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Minimum resource requirements support population persistence; however,
ecologists and conservationists often want to identify factors that improve biological
outcomes of animals. The population-level approach common in wildlife-resource studies
limits our ability to draw inferences about the importance of resources and other factors
by failing to link them with individual fitness. Measuring individual-based biological
outcomes and resource use helps determine variation in mechanistic relationships
between animal fitness and behavior. I suggest using direct metrics of resource use such
as food consumption and distance traveled, to avoid errors with estimating resource
availability. I summarize these concepts in an analytical framework for modeling
relationships between resource use and fitness to guide readers toward effective study
designs. I also describe constraints on an animal’s ability to use resources freely, which
must be considered when modeling these relationships to account for additional sources
of variation in biological outcomes.
I investigated effects of resource use on body condition, survival, and
reproduction using field data from four species of vertebrates. I found that using multiple

predictor metrics to model biological outcomes allows comparison between factors
affecting fitness. In general, factors more closely relating to energetics (e.g., movement
pattern or distance traveled) were more useful predictors of animal outcome than metrics
of habitat use or selection.
Management and conservation efficiency can be improved by focusing efforts on
preventing detrimental risks and threats, and supporting less stressful access to beneficial
resources rather than supporting average population habitat use without consideration of
biological outcomes. Improving the study of ecology depends in part on our efforts to
seek finer-scaled mechanistic observations of relationships among individual organism
behavior, resource use, and biological outcomes that improve our understanding of
population-level resource ecology. Melding current techniques to obtain detailed
evidence of how habitat is used at an individual level will allow us to relate resources to
fitness for more efficiently understanding an animal’s ecology and improving
conservation and control of populations. While we will continue to manage for
populations, we must not lose sight of the individual variation that drives natural
selection if we want to fully understand variation in resource-outcome relationships.
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CHAPTER I
LINKING VARIATION IN INDIVIDUAL BIOLOGICAL OUTCOMES TO
RESOURCE USE

Introduction
Ecologists and conservationists often want to understand how resource use affects
biological outcomes (i.e., metrics of condition or performance) of animals (Chalfoun and
Martin 2007, Gaillard et al. 2010). In these cases researchers must determine what
resources animals use, spatial and temporal use of these resources, and biological
outcomes of their use. Biological outcomes may differ depending on each individual’s
resource use or other factors. Understanding individual variation in biological outcomes
resulting from resource use could improve management decisions based on measured
rather than perceived or assumed outcomes.
Different resource use strategies may lead to similar biological outcomes or
similar resource use strategies may result in different biological outcomes. For example,
data from populations of brown bears (Ursus arctos) and American black bears (U.
americanus) in Alaska demonstrated marked intraspecific variation in percentage
assimilated diet of salmon (Oncorhynchus spp.), terrestrial meat, and plant materials, yet
consistent levels of percentage body fat (J. L. Belant, unpublished data). Identifying
different resource use strategies leading to similar biological outcomes would suggest
that a threshold of an important resource was reached or that multiple resource use
1

strategies lead to similar biological outcomes. In contrast, variation in biological
outcomes from similar resource use would suggest that factors other than resource use
(e.g., reproduction or lactation) affect biological outcomes. Consequently, approaches
and models that include potentially important factors affecting biological outcomes are
warranted.
Understanding heterogeneity in animal resource use and biological outcomes will
require new thought and approaches in research beyond more traditional population level
resource selection. Early ecology studies used resource selection to indicate relative
importance of habitats to species (Odum 1944, Svardson 1949, Fretwell and Lucas 1970,
Charnov 1976) and assumed that resource selection was directly linked to animal fitness
(i.e., an animal’s ability to survive and reproduce). More recent studies have investigated
population level biological outcomes of resource use or selection (Van Horne 1983,
Lemon and Barth 1992, McLoughlin et al. 2006, Aldridge and Boyce 2008) by averaging
individual effects. Although individual fitness is influenced by quality or quantity of
resources used, comparatively few studies have quantified the relationship and variability
among resource metrics (e.g., selection, movement, space use) and animal fitness
(Garshelis 2000, Aldridge and Boyce 2008), particularly at the individual level
(Aebischer et al. 1993, Thomas and Taylor 2006, Gillingham and Parker 2008). Most
wildlife ecology studies still target an understanding of large-scale landscape attributes
(i.e., habitat) use and/or average biological outcomes of a population, presumably
because it is commonly perceived that individual specialization is rare or that it has little
impact on population ecology (Bolnick et al. 2003). However, it may be more helpful for
management and conservation to understand causes and patterns of extreme values of
2

individual biological outcomes to understand effects of variation on populations and to
learn efficient means of changing population averages (Thomas and Taylor 2006).
Bolnick et al. (2011) describe exceptional studies that investigated individual or subpopulation variation in diet caused by differences in learned behavior (Estes et al. 2003),
morphology (Price 1987, Bolnick et al. 2009), physiology (Afik and Karasov 1995),
social status (Holbrook and Schmitt 1992), and experience (Lewis 1986). Investigating
these individual level effects will improve our ability to determine if a fitness gradient
exists in the population and manipulate populations based on individual outcomes
(Aldridge and Boyce 2008). Also, it has been suggested that investigating individual
rather than population level use or selection decreases the possibility of making false
inferences about beneficial resources (Thomas et al. 2006). Despite this suggestion, there
have been few attempts to outline a conceptual or analytical framework to investigate
causes of variation in individual biological outcomes (Gaillard et al. 2010).
My goal is to provide a conceptual foundation for relating resource use to a
variety of biological outcomes of wildlife to improve ecological understanding. I discuss
the value of biological outcomes as indices of fitness and demonstrate importance of
quantifying biological outcomes of resource use at the individual level. I expand on
concepts from Gaillard et al. (2010) with consideration of additional biological outcome
metrics, illustration of concepts with published works, and advantages of resource use
over selection. Additionally, I describe potential study designs and discuss constraints on
resource-fitness relationships. I also provide support for using the most direct explanatory
metrics of resource use possible to model variation in biological outcomes.
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Biological outcomes
Biological outcomes can be used to estimate and assess animal fitness (Both and
Visser 2000, Millspaugh and Washburn 2004, McLoughlin et al. 2005, 2006, Ezenwa et
al. 2009, Gaillard et al. 2010, Homyack 2010). I consider biological outcomes
quantifiable characteristics on a gradient of relative association with fitness (Figure 1.1).
Lower level outcomes include glucocorticoid levels, which are a proxy of physiological
stress (Wingfield et al. 1997, Walker et al. 2005) and may influence reproduction and
survival if chronic stress exists (Millspaugh and Washburn 2004, Van Meter et al. 2009).
Body condition measurements including internal organ-fat mass, total body mass, lengthmass ratios, morphometrics, and percentage body fat are the next higher level of the
biological outcome gradient and more directly linked to survival and reproduction
(Brown et al. 1993, Busch and Hayward 2009, Ezenwa et al. 2009). Body condition
metrics for several species can be influenced by stress level (Busch and Hayward 2009,
Ezenwa et al. 2009). I note that strength of association with fitness of body condition and
stress can overlap in instances of long-term stress or short-term changes in body
condition. Further, stress may have a more direct influence on reproduction through
disruption in the hypothalamus and pituitary glands (Tilbrook et al. 2000). However, the
reliability of lower level outcome metrics as indicators of potential survival or
reproduction should be investigated for consistency.
Reproductive output is a higher level biological outcome and encompasses a
gradient of metrics, including mating encounters, embryonic and fetal production, births,
juvenile survival, and genetic contribution for males or lifetime reproductive success
(LRS) for females (Brown et al. 1993, Millsap et al. 2004, McLoughlin et al. 2007). This
4

latter metric represents long-term individual contributions to a population (Metcalf and
Pavard 2006). Adult survival to sexual maturity is crucial to successfully producing and
subsequently recruiting offspring into a population. This relationship between survival
and reproduction creates a second overlap in the biological outcome gradient of
association with fitness. Also, survival and reproduction can be used jointly to index
fitness. For example, individual survival can be used in a ratio of lifetime recruitment to
total age as a lifetime fitness score (Metcalf and Pavard 2006).
Each biological outcome also requires temporal consideration. For example,
hormonal changes can occur relatively quickly compared to physical measures and may
indicate an immediate response to stressful stimuli (Goymann et al. 2001, Busch and
Hayward 2009). However, measures of cortisol or other stress related hormones can be
recorded over longer periods of time or seasonally as indicators of chronic stress. Thus,
hormone levels could be useful for quantifying short-term effects of certain behaviors
that influence an animal’s fitness, such as fleeing predation or competing for mates or
long-term effects of stressful situations such as drought, intraspecific density, or mortality
risks (Breuner et al. 2008). Because glucocorticoid levels can fluctuate quickly they
should be collected repeatedly to determine if changes are sudden and short-term or part
of a chronic stress response (Millspaugh and Washburn 2004). Changes in body
condition, such as fat content, often take longer to change and will require fewer repeated
measures to assess how it is affected by seasonal or annual resource use (Belant et al.
2006, Ezenwa et al. 2009, Benson and Bednarz 2010). Long-term measures of stress and
short term changes in body condition create an overlap between these two outcome
categories in terms of their effect on fitness (Figure 1.1). Individual reproduction can be
5

related to seasonal or annual resource use or compounded to measure long-term
reproductive success. Similarly, survival over a relatively short observation period may
be affected by resource use during that period, whereas age may reveal more about
lifetime fitness (Both and Visser 2000, Metcalf and Pavard 2006). Again, a temporal
overlap exists between these two categories because long-term measures of an animal’s
survival may reveal more about its fitness level than short-term measures of reproduction.
The correct temporal scale of measure will depend on research objectives and design.
Individual use-to-outcome studies
To illustrate some of the issues and approaches I have discussed, I describe three
examples of use-to-outcome studies with individual-level analyses and two simultaneous
studies of resource use and biological outcomes without investigating use-to-outcome
relationships. Both and Visser (2000) investigated effects of territory size on fecundity
and survival of great tits (Parus major). They reduced density of breeding pairs in half
the study area and examined differences in fecundity and survival between the two subareas. Increased recruitment was detected among breeding pairs that increased territory
size. However, evidence of increased recruitment with increased territory size was
masked when all pairs from the sub-area were combined due to pairs that did not increase
territory size or had reduced recruitment. This study demonstrates the need to investigate
individual (in this case breeding pair) level effects of resources on biological outcomes
rather than only investigating average effects on groups, because population averages can
mask patterns in individuals outside of resource use and biological outcome trends
(Bolnick et al. 2011).
6

