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ABSTRACT
The Effects of Interspecific Competition and Predation on Survival of
Neonate Mule Deer
Daniel W Sallee
Department of Plant and Wildlife Sciences, BYU
Master of Science
Mule deer (Odocoileus hemionus) populations are influenced by multiple factors,
including interspecific competition and predation. Interspecific competition can affect resource
acquisition and survival through altering space use and access to preferred habitat. Mule deer in
some areas alter space use in the presence of competing species, including bison (Bison bison),
cattle (Box taurus), elk (Cervus canadensis), and feral horses (Equus caballus), however the
influence of competition on survival of mule deer during specific life history stages, such as
birthing and rearing of neonates, is largely unknown. In addition to competition, predation can
influence mule deer populations and even limit population growth by reducing recruitment of
neonates into the adult population. The effects of predation may increase within a complex
predator community, as predator species differ in hunting strategies, which may influence timing
of predation events. We investigated the effects of interspecific competition on space use by
mule deer during birthing and rearing of young (Chapter 1) and analyzed temporal patterns of
predator kills of neonate mule deer in a complex predator community (Chapter 2). We
hypothesized that mule deer would avoid competing ungulate species during birth and rearing of
young, and that survival of neonate mule deer would decrease in areas of with increased
likelihood of competition. We also hypothesized that timing of kills and habitat characteristics of
kill sites would differ by predator species due to different hunting strategies. We captured 98
neonate mule deer and fit them with mortality-sensing radiocollars to test our hypotheses. We
did not observe any evidence of competitive interactions between mule deer and other ungulate
species. Further, we observed a positive association between space use by mule deer and elk
following parturition. We also observed an increase in probability of survival for neonate mule
deer in areas with higher probability of use by elk (Hazard ratio= 0.185, SE=0.497). We
observed differences in timing of kills among predator species (p=0.026), however habitat
characteristics of kill sites did not differ for those species. It appears that resource availability
and climatic conditions influence space use by mule deer more strongly than space use by
competing species. Further, timing of kills of neonate mule deer differ by predator species,
which may lead to an additive effect of predation within a complex predator community.

Keywords: mule deer, neonate, survival, interspecific competition, predation
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CHAPTER 1

Influence of Interspecific Competition on Mule Deer Birthing and Rearing Site Selection
Daniel W Sallee, Brock R McMillan, Steven L Petersen, Randy T Larsen
Department of Plant and Wildlife Sciences, Brigham Young University, Provo, UT
Master of Science

ABSTRACT
Ungulates often alter behavior and space use in response to interspecific competition. Despite
observable changes in behavior caused by competitive interactions, research describing the
effects of competition on survival or growth is lacking. Our objective was to determine the
influence of competition on habitat use of female mule deer (Odocoileus hemionus) prior to,
during, and after parturition. We modeled space use of four ungulate species that may compete
with mule deer, which were bison (Bison bison), cattle (Bos taurus), elk (Cervus canadensis),
and feral horses (Equus caballus), using Resource Selection Function (RSF) analysis. We
incorporated RSF models for competing species into a Random Forest analysis to determine if
space use by mule deer was influenced by these other ungulate species. Further, we used survival
and growth data from neonate mule deer to assess potential negative effects of other ungulate
species. Habitat use by elk was an important variable in predicting use locations of mule deer
and the relationship was positive. Survival of neonate mule deer increased as the probability of
use by elk increased (Hazard Ratio=0.185, SE=0.497). Further, probability of use by elk in
rearing habitat had no influence on growth of neonate mule deer from birth to six-months of age.
Despite documented examples of competition occurring between mule deer and other ungulate
species, we found no evidence of competitive displacement or reduced survival in mule deer.
1

Environmental factors including limited habitat in an arid environment are more likely to
influence space use by mule deer in our study area than competition of other ungulates.

