49. Falconer, D.S.; Mackay, T.F.C. Introduction to Quantitative Genetics, 4th ed.; Addison Wesley Longman: Harlow, UK, 1996.
50. Lunn, D.J.; Thomas, A.; Best, N.; Spiegelhalter, D. WinBUGS—A Bayesian modelling framework: Concepts, structure, and

extensibility. Stat. Comput. 2000, 10, 325–337. [CrossRef]
51. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,

2020. Available online: https://www.R-project.org/ (accessed on 20 August 2021).
52. Sturtz, S.; Ligges, U.; Gelman, A. R2WinBUGS: A Package for RunningWinBUGSfromR. J. Stat. Softw. 2005, 12, 1–16. [CrossRef]
53. Brooks, S.; Gelman, A. General methods for monitoring convergence of iterative simulations. J. Comput. Graph. Stat. 1996,

7, 434–455.
54. Link, W.A.; Barker, R.J. Bayesian Inference with Ecological Applications; Academic Press: New York, NY, USA, 2010.
55. Wolak, M.E.; Fairbairn, D.J.; Paulsen, Y.R. Guidelines for estimating repeatability. Methods Ecol. Evol. 2011, 3, 129–137. [CrossRef]
56. Tyler, N.J.C.; Gregorini, P.; Parker, K.L.; Hazlerigg, D.G. Animal responses to environmental variation: Physiological mechanisms

in ecological models of performance in deer (Cervidae). Anim. Prod. Sci. 2020, 60, 1248. [CrossRef]
57. Dwinnell, S.P.H.; Sawyer, H.; Kauffman, M.J.; Randall, J.E.; Kaiser, R.C.; Thonhoff, M.A.; Fralick, G.L.; Monteith, K.L. Short-term

responses to a human-altered landscape do not affect fat dynamics of a migratory ungulate. Funct. Ecol. 2021, 35, 1512–1523.
[CrossRef]

http://doi.org/10.1007/978-1-4612-2782-3_97
http://doi.org/10.1007/s004420050793
http://doi.org/10.1139/Z09-020
http://doi.org/10.2307/5667
http://doi.org/10.1644/11-MAMM-A-183.2
http://doi.org/10.1890/14-1501.1
http://www.ncbi.nlm.nih.gov/pubmed/26405742
http://doi.org/10.1002/ecy.3334
http://www.ncbi.nlm.nih.gov/pubmed/33710647
http://doi.org/10.1371/journal.pone.0175579
http://doi.org/10.2307/4467
http://doi.org/10.1086/286175
http://doi.org/10.1111/j.0030-1299.2007.15528.x
http://doi.org/10.1002/eap.1972
http://www.ncbi.nlm.nih.gov/pubmed/31301178
https://wrcc.dri.edu/
http://doi.org/10.1890/ES10-00096.1
http://doi.org/10.1111/ele.12772
http://www.ncbi.nlm.nih.gov/pubmed/28444870
https://www.rcc-acis.org/
http://doi.org/10.2193/2009-031
http://doi.org/10.2193/2006-262
http://doi.org/10.1111/2041-210X.12797
http://doi.org/10.1111/j.1469-185X.2010.00141.x
http://doi.org/10.1023/A:1008929526011
https://www.R-project.org/
http://doi.org/10.18637/jss.v012.i03
http://doi.org/10.1111/j.2041-210X.2011.00125.x
http://doi.org/10.1071/AN19418
http://doi.org/10.1111/1365-2435.13827


Life 2022, 12, 375 13 of 13

58. Unsworth, J.W.; Pac, D.F.; White, G.C.; Bartmann, R.M. Mule Deer Survival in Colorado, Idaho, and Montana. J. Wildl. Manag.
1999, 63, 315. [CrossRef]

59. Parker, K.L.; Robbins, C.T.; Hanley, T.A. Energy Expenditures for Locomotion by Mule Deer and Elk. J. Wildl. Manag. 1984,
48, 474. [CrossRef]

60. Moen, A.N. Energy Conservation by White-Tailed Deer in the Winter. Ecology 1976, 57, 192–198. [CrossRef]
61. Parker, K.L.; Gillingham, M.P. Estimates of Critical Thermal Environments for Mule Deer. Rangel. Ecol. Manag. 1990, 43, 73.

[CrossRef]
62. Renecker, L.A.; Samuel, W.M. Growth and seasonal weight changes as they relate to spring and autumn set points in mule deer.

Can. J. Zoöl. 1991, 69, 744–747. [CrossRef]
63. Gluckman, P.D.; Hanson, M.A. Living with the Past: Evolution, Development, and Patterns of Disease. Science 2004,

305, 1733–1736. [CrossRef]
64. Kjellander, P.; Gaillard, J.-M.; Hewison, A.J.M. Density-dependent responses of fawn cohort body mass in two contrasting roe

deer populations. Oecologia 2006, 146, 521–530. [CrossRef]
65. Solberg, E.J.; Heim, M.; Grøtan, V.; Sæther, B.-E.; Garel, M. Annual variation in maternal age and calving date generate cohort

effects in moose (Alces alces) body mass. Oecologia 2007, 154, 259–271. [CrossRef] [PubMed]
66. Thalmann, J.C.; Bowyer, R.T.; Aho, K.A.; Weckerly, F.W.; McCullough, D.R. Antler and Body Size in Black-Tailed Deer: An

Analysis of Cohort Effects. Adv. Ecol. 2015, 2015, 1–11. [CrossRef]
67. Bernardo, J. Maternal Effects in Animal Ecology. Am. Zoöl. 1996, 36, 83–105. [CrossRef]
68. Monteith, K.L.; Long, R.A.; Stephenson, T.R.; Bleich, V.C.; Bowyer, R.T.; LaSharr, T.N. Horn size and nutrition in mountain sheep:

Can ewe handle the truth? J. Wildl. Manag. 2018, 82, 67–84. [CrossRef]
69. Monteith, K.L.; Schmitz, L.E.; Jenks, J.A.; Delger, J.A.; Bowyer, R.T. Growth of Male White-Tailed Deer: Consequences of Maternal

Effects. J. Mammal. 2009, 90, 651–660. [CrossRef]
70. Freeman, E.D.; Larsen, R.T.; Clegg, K.; McMillan, B.R. Long-Lasting Effects of Maternal Condition in Free-Ranging Cervids. PLoS

ONE 2013, 8, e58373. [CrossRef] [PubMed]
71. Michel, E.S.; Flinn, E.B.; DeMarais, S.; Strickland, B.K.; Wang, G.; Dacus, C.M. Improved nutrition cues switch from efficiency to

luxury phenotypes for a long-lived ungulate. Ecol. Evol. 2016, 6, 7276–7285. [CrossRef]

http://doi.org/10.2307/3802515
http://doi.org/10.2307/3801180
http://doi.org/10.2307/1936411
http://doi.org/10.2307/3899126
http://doi.org/10.1139/z91-107
http://doi.org/10.1126/science.1095292
http://doi.org/10.1007/s00442-005-0188-z
http://doi.org/10.1007/s00442-007-0833-9
http://www.ncbi.nlm.nih.gov/pubmed/17713790
http://doi.org/10.1155/2015/156041
http://doi.org/10.1093/icb/36.2.83
http://doi.org/10.1002/jwmg.21338
http://doi.org/10.1644/08-MAMM-A-191R1.1
http://doi.org/10.1371/journal.pone.0058373
http://www.ncbi.nlm.nih.gov/pubmed/23472189
http://doi.org/10.1002/ece3.2457

	Introduction 
	Materials and Methods 
	Study Area 
	Data Collection 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References