McLoughlin et al. (2007) examined LRS of female roe deer (Capreolus
capreolus) as an outcome of habitat selection within individual home ranges during the
period of maternal care. They found LRS of individuals with meadow habitat in their
home ranges was three times greater than that of individuals without meadows in their
home ranges. This exemplifies part of a population using specific resources that
positively influenced a biological outcome (i.e., LRS) commonly associated with fitness.
A population average would have masked the influence of resource use associated with
greater levels of LRS, leading to the inference that habitat selection did not affect
reproduction.
Blouin-Demers and Weatherhead (2008) used swimming speed of ratsnakes
(Elaphe obsoleta) as a performance metric assumed to be closely associated with body
temperature, which a snake alters based on its habitat selection. They found snakes used a
narrow range of environmental temperatures compared to available temperatures and
swimming speed increased with an increase in body temperature. They analyzed pooled
data as well as individual mean temperatures and swimming speeds, with similar results
for both approaches, showing little variation among individuals. Although individual
variation was not observed, this analysis prevented assuming that all individuals had
similar outcomes, which if incorrect could lead to false inferences about the population.
Designing an investigation to incorporate possible variation within populations into
inferences about resource-fitness relationships does not require additional sampling when
individual animals are already the unit of replication.
Bodinof et al. (2012a,b) measured resource selection and fitness indices of two
populations (upper and lower) of Ozark hellbenders (Cryptobranchus alleganiensis
7

bishopi) without measuring the relationship between the two. Bodinof et al. (2012a)
found similar resource selection of stream substrate in both populations, yet Bodinof et
al. (2012b) noted improved body condition (i.e., residual distance between expected and
observed body mass for a given total length; Peterson et al. 1983) and greater survival in
the lower population only (Figure 1.2). This exemplifies similar population level resource
selection associated with different population level biological outcomes. Substantial
variation in individual body condition was masked by the average deterioration of the
upper population whereas all individuals in the lower population improved body
condition (Bodinof et al. 2012b). Investigations into the behavior of exceptional
individuals may reveal causes of biological outcomes otherwise hidden by population
level measures.
Bodinof et al. (2012b) also recognized that body condition change was not always
positively correlated with survival, indicating body condition may not be a consistent
index of fitness in these populations of Ozark hellbenders. There are numerous factors
that may cause inconsistencies between biological outcomes (e.g., egg release; Bodinof
2010). This exemplifies two biological outcome metrics that are consistent between
populations (i.e., increased change in body mass and relatively high annual survival), but
inconsistent within a population (i.e., changes in individual body mass did not
consistently correspond with survival). These inconsistencies support testing lower level
biological outcomes, such as those proposed by Homyack (2010; i.e., field metabolic
rates, body condition indices, glucocorticoid measures), for reliability as indices of fitness
for a given species by measuring them simultaneously with higher level biological
outcomes such as survival or reproduction. Initial testing of lower level metrics for
8

reliability as indices of fitness will prevent false assumptions about accuracy and utility
in the future.
Most use-to-outcome studies have investigated effects of only habitat selection,
while I recommend considering more direct causes of biological outcomes. These causes
may include use of components of habitat, but may also require other explanatory
variables (e.g., age, sex, genetic predisposition, learned behavior). Additionally, it may
further our understanding of use-to-outcome studies by investigating ability of animals of
varying fitness to secure resources previously deemed beneficial. Long-term observations
of individuals would reveal whether fitness is dynamic or remains relatively constant
throughout their lives.
Direct measures of resource use and outcomes
Though some studies have related resource selection to biological outcomes, these
analyses required that resource availability be quantified, which has been criticized
frequently because we rarely know factors affecting availability (Johnson 1980, McClean
et al. 1998, Buskirk and Millspaugh 2006). The difficulty in accurately measuring
availability of resources to individual animals introduces an unquantifiable degree of
error to measures of selection. I recognize potential effects of resource abundance on
biological outcomes, but resource use has a more direct effect and should be used when
possible. More importantly, it is not necessary to estimate resource selection to
understand effects of resource use on biological outcomes because availability is not a
direct cause of biological outcomes. Effects of not using certain resources should be
evident when variation in resource use and biological outcomes is investigated.
Consequently, I recommend using measures of resource use such as proportional use,
9

utilization distributions, movement patterns, or other metrics (see Buskirk and
Millspaugh 2006) that may better explain observed biological outcomes. Further, metrics
with more direct effects on fitness encompassed by habitat such as diet and bed or nestsite characteristics should be used when possible. Direct measures of resource use and
biological outcomes may improve accuracy in our understanding of relationships between
the two by increasing precision in cause and effect investigations.
Study design
Organizing any study should begin by stating at least one well-defined objective
with clearly stated predictions. I recognize three potential objectives of a use-to-outcome
study. First, determine causes of a biological outcome. An analytical model of this system
would consist of multiple explanatory metrics (i.e., multivariate) contributing to variation
in a biological outcome. Second, investigate effects of variation in a single resource use
metric (i.e., univariate) on a biological outcome. A model for this objective could consist
of a single explanatory resource use variable (e.g., proportional use of one food type)
with a biological outcome as the response variable. Third, investigate effects of animal
condition on their ability to obtain certain resources known to influence biological
outcomes. This model would consist of a single biological condition or performance
metric as the explanatory variable for variation in a response metric of resource use
success (e.g., predation rate, home range size, social status). This third approach is
similar to the second, but now the biological condition or performance is known before
measuring the resource use outcome. For example, if we measure amount of body fat for
individual birds before spring migration we can relate this biological condition to their
travel time to breeding grounds. In each case, individuals should be used as the
10

experimental unit in analyses of use-to-outcome relationships, even with social animals
with similar resource use to be aware of possible effects of individual characteristics
(e.g., age, sex, hierarchical rank, reproductive status, and genetics).
There are a range of biological outcomes I have discussed as indices of fitness.
Researchers must determine which biological outcome is most appropriate for their study
objectives and species investigated. Typically, they should strive to use the biological
outcome metric with the strongest association to fitness. However, selecting resource use
metrics to use as predictors of a biological outcome metric depends on research interests.
Resource use metrics vary in degree of effect (e.g., importance or causation) on fitness.
More direct measures will include metrics of energy input and output, such as food items
consumed or distance traveled while less direct measures include habitat selection and
home range composition.
An additional consideration in designing a use-to-outcome study is that individual
and sex-specific variation in detectability or catchability has been demonstrated and may
create a bias in samples in resource use studies (Buskirk and Lindstedt 1989, Ballard et
al. 2000, Montadert and Leonard 2006). Having a representative sample of the population
is important when interested in individual biological outcomes because similar to
including all important explanatory variables in a model, each individual’s biological
outcome may be unique and provide new information about resource-fitness
relationships. Detection and capture bias can be reduced by moving traps periodically and
using multiple trapping and detection methods, with additional methods exposing groups
of animals that would not otherwise be captured (Hutchens and DePerno 2009, Long et
al. 2009, Gardner et al. 2010).
11

Constraints on resource use and biological outcomes
Animal behaviors are influenced by many extrinsic factors which can affect
resource use and, consequently, fitness as quantified by biological outcomes (Boyce and
McDonald 1999, McLoughlin et al. 2010). Examples of extrinsic factors include
predation risk (including hunting), competition for resources, social hierarchy,
anthropogenic disturbances, and environmental conditions (Millspaugh et al. 2001, Van
Meter et al. 2009). Genetic predisposition could be considered a constant influence that
affects individual behavior, with certain phenotypes better able to handle stress, increase
body mass or fat, locate food, or compete for potential mates (Metcalf and Pavard 2006,
Fortin et al. 2008). Accounting for genetic predisposition to biological outcomes will
allow more accurate understanding of effects of other influences. Relatedness of
individuals may show genetics to be an important factor influencing fitness through
physiology or parental care and should be considered as an independent covariate (Hartl
et. al. 1995, 1991). Similarly, many animal behaviors are learned from parents, which can
develop into necessary skills for survival (Kitowski 2009, Sargeant and Mann 2009,
Holzhaider et al. 2010, Nichols et al. 2010). Also, individuals born in areas with lesser
quality or quantity of resources would be expected on average to have reduced fitness
relative to individuals born in areas of greater quality and quantity of resources
(McLoughlin et al. 2007). Lastly, including dispersal distance or individual home range
relatedness to maternal home range as predictor variables in biological outcome models
may expose an effect of natal range (Clobert et al. 2009, Bonte et al. 2010, Delgado et al.
2010).

12

Conclusions
Ecologists should consider measuring biological outcomes to improve our
understanding of mechanistic responses to wildlife resource use. If measuring biological
outcomes is not possible, a detailed understanding of what habitat components animals
use and how that use likely affects animal energetics based on distance moved or diet
quality may indicate quality of resource use. However, assumptions about beneficial
resource use can lead to inaccurate understanding of wildlife ecology and poor
management and conservation efforts. Metrics of resource use and biological outcomes
should be considered carefully toward use of those that most accurately and directly
reflect the relationship between resource use and fitness. Additionally, though importance
of resource use on individual animal fitness is often assumed, rarely has this relationship
been quantified. Ecologists should therefore consider variation in individual-level
biological outcomes of resource use to avoid potentially inaccurate assumptions about
improving fitness derived from population-level responses. Significant intrapopulation
variation in resource use or biological outcomes may not always exist; however, simple
investigations into possible variation can be incorporated into current common methods
of data analysis. Using individual-level biological outcomes will likely improve our
understanding of which resources have the greatest influence on biological outcomes of
animals.
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Figure 1.1

A gradient of associations between individual biological outcome
categories and fitness.

Response time varies for each category and can overlap between categories depending on
the specific metric. Each band represents all metrics in that category from the shortest
term measurement on the left to the longest term measurement or repeated long-term
monitoring on the right. The X-axis simultaneously represents response time and the
lifespan of the animal with metrics of reproduction useful after sexual maturity and
beyond the animal’s death.
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Figure 1.2

Parameter estimates for substrate selection and survival probability with
standard error bars for Ozark hellbenders (Cryptobranchus alleganiensis
bishopi) in two stretches of the North Fork of the White River, Missouri,
USA, 2008–2009.
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CHAPTER II
DIRECTNESS OF RESOURCE USE METRICS AFFECTS PREDICTIONS
OF GAIN IN BEAR BODY FAT1

Introduction
American black bears (Ursus americanus) and brown bears (U. arctos) use
various habitats and interact with other species through seasonal foraging strategies and
movements throughout established home ranges (Powell et al. 1997; Suring et al. 2006).
Bears spend part of each year in hyperphagia (Powell et al. 1997), gaining fat by
consumption of high calorie foods such as fish, terrestrial meat (e.g., moose [Alces
alces]), and berries (Hilderbrand et al. 1999; Belant et al. 2006). Stores of body fat are
critical for bears for survival during dormancy and lactation (Hilderbrand et al. 2000,
Belant et al. 2006). It is important to directly investigate factors affecting body fat in
bears to limit false assumptions about effects of resource use (Aldridge and Boyce 2008,
Gaillard et al. 2010). Selected resources are assumed to improve fitness, though this
relationship is not always known (McLoughlin et al. 2006; Thomas and Taylor 2006;
Johnson and Seip 2008). Gaillard et al. (2010) discussed the need to investigate effects of
habitat use on biological outcomes. Also, a few studies have provided examples of