INTRODUCTION
Competition occurs when two or more species share a common resource that is limited in
supply (Birch 1957, Case and Gilpin 1974). Exploitative competition occurs when individuals of
one species consume and directly reduce the availability of a common resource for use by other
species (Birch 1957, Stewart et al. 2002). In contrast, interference competition occurs when one
species precludes the use of a resource by another species without reducing the availability of
that resource (Stewart et al. 2002). Both forms of competition can result in altered space use and
resource acquisition by competing species (Case and Gilpin 1974, Stewart et al. 2002, Coe et al.
2004, Stewart et al. 2010).
Observing the effects of competition among wild ungulates is difficult. Direct
observation of competition in wild ungulates would require experimental manipulations of
potentially competing populations. Alternatively, analyses using resource selection functions
(RSFs) to demonstrate niche partitioning between sympatric species are used as indirect evidence
of competition (Stewart et al. 2002). For example, interactions between mule deer (Odocoileus
hemionus) and elk (Cervus canadensis) appeared to result in competitive displacement and
altered habitat use (Johnson et al. 2000, Coe et al. 2004, Stewart et al. 2010, Stewart et al. 2011).
Similarly, cattle (Bos taurus) appeared to compete with both mule deer and elk, altering access to
forage throughout the year (Bowyer and Bleich 1984, Loft et al. 1991, Coe et al. 2001, Stewart et
al. 2002, Stewart et al. 2003, Coe et al. 2004). Feral horses (Equus caballus) also outcompeted
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native ungulates, including mule deer, at water sources through interference competition (Berger
1985, Perry et al. 2015, Gooch et al. 2017, Hall et al. 2018).
Evidence of competition among wild ungulates has been inferred through patterns of
space use, but actual response variables of competition (e.g. growth, survival, and reproduction)
have not been studied. Because there is evidence for altered space use, it has been inferred that
competition likely reduces survival and decreases reproductive success (Coe et al. 2001, Stewart
et al. 2002, Gooch et al. 2017). The effects of competition among adult ungulates likely affects
offspring through reduced energy allocations and altered habitat structure, however direct
observations of these effects are lacking (Bowyer and Bleich 1984, Loft et al. 1987).
The birthing and rearing process is thought to be most sensitive to competition because
selection of habitat is particularly important for female ungulates during parturition and rearing
of young (Long et al. 2009, Barbknecht et al. 2011). Selection of birth-sites and rearing areas by
ungulates is driven by the need to reduce predation risk and secure adequate forage for lactating
females (Pojar and Bowden 2004, Rearden et al. 2011, Peterson et al. 2018b). Competition may
reduce access to adequate hiding cover or forage, decreasing overall survival and growth of both
females and offspring (Bowyer and Bleich 1984, Loft et al. 1987, Stewart et al. 2011). The
negative effects of competition on females and young during parturition may be more
pronounced in mule deer compared to larger ungulates due to smaller body size (Berger 1985).
Further, the effects of competition are likely most evident in systems with limited resources due
to increased pressure on those resources. As both survival of adults and recruitment of young
into the population are drivers of population growth, understanding how competition affects
parturition and survival will provide further insight into mule deer ecology in systems with
multiple ungulate species (Gaillard et al. 1998).

3

Our objectives were to determine if interspecific competition influenced selection of
birth-sites by mule deer and subsequent survival and growth of neonates in the Book Cliffs,
Utah, USA. The Book Cliffs contains a diverse ungulate assemblage comprised of bison (Bison
bison), cattle, elk, feral horses, and mule deer. To determine if competition was occurring
between ungulates in the Book Cliffs, we assessed three alternate hypotheses: 1) mule deer
compete with other ungulates for space during the birthing and rearing period; 2) mule deer
compete with other ungulates for food resources during the birthing and rearing period; and 3)
mule deer do not compete with other ungulates during the birthing and rearing period. Based on
our hypotheses, we established a set of predictions that would support each hypothesis. If
competition for parturition and rearing habitat exists, we predicted that mule deer would select
areas with low probability of use from the other ungulate species for birth-sites and continue
selecting areas away from other species while rearing young. If competition for food resources
during the rearing period exists, we predicted mule deer that reared young in areas of higher
probability of use by other ungulates would experience reduced growth and greater mortality of
neonates. If competition is not a driver of mule deer space use, we predicted mule deer would not
be influenced by other ungulates when selecting birthing and rearing areas, nor would neonate
mule deer experience reduced survival or growth when associated with potentially competing
species.