1
Ayers CR, Belant JL, Millspaugh JJ. 2013. Directness of resource use metrics affects predictions
of bear body fat gain. Polar Biology 36:169–176.
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collecting empirical evidence for relationships between individual resource use and
biological outcomes in several species (e.g., Both and Visser 2000, McLoughlin et al.
2007, Blouin-Demers and Weatherhead 2008).
Bear resource use is frequently assessed in the context of habitat, with habitat
generally characterized as landcover type or topographic features (e.g., elevation, slope;
Belant and Follmann 2002). I consider habitat as more complex, containing numerous
biotic and abiotic components, some of which directly affect body condition through
caloric consumption (food), energy conservation (e.g., thermal cover), and protection
from mortality risk and stress (e.g., escape cover). However, habitats also contain
components that may have little direct effect on individuals (e.g., crayfish abundance on
black bears in western North Carolina, USA [Beeman and Pelton 1980]). Consequently,
habitat use may not be an accurate metric of resource use affecting biological outcomes
compared to alternative metrics that more directly affect physiology (Ezenwa et al. 2009;
Homyack 2010).
Resource use metrics can be categorized along a gradient of direct energy input or
output that can influence body condition (Table 2.1; Buskirk and Millspaugh 2006,
Gaillard et al. 2010, Homyack 2010). At the most direct end of this gradient are measures
of an animal’s absorption and use of calories and nutrients. However, these measures
may be difficult to obtain, so less direct indices of energy input and output could be used
to measure resource use such as food items consumed, time spent at or distance from
known food sources, and rates or patterns of movement (e.g., distribution of locations).
Movement is useful as a predictor because it requires energy output with faster or longer
movements requiring greater energy output (Mautz and Fair 1980). Examples of least
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direct measures on this gradient include resource abundance and habitat use-toavailability ratios.
An example of this gradient may be that more time spent in a certain habitat is
associated with greater body fat increase, but often the increase in body fat is more
directly caused by feeding on a single food type in this habitat, and even more directly
caused by the calories assimilated and converted to adipose tissue by digesting that food
(Gaillard et al. 2010). Notice that investigations of habitat use would have relatively
indirect implications for biological outcomes. I provide an example of modeling causes
of variation in a biological outcome using metrics of habitat use, food abundance, and
movement pattern. If movement pattern better predicts variation in biological outcomes,
then changes in research methods to incorporate more direct metrics of energetics in
studies of resource-fitness relationships should be considered (Homyack 2010).
Movement pattern has been used successfully to understand animal resource use (e.g.,
sinuosity and fractals; Maletzke et al. 2007, Webb et al. 2009).
A bear’s activities during the foraging season (e.g., food consumption,
movements) will affect its net energy gain, which affects fat storage and subsequent
survival and reproductive success (Brown et al. 1993; Hilderbrand et al. 2000; Harlow et
al. 2002; Belant et al. 2006). Quantifying activities during the foraging season creates
resource use metrics (e.g., distances to resources, calories consumed, distances traveled)
that can be tested for relationships to biological outcomes. My goal was to compare
resource use metrics of varying directness of effect on percentage body fat using
proportion of radio locations in different habitats, distance to food resources, elevation,
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year, and movement pattern. I hypothesized that the more direct measure of movement
pattern would best predict changes in body condition.
Methods
Data were collected in southern Denali National Park and Preserve, and Denali
State Park, Alaska in 1998 and 2000 (Figure 2.1; Belant et al. 2006; Belant et al. 2010).
Study area elevations ranged from ~180–1,650 m. Dominant vegetation included spruce
(Picea glauca and P. mariana), white birch (Betula papyrifera), alder (Alnus spp.),
sedges, grasses, dwarf birch (B. glandulosa), and willow (Salix spp.). Berry species
included blueberry (Vaccinium spp.) and crowberry (Emptrum nigrum), with soapberry
(Sheperdia canadensis) along major rivers. Other vegetation important to bear diet
included horsetail (Equisetum sp.), devil’s club (Oplopanax horridum), and ferns. Five
species of Pacific salmon (Onchorynchus spp.) and moose were regularly present.
In May, adult female black and brown bears were located using fixed-wing
aircraft and immobilized with darts fired from a helicopter (Taylor et al. 1989). Each bear
was fitted with a store-on-board GPS collar (Telonics Inc., Mesa, Arizona, USA) and
data were downloaded from collars removed during September recaptures. Collar
relocation schedule in 1998 was every 5 hours and 1 or 1.5 hours in 2000. Relocation
success rate of GPS collars for bears in this population was 67% in 1998 and 73% in
2000, meaning that 67% or 73% of scheduled collar communications with satellites were
successful. Body fat measurements of each bear were recorded using bioelectrical
impedance analysis (Farley and Robbins 1994; Hilderbrand et al. 1998) at initial capture
in May and subsequent capture in September. Bioelectrical impedance analysis has been
demonstrated as an accurate measure of percentage body fat for bears (Farley and
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Robbins 1994; Hilderbrand et al. 1998; Harlow et al. 2002), which has been used as a
measure of body condition (Hilderbrand et al. 1999; McLellan 2011). Isotope water
dilution was considered for estimating body fat content, however necessary refrigeration
of blood samples for water dilution testing was not possible (Hilderbrand et al. 1998). I
used change in percentage body fat from May capture to September capture as the
dependent variable in all models. I used data from 5 black bears in 1998 and 10 black
bears and 10 brown bears in 2000. I recognize the black bear sample in 1998 is small, but
argue that observed variation in resource use metrics and body fat warrant inclusion in
my analyses.
Aerial surveys using a Piper Supercub ≤152 meters above ground were performed
in September 2000 to identify streams containing spawning salmon, an important nutrient
rich food source for bears (Belant et al. 2006). These data were used to create a GIS layer
of spawning salmon streams which I used to calculate distance to the nearest salmon
stream from each bear GPS location. The average of this distance for each bear was used
as an index of use and access to salmon. Dwarf shrub and herbaceous landcover for black
bears, and elevation for brown bears were used as predictive habitat metrics because
these factors affected bear distribution in this study area (Belant et al. 2010). However,
whereas Belant et al. (2010) used use-availability ratios of these habitats, I used
proportion of each black bear’s locations (i.e., proportion of radio locations) in dwarf
shrub and herbaceous cover and average elevation of each brown bear’s locations.
Proportion of radio locations of black bears in dwarf shrub and herbaceous landcover was
taken from the total possible number of GPS fixes for each collar’s fix schedule. This
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eliminated potential effects of habitat related fix bias on calculated proportion of use in
dwarf shrub and herbaceous landcover (Graves and Waller 2006).
Belant et al. (2006) found greater salmon assimilation in diets of both of my study
populations when salmon abundance was greater (2000), supporting my use of year as an
index of resource use due to annual variation in resource abundance. Annual salmon
abundance in my study area was determined by weir counts conducted July through
September (Belant et al. 2006). Thus, for black bears I used year of data collection as a
predictor of change in body fat to account for variation in annual salmon abundance [i.e.,
low in 1998 (n ~36,000 salmon) and high in 2000 (n ~47,000 salmon)] in the study area
derived from weir counts (Belant et al. 2006). Year was not used in brown bear models
because sample size was too small in 1998. I used distance to salmon stream and
proportion of radio locations in dwarf shrub and herbaceous (i.e., berry) habitat by black
bears as surrogates of salmon and berry use, respectively, because direct measures of
their use were not available.
To index energy expenditure for each bear I used GPS location point pattern data
to quantify degree of clustering for each bear’s locations. I quantified location clustering
for each bear using Ripley’s K-function in R (Kest; R Development Core Team 2010),
which determines a point pattern’s deviation from random (Ripley 1976). Ripley’s K
estimate was developed to describe distributions of sedentary objects (Ripley 1976) and
has to my knowledge not been used to describe GPS relocation distribution. However,
Marcoux et al. (2010) used Ripley’s K-function for analysis of one-dimensional animal
movements and Moorter et al. (2010) support use of GPS point clustering as a useful
measure of movement rates in large terrestrial mammals. Greater Ripley’s K-estimates
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represent a more clustered point distribution (Haase 1995). A more clustered pattern of
locations would show shorter average movements between GPS relocations (5 hour
interval in 1998, 1.0 or 1.5 hour in 2000) and therefore represent less energy output. Kestimates can be compared between years because a more frequent GPS fix-rate over
multiple months simply produces more locations without affecting distributional pattern
(e.g., every fifth relocation point of a large set would create a similar distribution as the
entire set). For example, I used a sample of 501 sequential GPS fixes from a brown bear
with a collar schedule of 1.0 hour. I removed every second through fifth point from those
501 locations, resulting in 101 points in the same sequential order as the original 501
(Figure 2.2). The 101 points would represent (barring missed fixes) a 5.0 hour fix
schedule. I then calculated Ripley’s K for both distributions. The Ripley’s K function of
the distribution of the 501 and 101 locations was 4.91 and 4.80, respectively. I did not
consider a 2% difference significant when the range of values observed for all Ripley’s K
functions for brown bears was 2.50 to 5.38 and standard deviation was 0.96. Whether a
bear was lactating was considered for model inclusion for both species, but numbers of
known lactating bears (1 brown and 3 black) were deemed inadequate.
I used linear models and the lm function in R (function lm; Comprehensive R
Archive Network 2010) to test combinations of resource use metrics as predictors of
change in percentage body fat. This function produces P-values and adjusted R2 for each
model. I used Pearson correlation to prevent including correlated predictor variables in
models (satisfactory r <0.70; Libal et al. 2011). I used a Shapiro test to verify the
assumption of normally-distributed data. Akaike Information Criterion with adjustment
for small sample sizes (AICc; Burnham and Anderson 2002) was used to rank linear
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models for parsimony. I used model averaging to estimate parameter coefficients and
95% confidence intervals for each variable. I used Akaike model weights (w) to estimate
relative importance (RI) of each variable by summing w for each model including that
variable (Burnham and Anderson 2002). A null model was included in the exploratory
model sets to reduce inflation of model weights containing predictor variables, allowing
more informative use of model weights for determination of important predictor
variables.
Results
Mean gain in body fat percentage from May to September was twice as great for
black bears in 2000 than in 1998 (Table 2.2). Grand mean black bear distance to salmon
streams was 474 m (range = 291.5–650.1) in 1998 and 326 m (range = 156.6–596.5) in
2000. Grand mean brown bear distance to salmon streams was 315 m (range = 127.4–
517.5). Grand mean proportion of black bear locations in berry habitat was 11.4% (range
= 1.4–23.1) in 1998 and 5.4% (range = 0.1–17.7) in 2000. Modeling change in body fat
percentage for black bears using degree of clustering and distance from stream was most
supported, with 18% of model weight (w; R2 = 0.372). Six black bear models were more
supported than the null model and none of them included proportion of radio locations in
berry habitat (Table 2.3). Nearly two thirds of model weight for brown bears was
supported by the null model (w = 0.66; P = 0.000), almost five times the support for the
second ranked model with degree of clustering as the only predictor variable (w = 0.13).
None of the predictive brown bear models had P-values less than 0.3 or positive adjusted
R2 values (Table 2.3).
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Location clustering was the metric of resource use with the most direct effect on
body condition and the only variable supported as a predictor of change in body fat
percentage for black bears when considering parameter coefficients. Model-averaged
parameter coefficients and confidence intervals indicate that a more clustered pattern of
locations increased fat gain for black bears, but that other variables had no effect (Table
2.4). The estimated effect value for location clustering for black bears was 2.23 and was
the only predictor variable for black bears with a 95% confidence interval excluding zero
(RI = 0.57). All 95% confidence intervals for estimates of effects of predictor variables in
brown bear models included zero.
Discussion
My results supported my hypothesis that metrics expected to more directly affect
body condition (i.e., clustering) would serve as better predictors of a biological outcome.
Belant et al. (2010) examined a suite of habitat use metrics as potential predictors of bear
presence in these populations. My results indicate that variables they found useful for
predicting bear presence were not useful in predicting an important biological outcome
for the same animals (i.e., change in body fat). This is not to say habitat does not affect an
animal; rather, habitat might be important in describing spatial distribution of an animal,
but have varying importance to animal conditions (Kertson and Marzluff 2011). Habitat
components can have negative, positive, or neutral effects on an animal’s fitness (Buskirk
and Millspaugh 2006). When a habitat is selected for, I suggest investigating effects of its
components on individual animal biological outcomes, such as condition.
Support for clustered movements in black bear models indicates less movement is
positively correlated with greater increases in body fat. This relationship represents a
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resource use pattern that conserves and allows storage of energy. Degree of clustering of
animal locations has not been tested for influence on biological outcomes compared to
habitat-level metrics such as amount of time spent in different habitats, but energy
conservation has been used to define fitness in terms of reproductive potential (Brown et
al. 1993). Moving longer distances may retard improvements in animal fitness if high
quality foods are distributed over large areas (MacArthur and Pianka 1966). In this study
salmon were concentrated in stretches of streams during summer, limiting need to travel
long distances to consistently obtain them (Belant et al. 2006, 2010). Though berry
producing vegetation was not a strong predictor of change in body fat, it often occurs in
patches and may not require animals move long distances to obtain. However, because
energetic assimilation of berries is less than salmon (Hilderbrand et al. 1999), bears
would need to move to other patches as berries became depleted to gain the same amount
of energy as consuming salmon. A bear at a salmon stream can wait for salmon to swim
upstream rather than expending additional energy searching for them in new locations
(Klinka and Reimchen 2009). Clustered movement patterns observed likely reflected an
energetic strategy of concentrated foraging in a relatively small area when nutritional
value of food items is great or supply is sufficient to compensate for energy used between
patches (MacArthur and Pianka 1966).
Other research has shown greater black bear use of salmon in absence of brown
bears (Jacoby et al. 1999, Fortin et al. 2007). Distance to salmon stream was supported in
my black bear models, indicating negative correlation with change in percentage of black
bear body fat. However, the estimate of effect and 95% CI for distance to salmon stream
indicates negligible effects. In contrast, degree of relocation clustering represented a
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resource use metric with stronger associations to body condition than proportion of radio
locations in different habitats or elevation. My model AICc scores and relative
importance values demonstrate less direct resource use metrics may not be useful
predictors of body condition.
Food abundance is an expected predictor of biological outcomes and an important
component of competition and distribution theories (Solomon 1949, Fretwell 1972).
Generally, brown bears displace black bears from protein-rich foods (e.g., salmon) when
limited, forcing subordinate black bears to find alternative food such as berries (McLellan
1993, Belant et al. 2006, 2010). When subordinate animals are excluded from the greatest
quality foods they are forced to use less nutritious foods or spend more energy obtaining
high-quality foods (Fretwell 1972, McLellan 1993, Ens et al. 1995), which can reduce
percentage body fat. Female brown bears, especially with cubs, may have a more
dispersed pattern of locations because of a tendency to use salmon streams in bouts
followed by moving away to areas more distant to potentially dangerous adult male
brown bears. The importance of access to salmon may explain the support of year by
AICc as a predictor of variation in black bear gain in percentage body fat. As the predator
to prey ratio increases, it is expected that average predator biological outcome decreases
(Bonal and Aparicio 2008). During the year of greater salmon abundance (i.e., 2000),
black bears likely had more access to salmon due to less competition with brown bears
which improved their body condition (Belant et al. 2006). Similar to adult female brown
bears, adult female black bears would be able to eat salmon in bouts and retreat to areas
with fewer adult brown bears. Though resource abundance may be supported as a
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predictor of biological outcomes we would still expect measures of resource use to have
more direct effects on biological outcomes.
The low adjusted R2 values show that no single variable explained a large portion
of variation in body fat gain for either species, which supports testing hypotheses
including multiple explanatory metrics considered important a priori to a biological
outcome of the focal species. I also note that predictor variables may be associated (e.g.,
black bear locations were 30% more clustered during 2000 [more salmon]). For most
animals, many elements of their behavior, ecosystem, and genetics affect their biological
condition or performance (Wallace 1973, Futuyma 1998, Ricklefs and Miller 2000,
Homyack 2010) and one or more important factor that was not tested here may have a
strong influence on bear body fat. Individual resource use, quality of home range, and
genetics vary within most populations and should be accounted for when attempting to
determine causes of variation in a biological outcome within a population (Aldridge and
Boyce 2008). Thus, understanding effects of resource use on fitness will likely require
investigating multiple predictor variables to understand associated variation within a
population.
One explanation for the null model being most supported for brown bears could
be that at least one untested highly influential variable (e.g., salmon consumed)
influenced variation in body fat among female brown bears in this population. The range
of mean distances from salmon streams for brown bears indicated that some individuals
spent considerable time away from this resource. This may support my previous
explanation of bears feeding in bouts followed by retreating to interior refuge or that
these animals were gaining body fat from another source. Alternatively, all brown bears
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in this sample may have fed primarily on salmon and reached a threshold of percentage
body fat and consequent high level of fitness as evidenced by consistently high
reproductive performance in this population (Belant et al. 2006). My results show that
expected directness of effect on body condition will not always determine how well a
resource use metric predicts a biological outcome when unaccounted variables are having
a greater effect on that outcome.
Accurately modeling causes of individual fitness allows greater understanding of
species’ ecology and effects of resource use on populations (Gaillard et al. 2010). I
propose that using resource use metrics with more direct effects on biological outcomes
will improve accuracy of models. Habitat as defined by landcover or topographic features
is often used in resource use metrics (Aldridge and Boyce 2008), but I have demonstrated
that common habitat metrics may not accurately predict a biological outcome such as
percentage body fat. Use of more direct metrics of resource use that better reflect energy
input and output by animals will further our mechanistic understanding of variation in
individual biological outcomes of animal populations. Improving accuracy in
understanding the system of interest will improve efficacy and efficiency of management
and conservation, which is crucial with limited time and resources.
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Table 2.1

Examples of resource use metrics representing energy input and output
along a gradient of their effect on individual animal fitness.

Directness of Effect on
Biological Outcomes
High

Input Metrics
Calories consumed

Output Metrics
Calories used

Assimilated diet

Distance traveled

Time using resource

Movement pattern

Distance to resource

Encounters with sources of
stress

Proportional habitat use

Low

Habitat selection

Stream velocity

Landcover type used

Topography

Resource abundance

Elevation
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Table 2.2

Mean and standard deviation (SD) of body fat percentages for American
black bear (Ursus americanus) and brown bear (Ursus arctos) in
southcentral Alaska, USA, 1998 and 2000.

Species
Black

Year (n)
1998 (5)

May (SD)
8.40 (4.55)

September (SD)
18.25 (2.46)

Change (SD)
9.85 (6.09)

2000 (10)

14.43 (4.05)

33.67 (6.49)

19.24 (8.78)

2000 (10)

10.66 (6.27)

24.60 (5.70)

13.93 (7.82)

Brown
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4
3
3
4
3
4
2
5
4
4
5
4
3

Cluster+Stream

Cluster

Stream

Cluster+Year

Year

Stream+Year

null

Cluster+Stream+Year

Cluster+Berry

Berry+Stream

Berry+Cluster+Stream

Berry+Year

Berry

Black

115.00

114.96

114.75

114.40

114.10

113.21

112.47

112.41

111.17

110.67

110.59

110.38

110.19

Kb AICcc

Modela

4.81

4.77

4.56

4.21

3.91

3.02

2.28

2.22

0.97

0.48

0.39

0.18

0.00

ΔAICcd

0.02

0.02

0.02

0.02

0.02

0.04

0.06

0.06

0.11

0.14

0.14

0.16

0.18

we

-53.41

-51.48

-49.04

-51.20

-51.05

-48.27

-53.74

-50.20

-51.49

-49.34

-51.20

-51.10

-49.10

LL

0.460

0.165

0.067

0.131

0.117

0.039

0.000

0.059

0.053

0.030

0.040

0.036

0.024

P

-0.0309

0.1362

0.3192

0.1682

0.1845

0.3857

-

0.2715

0.2015

0.3510

0.2318

0.2425

0.3716

Adjusted R2

Model fitting results for predicting change in percentage body fat of American black and brown bears in southcentral
Alaska, USA, May–September 1998 and 2000.

Species

Table 2.3
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4
5

Stream+Elevation

Global

92.11

84.04

83.38

83.19

78.19

78.05

77.39

74.18

118.66

117.01

115.27

17.93

9.86

9.20

9.01

4.01

3.87

3.21

0.00

8.46

6.82

5.08

0.00

0.00

0.01

0.01

0.09

0.10

0.13

0.66

0.00

0.01

0.01

-33.55

-34.02

-33.69

-33.59

-34.09

-34.02

-33.69

-34.23

-48.08

-50.17

-49.30

0.831

0.861

0.683

0.639

0.647

0.577

0.368

0.000

0.084

0.142

0.079

-0.3099

-0.2320

-0.1530

-0.1314

-0.0941

-0.0793

-0.0101

-

0.3416

0.2084

0.2955

a

Models are shown in rank order from most to least supported by AICc. Model components include degree of clustering of relocation point pattern (k-value;
Cluster), year of data collection for black bears (1998 or 2000; Year), average distance to salmon stream (m; Stream), proportion of radio locations in dwarf
shrub and herbaceous landcover (%; Berry), and average elevation (m; Elevation).
b
K represents number of independent variables plus an intercept and error term in the model.
c
AICc is the Akaike information criterion value with adjustment for small sample size. Lesser values represent greater likelihood of predicting true values of
the dependent value, with a penalty associated with each additional predictor variable.
d
∆AICc is the difference between the Akaike information criterion value adjusted for small sample size of the null model and the designated model.
e
w represents support or weight from a total of 1.00 that a model supports as the most likely predictor of the dependent variable.

4

Cluster+Elevation

3

Elevation
4

3

Stream

Cluster+Stream

3

Cluster

6

Global
2

5

Berry+Stream+Year

null

5

Berry+Cluster+Year

Table 2.3 (Continued)

Brown
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Table 2.4

Linear model variables for predicting change in percentage body fat of
American black and brown bears in southcentral Alaska, USA, May–
September 1998 and 2000.

Species

Variable* β

SE

95% CI

Relative Importance

Black

Cluster

2.23

1.10

0.07–4.39

0.57

Stream

-0.03

0.01

-0.05–0.00

0.47

Year

3.78

2.31

-0.75–8.30

0.38

Berry

-5.15

49.29

-101.75–91.45

0.12

Stream

0.01

0.02

-0.03–0.05

0.11

Elevation 0.00

0.01

-0.01–0.02

0.10

Cluster

2.56

-7.40–2.62

0.15

Brown

2.39

*Variable estimates and confidence intervals taken from average of all models. Variables
are shown in rank order from most to least supported by AICc. Variables include degree
of clustering of relocation point pattern (K-value; Cluster), year of data collection for
black bears (1998 or 2000; Year), average distance to salmon stream (m; Stream),
proportion of radio locations in dwarf shrub and herbaceous landcover (%; Berry), and
average elevation (m; Elevation).
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Figure 2.1

Data was collected from GPS collared black bears (Ursus americanus) and
brown bears (U. arctos) in southern Denali National Park and Preserve and
Denali State Park, Alaska, 1998 and 2000. Bold box represents study area
encompassing all bear locations.
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Figure 2.2

Comparison of distributions of 101 sequential GPS fix locations at 5-hour
intervals (left panel) and 501 sequential GPS fix locations at 1-hour
intervals (right panel) from same collar deployed on a brown bear (Ursus
arctos) in southern Denali National Park and Preserve, Alaska, 2000.
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CHAPTER III
RELATING RESOURCE USE TO BODY CONDITION AND SURVIVAL OF
OZARK HELLBENDERS CRYPTOBRANCHUS
ALLEGANIENSIS BISHOPI2