MATERIALS AND METHODS
Study Area
Our study was conducted in the Book Cliffs region (38.95 o – 40.06 o N, -109.05 o – 110.00 o W) of east-central Utah, USA during 2019 and 2020 (Fig. 1). Reproductive habitat for
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mule deer comprised only 30% of the available area (Payne et al. 2015). Elevation ranged from
2,290-2,980m and topography was variable, ranging from steep canyons to flatlands. Vegetation
included gamble oak (Quercus gambelii) and quaking aspen (Populus tremuloides) communities,
with antelope bitterbrush (Purshia tridentata), sagebrush (Artemesia tridentata), Utah
serviceberry (Amelanchier utahensis), and snowberry (Symphoricarpos oreophilus) interspersed
throughout. Average annual temperature ranged from 25-30o C during the summer and -5-0o C
during the winter, with average annual precipitation of approximately 20 cm (PRISM Climate
Group, Oregon State University, http://prism.oregonstate.edu). Ungulates in the Book Cliffs that
could potentially compete with mule deer included bison, domestic cattle, elk, and feral horses.
Human related activity and impacts in the Book Cliffs included oil and natural gas extraction,
ranching, hunting, and forms of both motorized and non-motorized recreational activities.

Animal Capture and Spatial Data Collection
During March of 2019 and 2020, the Utah Division of Wildlife Resources (UDWR)
contracted with a helicopter crew to capture adult female mule deer and elk using a net gun
(Webb et al. 2008). We measured body condition of each animal using a combination of
palpation and ultrasonography techniques (Cook et al. 2010). We determined pregnancy using
transabdominal ultrasonography. We fit pregnant females with global positioning system (GPS)
radio-collars programed to record a coordinate of their position at two-hour intervals during the
three-year duration of the collar (Model G5-2DH, Advanced Telemetry Systems, Isanti, MN,
USA). We inserted vaginal implant transmitters (VIT; Model M3930U, Advanced Telemetry
Systems, Isanti, MN, USA) into the birth canals of pregnant deer and elk using methods
described by Bishop et al. (2011). Each VIT contained a temperature sensor, photo sensor, and
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Neolink radio-paring technology (hereafter Neolink; Advanced Telemetry Systems, Isanti, MN,
USA). We were notified of a birth event when temperature of the VIT dropped below 32oC, the
photo sensor detected light, or the Neolink connection was lost due to separation.
We waited four hours following a birth notification before attempting to locate VITs with
handheld radiotelemetry, allowing time for bonding between the neonate and females (Turnley et
al. unpublished data). We searched the area around birth-sites to locate neonates. When we
located a neonate, we immediately placed a cotton blindfold on the animal to reduce stress. All
handling of neonates was conducted wearing nitrile gloves to prevent scent transfer. We
determined sex of each neonate and measured body mass, hind food length, and chest girth. All
neonates were fit with expandable very high frequency (VHF) radio-collars with Neolink (Model
M4230BU, Advanced Telemetry Systems, Isanti, MN, USA). Neonate collars had a motionsensitive switch to determine mortality status. When no movement was detected for six hours, a
mortality mode was triggered, and we were alerted via satellite transmission. Capture and
handling of all animals was supervised by the UDWR, the legal regulatory and management
authority for ungulates in the State of Utah. Protocols for capture and handling of neonate
animals were approved by the Institutional Animal Care and Use Committee for Brigham Young
University (Protocol 19-0202).
We acquired location data for bison, feral horses, and cattle. We obtained GPS locations
from adult bison collared by the UDWR for monitoring purposes. Bison collars recorded one
coordinate every 30 minutes. To obtain spatial data from feral horses and cattle, we used a
camera trap array comprised of 100 motion-sensing cameras (PC900, HF2X, Reconyx, Holmen,
WI, USA). We cast 150 random locations throughout the study area using a random point
generator in ArcGIS Pro 2.2 (Environmental Systems Research Institute, Redlands, California,
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USA) and placed cameras at the first 100 locations that were safely accessible. Camera traps
were placed as close to random locations as possible and faced north to prevent glare. When
triggered, cameras captured three consecutive photos followed by one minute of inactivity. We
counted the number of individual animals at each camera trap site. We considered animals
captured more than one time within a 10-minute interval as a single detection event.