Introduction
Persistence of a wildlife species depends on individuals’ abilities to survive and
reproduce (Darwin 1958). Threatened and endangered species are often faced with
greater difficulties in gaining resources necessary for survival and reproduction than
common species (Thomas 1990), yet it is not always known how resource use affects
animals at population and individual levels. Investigations into how individual resource
use affects individual biological outcomes should be conducted to gain reliable
knowledge of ways of improving population sustainability (Aldridge and Boyce, 2008).
These investigations are generally lacking in the literature because of difficulty in
collecting resource use and biological outcome data or assuming that selection for
resources leads to beneficial outcomes (Thomas and Taylor 2006).
Conservation of threatened and endangered species requires knowledge of factors
that affect animal survival and reproduction to improve management and to protect

Ayers CA, Belant JL, Bodinof CM, Briggler JT, Millspaugh JJ. 2013. Relating resource use to
body condition and survival of Ozark hellbenders (Cryptobranchus alleganiensis bishopi). Endangered
Species Research 21:205–213.
2
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beneficial resources (Halstead et al. 2011, Nie et al. 2011). Management and conservation
of resources necessary for population sustainability requires knowledge of how resources
affect the species of concern. Resource management often focuses on habitat or
landcover types, but may require finer scale investigations of relationships between
habitat components and their effects on animals (Gaillard et al. 2010). For example,
Blouin-Demers and Weatherhead (2001) observed extensive predation of bird nests by
black rat snakes (Elaphe obsoleta obsoleta) in forest edge habitat; however,
thermoregulation was found to be the ultimate driver behind selection for the habitat type
and exploitation of nests was secondary or coincidental. Ayers et al. (2013) hypothesized
a gradient of the direct effect resource use metrics have on biological outcomes of
animals. They described using metrics closely tied to energetics because of the effects of
energy use on body condition, survival, and reproduction in many species. Movement
metrics have been successfully used as predictors of body condition, likely because of
their close associations with energy use (Mautz and Fair, 1980; Ayers et al., 2013).
Using metrics of resource use that more directly affect animal biological
outcomes will allow more accurate understanding of animal ecology and more effective
efforts in conservation through management of specific resources. Biological outcome
metrics can be used as indices of fitness (i.e., ability to survive and reproduce; Gaillard et
al. 2010, Homyack 2010). Categories of biological outcomes include physiological stress,
body condition, survival, and reproduction. Examples of metrics in each category include
fecal cortisol levels, percentage body fat, age, and lifetime reproductive success,
respectively, which have an increasingly stronger association with fitness (Gaillard et al.
2010, Homyack 2011). I expect these biological outcomes to be closely correlated and in
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some cases causative of those with stronger associations with fitness. For example,
chronic stress has been demonstrated to affect negativly reproductive success
(Millspaugh and Washburn 2004). By investigating and interpreting individual resourceoutcome relationships, beneficial resource use (i.e., that which improves biological
outcomes) can be identified using individuals with better levels (i.e., more beneficial to
survival and reproduction) of the measured biological outcome.
Ozark hellbenders (Cryptobranchus alleganiensis bishopi), one of two subspecies
of giant salamander in North America, are a long-lived species listed as endangered by
the United States Fish and Wildlife Service in 2011 (Gould 2011). Ozark hellbenders are
isolated to freshwater streams in the Ozark region of Missouri and Arkansas (Gould
2011). Density of Ozark hellbenders has decreased consistently in recent decades
(Wheeler et al. 2003). An increase in average hellbender age has also been assumed
based on increases in average length (Peterson et al. 1983, Wheeler et al. 2003),
indicating decreased survival of younger age classes.
Ozark hellbenders are most often found in cool mountain streams populated with
crayfish (Orconectes spp.), which are their most common food source (Nickerson and
Mays 1973). Studies have examined Ozark hellbender resource selection and population
dynamics (Peterson et al. 1988, Bodinof et al. 2012a,b), but have not measured effects of
resource use on individual biological outcomes. Bodinof et al. (2012a) found similar
hellbender selection for coarse stream substrate and shorter distances to rocks ≥15 cm for
two populations of released hellbenders in North Fork of the White River. Bodinof et al.
(2012b) found different body condition and survival probability between the same
populations, but did not relate resources to these biological outcome metrics.
48

Understanding effects of resources on hellbenders is necessary for improved conservation
through improved management of beneficial resources or decreased management efforts
of resources deemed to have little effect on hellbender condition or performance. Human
use and changes of hellbender streams has included removal of coarse substrate for
making gravel and installing impoundments for reservoirs (Gould 2011). These changes
can quickly reduce beneficial substrate and change water temperatures. Effective
management and conservation of beneficial hellbender resources depends on accurate
measures of resource-outcome relationships.
I would expect biological outcome metrics to be closely correlated because suborganismal physiological processes are recognized to affect organismal survival and
reproduction (Homyack 2010). For example, I would expect a similar positive
relationship between a metric of body condition and a metric of survival in a population
because survival often correlates positively with body condition (Hayes and Shonkwiler
2001, Stevenson and Woods 2006). However, correlations may not be consistent between
indices with relatively weak associations to fitness (e.g., change in body mass) and
metrics requiring more time to occur (e.g., aging). Body mass can fluctuate or provide
inaccurate measures of energy storage expected to be important for survival and
reproduction (Hayes and Shonkwiler 2001). Peterson et al. (1983) collected length and
mass data on hellbenders in this study area in the late 1970s when populations were much
denser. They used these data to develop a log-transformed length to mass regression.
Bodinof et al. (2012b) used this regression model (Model I) as a baseline for body
condition of Ozark hellbenders in the same study area used by Peterson et al. (1983) and
used in my study described here.
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My goal was to investigate relationships between resource use and biological
ourcomes (i.e., body condition and survival) in Ozark hellbenders. My first objective was
to test use of two habitat components previously determined to be selected by Ozark
hellbenders and two metrics related to energetics of Ozark hellbenders as predictors of
variation in biological outcomes among individuals. My second objective was to compare
predictors of two biological outcomes (i.e., change in body condition and fate). I
hypothesized that energetic metrics would predict biological outcomes better than use of
substrate features selected by hellbenders, with greater movements and greatest and least
temperatures negatively affecting both outcome metrics. I also hypothesized that body
condition would positively correlate with fate because the two outcome metrics are
associated.
Methods
Bodinof et al. (2012a,b) collected data used here from two populations of captivereared free-ranging Ozark hellbenders in North Fork of the White River, Missouri, USA,
May 2008–August 2009. The watershed for this stream includes 3,597 km2 of the Ozark
region in southern Missouri. Landscape use primarily consists of woodlands (61.9%) and
crop and grassland (37.5%). Stream flow averaged 21.4 m3/sec. Substrate in the stretches
of river for both populations was characterized by at least one relatively large patch of
boulder interspersed with bedrock and finer substrates that was bordered up- and
downstream by extensive gravel-pebble beds. Crayfish abundance was similar for both
hellbender populations (Bodinof et al. 2012a).
Veterinary staff at the Saint Louis Zoo implanted 36 captive-reared Ozark
hellbenders with AVID passive integrated transponders and Sirtrack radio transmitters
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(≤5% of animal body weight; Bodinof et al. 2012b). All hellbenders received 10 mg/kg of
enrofloxacin (antibiotic) following surgery and were monitored in captivity for 14 to 28
days then reexamined. If sutures were dehiscing they were then repaired and monitored
for an additional 14 to 28 days, otherwise animals were prepared for release. Any
transmitter replacement surgeries were conducted by veterinary staff at the Saint Louis
Zoo under the same sterile conditions as original implantations. All use of Ozark
hellbenders and procedures on the animals were conducted in accordance with
institutional, state, and federal guidelines for research and sampling of animals and
endangered species. Permits for working with these animals were provided by Missouri
Department of Conservation (#13830 and 14180).
Eighteen of the hellbenders were released at each of two sites separated by 17 km
of river. I used 21 of the 36 hellbenders for all analyses (10 upper site, 11 lower site; 15
censored due to mortality before 30 days or unknown fate). Hellbenders were monitored
for ≤457 days. Individuals were relocated using a VHF receiver about every 32 hours
except in winter when locations were attempted weekly. VHF locations were used to
determine proportional use of coarse substrate and mean distance to rocks ≥15 cm
because these two resources were determined to be selected for in both populations
(Bodinof et al. 2012a). Bodinof et al. (2012b) tested each hellbender for presence of the
pathogenic amphibian chytrid fungus (Batrachochytrium dendrobatidis) before release
and during any recaptures. Bodinof et al. (2011) investigated infection of the amphibian
chytrid fungus as a cause of hellbender decline, but I did not use it as a predictor variable
because only four individuals used in modeling tested positive and only one of these died.
Additionally, one infected individual improved body condition, one declined, and two
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had little change. I concluded that infection did not warrant inclusion as a predictor at the
detriment of model parsimony because a positive relationship of infection to survival and
inconsistent relationship of infection to change in condition does not make biological
sense.
Each hellbender was recaptured and weighed at least once and I used the last of
these capture events as my final observation to determine the difference between
observed mass and expected mass following Peterson et al. (1983). Assuming hellbenders
used by Peterson et al. (1983) were healthy I would expect healthy individuals in my
study populations to achieve or exceed mass associated with total length from Peterson et
al. (1983). Further, I would expect individuals conducting beneficial resource use to
improve or maintain their relative body condition over time. For each hellbender, I
calculated a body condition score as the difference between observed and expected logtransformed body mass (g) based on total length (mm), separately, at release and final
capture. I used change in scores for each individual divided by number of days between
these events as a dependent variable representing change in body condition in a set of
generalized linear mixed-effects regression models (GLMM). Log10 values of expected
and observed body mass are shown in Figure 3.1. However, for results and discussion I
converted my body condition metric to the proportional difference between observed and
expected body mass. I also used fate of each individual at the end of the observation
period (i.e., August 2009) as an index of survival and a dependent variable in a second set
of GLMM. Table 3.1 shows a timeline of events for each hellbender.
I used proportion of locations characterized by coarse substrate, mean distance to
cover, mean distance moved between relocations (from Bodinof et al. 2012a), and
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average individual’s location’s water temperature squared (expected quadratic
relationships with body condition and survival; Hutchison and Hill 1976) as predictor
variables, and site and absence (if the animal had been temporarily removed from the
wild for reimplantation of a radio transmitter [N = 6]) as random variables in both sets of
candidate generalized linear mixed-effects regression models fit by maximum likelihood.
I scaled and centered all continuous variables. Reimplantation of radio transmitters had
potential to negatively affect body condition or survival. However, this was not an
objective of my study so I controlled for this factor as a random variable. In models
including the quadratic temperature variable I included temperature and temperature
squared terms of the centered temperature values (Franklin et al. 2000). For all predictor
variables I used only locations recorded between each individual’s first and last mass
recording. I used Akaike’s Information Criterion adjusted for small sample size (AICc) to
rank both sets of models (Burnham and Anderson 2002). I used model averaging to
determine parameter coefficients, standard error, and P-values for each predictor variable
in both candidate model sets (Burnham and Anderson 2002).
Results
At release, mean percentage difference between observed and expected body
mass was -7.69% (SD = 12.95, range -24.32–25.82). Upon final capture, mean
percentage difference between observed and expected mass was -1.66% (SD = 16.01,
range -30.49–48.47). Days observed alive averaged 343 (SD = 131.0, range 49–457) and
days observed alive between release and final mass measurement averaged 325 (SD =
132.1, range 49–457). Mean number of locations per hellbender used to calculate
proportional use of coarse substrate, distance to cover, and temperature was 118 (SD =
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59.9, range 25–193) and mean number of locations used for distance moved was 138 (SD
= 67.7, range 35–225). Among mean values calculated for each of the 21 hellbenders,
proportion of locations in coarse substrate averaged 70.8% (SD = 36.3, range 0.0–100),
distance to cover rock averaged 0.53 m (SD = 0.76, range 0.01–3.05), distance between
observations averaged 3.84 m (range 0.04–27.20) and average water temperature was
18.37°C (SD = 1.63, range 14.51–21.49).
The model including only distance between movement observations received 97%
of model weight for predicting change in body condition (Table 3.2). When I transformed
the estimated parameter coefficient for distance between observations as a predictor of
body condition back to grams using my sample’s average values it indicated that for
every additional meter traveled between observations body condition will decrease by
0.03 percent of expected mass per day (based on 325 days between body condition
measurements). All other modeled predictors of change in body condition had little effect
(Table 3.3). There was much less certainty in models predicting fate with the null most
supported and competing with models containing distance between locations,
temperature, and use of coarse substrate (Table 3.2). There was little certainty in effects
of predictor variables on fate, but use of coarse substrate received the least P-value of
0.187 (Table 3.3).
Six of 21 individuals died; one related to chytrid fungus infection, two in captivity
shortly after reimplantation, one radiotracked to a snapping turtle (presumably
consumed), and two of unknown causes. Mortalities occurred in individuals with changes
in body condition ranging from -25% to 39% (xˉ = 2%). A generalized linear mixed
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effects model of fate predicted by change in body condition with site and absence as
random effects was not supported (P = 0.19, pseudo-R2 = 0.087).
Discussion
The energetic metric of distance moved between observations predicted body
condition better than traditional metrics of use of substrate features. However, the poor
performance of all predictor factors evident by the R2 values indicates that at least one
important factor influencing variation in body condition and survival was missing from
my models. Variation in use of coarse substrate and distance to cover suggest potential
for variation in biological outcomes (Aldridge and Boyce 2008). However, my model
selection results indicate variation in biological outcomes was not explained by variation
in use of substrate features in a relatively short time period (i.e., one year).
My results indicate that metrics of energy expenditure or use–such as distance
moved–may improve investigations of causes of variation in body condition. Using most
direct measures of resource use (i.e., those affecting energetics) may be a better approach
than using landcover because energy has a more direct effect on an animal’s ability to
survive and reproduce than many habitat selection metrics (Homyack 2010; Ayers et al.
2013). For example, energetic expenditure has been demonstrated to have a significant
effect on body condition of many species through lipid storage (Speakman 2001).
Distribution of desired resources may affect movement patterns of animals (Ayers et al.
2013). Hellbenders will encounter a variety of distributions of important resources within
their habitat that may affect their energetics. Therefore, distribution of resources has
potential to affect the energy economics which influence animal survival and
reproduction (Bearhop et al. 2004, Walker and Lindberg 2005). My results suggest that
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increased energy expenditure will decrease hellbender body condition; however my two
biological outcomes were not predicted similarly. Fate was not clearly supported by any
resource use metric, but distance moved and temperature competed for support,
indicating my observations may have included movement and temperature use habits that
could eventually limit biological outcomes (Hutchison and Hill 1976). Further, the lack
of correlation between body condition and fate indicates that condition may not always
be an accurate index of an animal’s ability to survive and reproduce, as is often assumed,
especially in short studies of long-lived species (Hayes and Shonkwiler 2001).
Hellbenders can live for more than 20 years (Nickerson and Mays 1973, Taber et al.
1975, Peterson et al. 1983) and while most individuals in my study were observed for
more than a year this amount of time may not suffice for learning the full effects of
decreased body condition on the ultimate fate of the animal. Alternatively, perhaps body
condition declines within the ranges I observed does not limit hellbender survival. Also,
most causes of death of my study animals did not appear to relate to negative changes in
body condition. In fact, according to my comparisons of observed to expected body
condition from Peterson et al. (1983), my observations were within the confidence
intervals of expected values at release and final observation with only one exception.
Examples of additional potential factors causing variation in biological outcomes
may include consumption rates of food items or constraints of territoriality (Gaillard et al.
2010). Bodinof et al. (2012a) found similar abundance of crayfish at both study sites;
however, consumption rates of crayfish by hellbenders may vary among microhabitats of
pools, riffles, and runs due to differences in crayfish vulnerability. Changes to crayfish
distribution through habitat change could have important effects on hellbender success.
56

Although Bodinof et al. (2012a) investigated hellbender selection of pools, riffles, and
runs and found no differences between these areas, consumption rates of crayfish in each
microhabitat should be investigated for effects on energetics. Additionally, as with any
territorial species, consumption rates of prey may vary among individuals if a social
hierarchy creates a despotic hellbender distribution (Fretwell 1972).
Individual resource use is most likely not the only influence on hellbender
survival and recruitment. Examples of extrinsic factors suggested to potentially affect
Ozark hellbender populations include impoundments affecting flow and temperature of
water, sedimentation, water contamination, predation, disease, and disturbance (Briggler
et al. 2007, Solis et al. 2007, Bodinof et al. 2011, Gould 2011). Perhaps measures of
energetics along with these extrinsic factors can be related to an accurate index of fitness
such as lifetime reproductive success to gain a clearer understanding of causes of
variation in individual hellbender biological outcome. It will also be useful to understand
how resource distribution and risk drive animal movements in order to determine whether
those resources and risks can be altered to improve outcomes.
Management of habitat affecting hellbender biological outcomes through
energetics metrics described above may benefit population recoveries. Though I was not
able to detect a correlation between body condition and fate, chronically low or
continuously declining body condition is likely to reduce survival and lifetime
reproductive success of hellbenders (Speakman 2001). Therefore, management of habitat
to decrease lengthy or frequent movements may be beneficial for hellbender
conservation. While reintroduction efforts can be used to increase numbers of adults,
identifying resource use leading to successful recruitment in the wild is necessary for
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long-term population persistence (Wheeler et al. 2003). Modeling of successful
hellbender recruitment may help us understand factors with the greatest effects on
population persistence better than investigations of adult resource use when resource
management cannot be used to sufficiently improve adult body condition or survival.
Measures of body condition and survival are common indices for fitness, but should be
tested for their usefulness to understanding animal ecology (Homyack 2010) as I have
demonstrated.
Recovery of the Ozark hellbender may require a greater understanding of their
ecology before making appropriate recommendations for resource management.
Amphibians worldwide have served as indicator species of ecosystem degradation for
decades (Kerby et al. 2010). Ozark hellbenders face many potential threats throughout
their range, but I have demonstrated that short-term use of known selected resources does
not limit hellbender biological outcomes. It is therefore important to investigate longterm effects of resource use and other metrics of individual hellbender energetics, as well
as extrinsic factors considered to have greatest effects on individual fitness to adapt
management toward preventing further declines of this species.
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alleganiensis bishopi) in two sites in North Fork of the White River, Missouri, USA, May 2008–August 2009. Site
and if animal was removed for reimplantation of radio transmitter were included as random effects.
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divided by number of days observed free-ranging and alive was used as a metric of change in body condition. Fate was used as a
metric of survival.
b
Models are shown in rank order from most to least supported by AICc. Coarse is the proportional number of observations of
each animal on cobble or boulder stream substrate. Cover is mean distance in meters of each animal’s locations to the nearest
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limited to one location per day). Temp and Temp2 were always modeled together as a quadratic variable of mean temperature of
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c
Number of parameters used to estimate dependent variable including intercept and error term.
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Akaike Information Criterion value adjusted for small sample sizes. Lesser numbers represent more parsimonious models in the
candidate set.
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Difference in Akaike Information Criterion values compared to the most parsimonious model in the candidate set.
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Model weight, representing strength of a model compared to other models in the set (Burnham and Anderson 2002).
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number of days observed free-ranging and alive was used as a metric of change in body condition. Fate was used as a metric of survival.
b
Coarse is the proportional number of observations of each animal using cobble or boulder stream substrate. Cover is the average distance of
each animal’s locations to the nearest rock with at least one dimension ≥15 cm. Movement is mean distance between radio locations for
each individual animal (m; limited to one location per day). Temp and Temp2 were always modeled together as a quadratic variable of
mean temperature of water at locations of each animal (oC).
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Model-averaged estimates and standard errors of predictor variables of change in body condition and fate of Ozark
hellbenders (Cryptobranchus alleganiensis bishopi) in North Fork of the White River, Missouri, USA, May 2008–
August 2009.

Biological Outcomea

Table 3.3

Figure 3.1

Regressions with 95% confidence intervals of expected Log10 body mass
for Ozark hellbenders (Cryptobranchus alleganiensis bishopi) using Model
I sex-specific (F = female, M = male, U = unknown) from Peterson et al.
(1983).

Diamonds represent actual observed values collected from captive-reared free-ranging
hellbenders in North Fork of the White River, Arkansas 2008–2009.
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CHAPTER IV
INVESTIGATION OF FACTORS AFFECTING BLACK-FOOTED
FERRET LITTER SIZE3

Introduction
Compared to more abundant species, threatened and endangered species are less
likely to withstand declines in population size, placing increased importance on
recruitment of offspring to sustain viable populations (Comizzoli et al. 2009).
Accordingly, some recovery plans for endangered species include captive breeding
programs to provide animals for reintroductions to increase recruitment into small
populations (Hoffmann et al. 2011). Understanding what resources are needed for an
individual to achieve reproductive success would improve population viability analyses
and recovery efforts by improving evaluation of suitable reintroduction sites. However,
resource requirements for viable reproduction are often unknown. By identifying freeranging individuals best able to survive and reproduce, and investigating their behaviors
and characteristics, biologists could provide knowledge of resource needs of a species,

3

Ayers CA, Belant JL, Eads DA, Jachowski DS, Millspaugh JJ. 2014. Investigation of
factors affecting black-footed ferret litter size. Western North American Naturalist
74:108–115.
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and management actions could be directed at increasing resource abundance and
improving population viability.
The black-footed ferret (Mustela nigripes) was thought by some to be extinct
when a small population was found in 1964 in Mellette County, SD, U.S.A. and was
listed as federally endangered in the U.S.A. in 1967 (USFWS 2008). They were again
considered extinct in 1979, but another wild population was found in Meeteetse, WY,
U.S.A. in 1981 (USFWS 2008). This population also declined and the 18 remaining
animals were captured for protection and breeding (Jachowski and Lockhart 2009).
Fifteen animals from this captive population bred, thereby beginning a recovery program
that has since produced thousands of offspring reintroduced to 20 sites in western U.S.A.;
Saskatchewan, Canada; and Janos, Mexico (Biggins et al. 2011; Hoffmann et al. 2011;
USFWS 2013a). Self-sustaining populations at some sites are positive signs for species
recovery, yet the species remains federally listed as endangered (USFWS 2013b).
Availability of prairie dogs (Cynomys spp.) is imperative to black-footed ferret
survival and recruitment (Sheets et al. 1972; Campbell et al. 1987). Black-footed ferrets
rely almost solely on prairie dogs as food, and ferrets use prairie dog burrows for shelter
and as den sites to raise kits (Sheets et al. 1972; Campbell et al. 1987), thus creating
sympatric distributions of ferrets and prairie dogs (Biggins et al. 2006b). However, each
prairie dog colony is a unique habitat (Hoogland 1995; Livieri 2007; Jachowski et al.
2008) and food abundance, constraints on resource use (e.g., competition), and biological
condition of ferrets might influence litter size. Litter size is one important aspect of
recruitment that can be observed in the wild (O’Shea et al. 2010). Prey abundance has
been observed to affect population level recruitment in black-footed ferret congeners (i.e.,
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Mustela spp.; Erlinge 1974; Fitzgerald 1977), and might affect litter size in ferret
populations. Biggins et al. (1993) suggested a minimum of 272.5 prairie dogs were
required annually to support a black-footed ferret family group (0.5 adult males, one
adult female, and 3.3 kits) with some prairie dog mortality also attributed to other
predators. However, prairie dog distributions in colonies are patchy and temporally
dynamic (Jachowski et al. 2008). Though ferrets select areas of greatest prairie dog
density (Jachowski et al. 2011; Eads et al. 2011b), some ferrets live in areas with lesser
densities of prairie dogs (Biggins et al. 1993), which may reduce litter sizes.
Intrasexual territoriality is a common mechanism in mustelids that assists
individuals in maximizing availability of space and prey, and in reducing prey depression
(i.e., heightened antipredator responses by prey; Powell 1994). However, if ferrets are
abundant in a colony, females may expend more energy defending their territory and,
consequently, less time hunting. This trade off may be detrimental to reproduction
because it might increase prey availability, but decrease efficiency of food acquisition,
which may decrease body condition (Amsler 2010). Knowing how ferret density
influences ferret litter size might improve our understanding of space needs of this
species (Sergio and Newton 2003). Litter size of captive black-footed ferrets decreased
with adult female age after one year old, with the most-productive individuals ≤ 3 years
old (Williams et al. 1991; Marinari and Kreeger 2006). Similarly, Hansson (1947) found
mink (Neovison vison) litter sizes were greatest at age 2 and declined thereafter. Thus,
age could be an important predictor of black-footed ferret kit production.
My goal was to assess effects of prairie dog density in ferret core areas, ferret
density, and ferret age on individual litter sizes. Using multiple metrics allows
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comparison of the relative importance of each metric to variation in litter size. I
hypothesized that younger female ferrets with greater core area density of prairie dogs
and lesser ferret density in their respective prairie dog colony would have larger litters
due to greater age-related productivity, greater food resources, and less competition.
Methods
Data were collected from three black-tailed prairie dog (C. ludovicianus) colonies
during 2006 at Locke sub-complex (445 ha) on the UL Bend National Wildlife Refuge
(NWR), Montana, and from two colonies in Conata Basin, South Dakota, including North
Exclosure (227 ha) during 2005–2006 and South Exclosure (452 ha) during 2007–2008
(452 ha) (Jachowski et al. 2008, 2010, 2011; Eads et al. 2011a, b). The UL Bend NWR
comprises 22,682 ha within Charles M. Russell NWR consisting of sagebrush (Artemisia
spp.) grassland transitioning through ponderosa pine (Pinus ponderosa) and Rocky
Mountain juniper (Juniperus scopolorum) forest to river bottom forests of Great Plains
cottonwood (Populus deltoides monilifera) and sandbar willow (Salix exigua). Vegetation
in Conata Basin, a 29,000 ha mixed-grass prairie, is dominated by western wheatgrass
(Pascopyrum smithii), blue grama (Bouteloua gracilis) and buffalo grass (Buchloe
dactyloides), with cottonwood trees dispersed among seasonal water drainages that align
many of the prairie dog colonies, including my study colonies (Poessel et al. 2011).
I used data from 24 ferret litters, including numbers of kits per litter, universal
transverse mercator (UTM) locations of individual ferrets, and UTM locations of prairie
dog burrow openings to model relationships between these potential explanatory
variables and individual ferret litter size. Data comprised 3 ferrets (3 litters) in the UL
Bend, MT colonies, 6 ferrets (8 litters) in the North Exclosure colony (Jachowski et al.
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2011) in Conata Basin, SD, and 11 ferrets (13 litters) in the South Exclosure colony in
Conata Basin, SD (Eads et al. 2011b). Ferrets were located by spotlighting for eyeshine
from a vehicle along a predetermined route (Eads et al. 2012). Ferrets were identified by
unique dye coloration on the nape of the neck or implanted passive integrated
transponders read with an AVID® Microchip I.D. Systems (AVID, Norco, CA, USA)
automated reader loop antenna placed around openings to burrows occupied by ferrets
(Biggins et al. 2006a). A relocation of each ferret was attempted on nearly consecutive
nights from June–October each year (Eads et al. 2012). Ferret locations were recorded
using hand-held GPS, accurate to ≤ 15 m (Eads et al. 2011b).
After birth, black-footed ferret kits remain with their mother until about early
September (Paunovich and Forrest 1987; Forrest et al. 1988). During June–August,
observers occasionally observed an adult female above ground with her kits, either
carrying each kit in succession to a new burrow, or leading the kits in a line to a new
burrow. If observers observed a female ferret above ground with kits, they initiated a
focal observation to count kits (although a few counts were derived from video footage;
Jachowski 2007). Observers accumulated > 2 kit counts for each adult female, and the
maximum kit count served as my index of minimum kit production. Minimum counts
provide a relative index of kit production by different female ferrets, and have been used
in several studies (e.g., Forrest et al. 1985, 1988; Grenier et al. 2009).
Prairie dog burrows were surveyed during July–September 2005 in UL Bend and
North Exlosure colonies, and during 2007 in the South Exclosure colony (Jachowski et
al. 2008; Eads et al. 2011b). Open burrows were classified as active or inactive using
presence of black-tailed prairie dogs or recent sign from these rodents (e.g., digging or
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fresh feces; Biggins et al. 1993; Dullum, 2001). Burrow locations were recorded using
ATV-mounted GPS (Matchett 1994; Jachowski et al. 2008).
I used locations of openings to prairie dog burrows to estimate colony boundaries
in ArcMap 9.3.1 (Environmental Systems Resource Institute, Redlands, CA, USA) by
placing a 20-m buffer around all burrow openings, merging them into one polygon, and
reducing the polygon margin by 20 m using a negative buffer (Eads et al. 2011b). I used
ferret locations (n ≥ 30) to estimate individual 95% fixed kernel utilization distribution
(UD) home ranges (Millspaugh et al. 2006) using plug-in bandwidth selection (Gitzen et
al. 2006) and the Kde folder (Beardah and Baxter 1995) in Matlab (The Mathworks
Incorporated, Natick, MA, USA). I used area independent methods (AIM; Seaman and
Powell 1990) to determine core area of use by each ferret. Area independent methods
delineate areas of use that differ most from random space use, thus delineating areas of
concentrated space use in home ranges, which may be preferred to an arbitrary UD
percentage (e.g., 50%). I then clipped AIM core areas at prairie dog colony edges,
because ferrets spend little time away from these colonies (Biggins et al. 2006b). I used
density of active prairie dog burrow openings (burrows/ha) in each clipped core area to
estimate core area densities of black-tailed prairie dogs (prairie dogs/ha) for each ferret
using the following equation: Prairie dog density = (0.179 x Active burrow density)/
0.566 (Biggins et al. 1993).
I used generalized linear mixed effects regression (function glmer in R;
Comprehensive R Archive Network 2010) to measure the relationship of adult female
ferret age (years), density of adult ferrets in each colony (ferrets/ha), and core area prairie
dog density (prairie dogs/ha) with maximum number of kits observed with each adult
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female ferret in a single year. Additionally, I used year of observation and site as random
variables in all models to account for autocorrelation within years and sites. Adult ferret
density in each colony was calculated by Eads et al. (2011b) and Jachowski et al. (2011),
by dividing number of adult ferrets detected in a colony by area of that colony. In
general, I fit an a priori candidate set of 8 models including all 7 combinations of
predictor variables, and a null model (with only a fixed predictor of 1 and random
variables of site and year). I used Akaike’s Information Criterion adjusted for sample size
(AICc; Burnham and Anderson, 2002) and model weights (w) to rank models using
package MuMIN in R. I calculated relative importance values (RI; Burnham and
Anderson 2002) and 90% confidence intervals (CI) for each predictor variable to show
overall contribution of each variable to model weights. I used pseudo-R2 values (Gelman
and Hill 2007) to determine goodness of fit of each model using deviance (-2 × Log
Likelihood) values: pseudo-R2 = 1-(deviance of fitted model/deviance of null model).
Results
Variation in litter size and predictor variables was observed (Table 4.1); however,
there was considerable model uncertainty. The null model was most supported (AICc =
18.20, w = 0.44) and the second-most supported model included ferret density only
(∆AICc = 1.55, w = 0.20; Table 4.2). Pseudo-R2 values indicate poor overall model fit
(range 0.000–0.181; Table 4.2).
I failed to detect relationships between litter size and ferret age, ferret density in
the colony, or core area prairie dog densities, as 90% CI of model parameters included
zero (Table 4.3). Using relative importance values, ferret density was the most supported
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predictor variable (RI = 0.32; Figure 4.1), followed by age, and core area prairie dog
density.
Discussion
The independent variables under the range of conditions evaluated were poor
predictors of black-footed ferret litter size. Density of prairie dogs in ferret core use areas
was hypothesized to have a positive effect on litter size because black-footed ferrets prey
almost exclusively on prairie dogs (Sheets et al. 1972; Campbell et al. 1987) and prairie
dog abundance is expected to influence ferret reproduction (Biggins et al. 1993, 2006c).
It has been proposed that increased food abundance leads to greater individual
recruitment (Wauters and Lens 1995). However, I failed to detect a relationship between
prairie dog densities in ferret core areas and ferret litter size (Figure 4.1). This might
reflect an abundance of prairie dogs at my study sites that exceeded minimum
requirements by female ferrets. All adult female ferrets in these populations were
observed with at least one kit, suggesting prairie dog abundance at my study sites
provided each female ferret the food resources necessary to reproduce and support birth
and development of at least one offspring.
I hypothesized that younger female ferrets would produce larger litters than older
females, but there was little variation in litter size among ages. However, only one ferret
was >3 years old (litter size = 4 kits), which prevented observation of potential
differences in litter size between more productive aged animals (≤ 3 years old) and those
older than three years (Williams et al. 1991). Grenier et al. (2007) reported that only 25
percent of adult ferrets were greater than two years of age in a Wyoming population.
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Because most wild adult female ferrets are less than four years old (Forrest et al. 1988;
Grenier et al. 2007), it will likely be difficult to detect an effect of age on litter size.
Investigations of variation in factors that may influence reproduction for species
may improve understanding mechanisms of natural selection and phenotypic persistence,
and can provide insight into how humans can facilitate conservation of threatened and
endangered species (Caro and Sherman 2011). However, I have demonstrated that
variation in some resource use metrics may not always relate to variation in animal
fitness. Poor overall model fits suggest that one or more predictor variables necessary to
explain variation in litter size was missing from my models, or that variation in my
predictor variables was insufficient to detect relationships with litter size. Though I had a
relatively large sample size for a study on endangered black-footed ferrets, I may have
still lacked the power to determine factors influencing variation in litter size. Further,
only three of the litters were from the UL Bend population in Montana while the rest
were in the similar Conata Basin sites; possibly limiting variability in my predictor
variables from the range of natural conditions.
Although support was weak, I detected a positive effect of ferret density on litter
size, which contrasts my original hypothesis. The slight trend of greater ferret density
correlating with greater litter size (Figure 4.1) is counter to my prediction of increased
competition leading to reduced litter size, and may be an artifact of productive habitats
being able to support ferrets that can produce more kits. However, variability in ferret
density may have also been limited because ferret density was measured at the colony
level and was therefore, only used at the three levels of the study sites. Additionally,
ferret densities at the two Conata exclosures were similar (Table 4.1) and small sample
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size from the UL Bend colony (3) may have limited the ability for a lesser ferret density
to show a stronger effect in my models.
I offer four recommendations for future studies that relate resource use to fitness.
First, I encourage use of multiple indices or estimates of fitness (e.g., survival, breeding
success, and annual and lifetime offspring production). Testing associations between
these metrics may help improve investigations and assumptions of biological outcomes
(Ayers et al. 2013a). Second, investigations of causes of variation in animal fitness
should use multiple predictor variables to determine those that are most influential on
biological outcomes (Ayers et al. 2013b). Third, I encourage investigations at multiple
spatial scales to identify the scale most pertinent to the species of interest (Gaillard et al.
2010). Fourth, studies should include sites with variability in resource abundance and
heterogeneity to better relate fitness of the focal species to the range of habitat conditions
experienced by that species (Aldridge and Boyce 2008). For example, the minimum
threshold of prairie dog density to support individual black-footed ferrets, or ferret
families, should be determined using field data to improve selection of reintroduction
sites and recommendations for conservation efforts (Biggins et al. 2006c).
Conservation of threatened and endangered species like the black-footed ferret
would be enhanced by knowledge of factors limiting reproduction (Maxwell and
Jamieson 1997, Andrabi and Maxwell 2007). While I was unable to detect a significant
relationship between prey density and litter size, my results do support selecting blackfooted ferret reintroduction sites containing black-tailed prairie dog densities of at least
12 individuals per ha in ferret core areas (Biggins et al. 1993, 2006c). Though Biggins et
al. (1993) modeled necessary prairie dog densities based on a 75 ha area of use by adult
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females, my results provide additional information on potential prairie dog densities
necessary for kit production. Additionally, association of individual (ferret) level prairie
dog density with litter size at any spatial scale has not been published to my knowledge.
However, additional characteristics of future reintroduction sites should be considered.
For example, precipitation influences abundance of above ground vegetation available to
prairie dogs, which would seemingly influence prairie dog recruitment, thereby
moderating prey availability to ferrets (Biggins et al. 2006c). In addition, diseases are
important, particularly plague, a zoonosis caused by the primarily flea-borne bacterium
Yersinia pestis, which can decimate populations of prairie dogs and ferrets (Biggins et al.
2011). Ensuring sufficient prairie dog abundance and understanding causes of juvenile
ferret mortality will improve our ability to facilitate recovery of this endangered species.
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Table 4.1

Data collected from 24 adult female black-footed ferrets (Mustela nigripes)
in UL Bend, Montana (3 litters) and Conata Basin, South Dakota (North
Exlcosure = 8 litters, South Exclosure = 13 litters), U.S.A., 2005–2008.

Variable

Mean

SD

Range

Core area prairie dog density

46.87/ha

15.74

12.31–67.38

UL Bend

16.22

6.19

12.31–23.35

North Exclosure

49.50

10.73

26.38–57.99

South Exclosure

52.33

11.38

31.88–67.38

0.027/ha

0.0055

0.014–0.032

UL Bend

0.014

-

-

North Exclosure

0.031

-

-

South Exclosure

0.028

-

-

Age of adult female ferrets

2 years

0.99

1–5

UL Bend

2

1.00

1–3

North Exclosure

2

0.93

1–3

South Exclosure

2

1.09

1–5

3.17 kits

1.24

1–7

UL Bend

2.33

1.15

1–3

North Exclosure

3.00

1.07

1–4

South Exclosure

3.46

1.33

2–7

Density of adult ferrets in colony

Litter size
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Table 4.2

Model fitting results for predicting litter size in black-footed ferrets
(Mustela nigripes) in UL Bend, Montana and Conata Basin, South Dakota,
U.S.A., 2005–2008.

Modela

K AICc

ΔAICc

w

Null

3 18.20

0.00

0.44

-

Ferrets

4 19.75

1.55

0.20

0.124

Age

4 20.83

2.63

0.12

0.025

CorePD

4 21.10

2.90

0.10

0.000

CorePD+Ferrets

5 22.34

4.14

0.06

0.181

Age+Ferrets

5 22.66

4.46

0.05

0.152

Age+CorePD

5 24.05

5.85

0.02

0.026

Age+CorePD+Ferrets

6 25.74

7.54

0.01

0.200

a

Pseudo R2

Models shown in rank order from most to least supported by AICc. Model components
include adult female ferret age (y; Age), density of adult black-footed ferrets (per ha) in
each colony (Ferrets), and density of black-tailed prairie dogs (per ha) in each ferret core
use area determined using the area independent method (CorePD).
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Table 4.3

Variablea
Ferrets

Linear model variables for predicting litter size of black-footed ferrets
(Mustela nigripes) in UL Bend, Montana and Conata Basin, South Dakota,
U.S.A., 2005-2008.
Estimateb

90% CIb

Relative Importance

29.53

-12.45–71.51

0.32

Age

0.06

-0.13–0.25

0.20

CorePD

0.00

-0.02–0.01

0.19

a

Variables ranked from most to least predictive according to relative importance as
calculated by the sum of Akaike model weights. Variables include adult female ferret age
(y; Age), density of adult black-footed ferrets (per ha) in each colony (Ferrets), and
density of black-tailed prairie dogs (per ha) in each ferret core use area determined using
the area independent method (CorePD; see Seaman and Powell 1990).
b
Estimates and CI from model averaging using all models including that variable.
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Figure 4.1

Linear relationship between density of adult ferrets in each of three
colonies (see Table 4.1) and numbers of kits observed with female ferrets,
for 24 ferret litters in UL bend, Montana (3 litters), and Conata Basin,
South Dakota (North Exclosure = 8 litters, South Exclosure = 13 litters),
U.S.A. 2005–2008.

Data points are scattered along the X axis; clusters of data points are for the same density
of adult ferrets.
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CHAPTER V
WHAT WE CAN LEARN FROM INDIVIDUAL BIOLOGICAL OUTCOMES

Investigations into causes of biological outcomes are necessary for a better
understanding of mechanistic relationships in ecology. As natural selection occurs at the
individual level, investigations of individuals are necessary to understand causes of
variation in biological outcomes (i.e., metrics associated with fitness; Clutton-Brock et al.
1982, Garshelis 2000, Gaillard et al. 2010). Yet much of the current paradigm in applied
ecology assumes little variation among individuals within a population’s use of resources
(often measured as landcover or ‘habitat’) and neglects effects of such variation on
fitness (Aldridge and Boyce 2008). Ecologists must understand mechanistic relationships
between animal behavior and individual biological outcomes to understand how and why
populations change or are maintained because the collective fitness of individuals
determines survival and reproduction in a population (Homyack 2010).
Theorized phenomena such as Fretwell and Lucas’ (1970) ideal free distribution
or Charnov’s (1976) marginal value theorem can only be tested directly if we consider
relationships between individual behavior and biological outcomes. These theories are
founded on habitat use behaviors that ultimately lead to natural selection of genes in a
population. Indeed, the first assumption of Fretwell and Lucas’ theory is that each animal
in consecutive generations behaves in a manner most beneficial to its fitness (Fretwell
and Lucas 1970). However, indices supporting improved fitness are rarely measured. We
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can test Charnov’s (1976) marginal value theorem by observing how long various
individuals stay in a patch before leaving and how well those animals benefit (e.g.,
change in body condition) from the duration of time they spend in a patch of resources.
Benefits of habitat use are often assumed but may not be accurate, as suggested by Van
Horne (1983) with dense populations in poor quality habitat and Ayers et al. (2013)
describing the indifference of land cover use on animal condition. Understanding
resource-outcome relationships will provide the foundation necessary for learning how
habitat, or components of habitat, and animal behavior affect individual fitness and in
turn, population dynamics (Brown 1991).
When we understand mechanistic causes of biological outcomes, management
efforts will become more efficient and efficacious. McLoughlin et al. (2007) determined
that lifetime reproductive success of female roe deer (Capreolus capreolus) was greater
with increased proportion of early successional meadow habitat (i.e., high quality forage)
in their home range. Therefore, management promoting meadow habitat (in balance with
other requirements for cover, water, etc.) should benefit roe deer reproduction. Similarly,
Van Meter et al. (2009) determined that pastoralist disturbance was associated with
increased fecal glucocorticoid metabolite levels in spotted hyenas (Crocuta crocuta),
indicating a need for separation and protection of space for hyenas to limit stress.
Researchers would have masked the variation in resource use and biological outcomes in
these two studies if they had only investigated population averages. Management and
conservation efficiency can be improved by focusing efforts on preventing detrimental
risks and threats, and supporting less stressful access to beneficial resources rather than
supporting average population habitat use without consideration of biological outcomes.
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Alternatively, we may also aim to reduce invasive species populations by identifying
factors detrimental to their success and can be manipulated to induce negative biological
outcomes.
While techniques exist to observe animal behavior (e.g., camera collars, metabolic
meters, global positioning systems) and biological outcomes (e.g., hormone assays, body
condition metrics, counting offspring), these techniques and corresponding metrics are
rarely combined to determine resource-outcome relationships. For example, relating
stable isotopes from body tissue to metrics of condition or reproduction is rare, but Belant
et al. (2006) used stable isotopes from keratin tissue to link salmon use by brown bears
and black bears in Alaska relative to individual percentage body fat and cub production.
Also, we can look to closely related fields such as animal science, and human or
veterinary medicine for examples of how to best use individual-based biological
outcomes to test foundational concepts of ecophysiology. Medical studies often focus on
cause and effect relationships of behavior or resources on biological outcomes of humans
and we can borrow such study designs and concepts to improve our understanding of
causative relationships in ecological research. For instance, Caro et al. (2013) performed
an observational study comparing people that exercised regularly to those that did not
exercise and found improved metabolic function in people that exercised, independent of
sex, age, body mass index, waist circumference, or blood pressure.
My research has demonstrated that habitat selection does not always indicate
factors that have a clear association with improved biological outcomes. The species I
selected to research (black and brown bears, Ozark hellbenders, and black-footed ferrets)
may not represent all vertebrates for investigations of resource use to outcome
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relationships. For example, all species I studied are relatively independent, and
gregarious animals may have much less variety in their biological outcomes from similar
resource use. Also, biological outcome metrics with lesser immediate impact on survival
and reproduction, such as body condition, may be poor indicators of animal fitness for
species with life spans over multiple years such as those I studied. Further research is
necessary to determine how consistently metrics of energetics outperform metrics of
habitat selection in other species, and what factors explain more variation in biological
outcome metrics than those I used here, as overall my models explained little variation in
outcomes. Most of my models were poor predictors of biological outcomes, indicating
weak associations between resource use and biological outcome metrics. More influential
factors may need to be considered or it may indicate that resource use and biological
outcomes are difficult to correlate in short-term studies such as those I performed. More
time may be necessary using biological outcome metrics with clear association with
fitness in order to determine resource use mechanisms affecting fitness. Although my
models do not have strong support of likelihood testing they do indicate that in a priori
sets of resource use metrics, habitat components performed poorly.
Improving the study of ecology depends in part on our efforts to seek finer-scaled
mechanistic observations of relationships between individual organism behavior,
resource use, and biological outcomes that improve our understanding of population-level
resource ecology. Melding current techniques to obtain detailed evidence of how habitat
is used at an individual level will allow us to relate resources to fitness for more
efficiently understanding an animal’s ecology and improving conservation and control of
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populations. While we will continue to manage for populations, we must not lose sight of
the individual variation that drives natural selection.
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