Predictor Variables
We obtained environmental data for use in RSFs, including topographic, habitat, and
anthropogenic variables, from the Utah Automated Geographic Reference Center (AGRC;
https://gis.utah.gov/data). All environmental data was in raster format with pixel size of 30m x
30m. Topographic variables included elevation, slope, a measure of ruggedness (VRM;
Sappington et al. 2007), curvature, sine of aspect, and cosine of aspect. We created VRMs using
3-, 5-, 7-, 9-, and 11-pixel windows to account for different scales at which animals may select
for terrain ruggedness. Habitat variables also included distance to perennial water and dominant
vegetation type. We also included wildlife guzzler locations provided by the UDWR. We
acquired vegetation data through the USGS GAP analysis program
(https://gapanalysis.usgs.gov/). We grouped vegetation classes into six categories (aspen, conifer,
juniper, oak brush, shrublands, and grasslands) based on dominant vegetation type.
Data for our anthropogenic group of variables were obtained from AGRC
(https://gis.utah.gov/data/). Anthropogenic variables included distance to major roads, distance to
minor roads, distance to producing well pads, and distance to all well pads. Major roads included
all paved or gravel roads wide enough for two vehicles side-by-side. Minor roads included all
dirt or gravel roads only wide enough for a single vehicle. Well pads currently producing oil or
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natural gas were classified as producing wells. All well pads that had infrastructure in place or
residual ground disturbance, including producing wells, were included in an “all-well pad” layer.
If we observed collinearity (|r|>0.6) between predictor variables we did not place them in the
same model.

Resource Selection Functions
To assess the influence of bison, cattle, elk, and horses on mule deer during birthing and
rearing of young, we used RSFs for each species as predictor variables within RSFs for mule
deer (Coe et al. 2004, Long et al. 2009). We created RSFs for elk and bison using linear mixedeffects models with a use-availability design in program R (version 3.6.1) with the “lme4”
package (Manly et al. 2002, Johnson et al. 2006, Bates et al. 2015, R Core Development Team
2019). We set individual elk and bison, as well as year, as random variables to control for
variation among individuals and years (Gillies et al. 2006). To determine available areas, we
created 99% kernel density estimators (KDEs) around all GPS points for each species. We
combined the KDEs with the mule deer summer range polygon to create the area available to
each species. We cast random locations throughout the available area in equal number to used
points to adequately capture availability within our study site. We used a hierarchical framework
to determine the best fitting RSF for each species. We ranked models within our hierarchy using
Akaike’s Information Criterion corrected for small sample size (AICc) through the “MuMIn”
package in R (Barton 2019). If we had competing top models (∆AICc<2.0) within a step of the
hierarchy, we continued with all competing top models to the next step. We began by
determining the best fitting VRM neighborhood. We then added all combination of topographic
variables. Following this step, we added all combinations of habitat variables to the top model(s)
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from the topographic group. Finally, we included all combinations of anthropogenic variables. If
we had competing top models after the final step in our hierarchy, we used model averaging to
obtain estimates of the coefficients.
Because location data were not available for feral horses and cattle, we used data from
our camera trap array to create RSFs through a use-unused design (Manly et al. 2002, Lara-Diaz
et al. 2018). We created RSFs for each species using generalized linear mixed models with the
“glmmTMB” package in R (Brooks et al. 2017). We used the average number of animals per day
at each camera location as the response variable. We first determined which model distribution
best fit our data using AICc. We tested the Poisson, zero-inflated Poisson, type I negative
binomial, type II negative binomial, type I zero-inflated negative binomial, and type II zeroinflated negative binomial distributions. We used the best-fitting distribution to create our RSFs
following the same hierarchical framework used to create RSFs for elk and bison. We used kfold cross validation with five folds to test model fit of RSFs for each species.
We attempted to use linear mixed-effects modeling for crating RSFs for mule deer,
however we observed high correlation values (|r|>0.6) between input values for habitat use by
other ungulates and anthropogenic variables. Therefore, we used conditional inference Random
Forests, which use nonparametric permutation, to create RSFs for mule deer during three
reproductive stages (e.g. pre-parturition, week of parturition, and post parturition) with methods
outlined by Shoemaker et al. (2018). We used location data from pregnant mule deer five weeks
prior to and five weeks after parturition for use points for the pre- and post-parturition periods,
respectively, as this period is when nutritional demands are highest (Sadleir 1980, Heffelfinger et
al. 2020). Use points for the week of parturition were taken from the week following parturition.
If a female lost her neonates during the study period, we excluded her locations beginning the
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day of the mortality. The area available during each reproductive stage was determined by
casting an equal number of random points throughout the study area. We used all covariates from
the topographic, habitat, and anthropogenic groups, as well as the RSF values for elk, bison,
horse, and to model use of female mule deer. Our Random Forests consisted of 500 conditional
inference trees, with each tree created using a subset of 3% of our data to account for temporal
autocorrelation between subsequent GPS locations (Shoemaker et al. 2018). Splitting criteria
were chosen from a random subset of 4 covariates, as recommended from the literature (Hothorn
et al. 2006, Cutler et al. 2007, Shoemaker et al. 2018). We obtained importance values for
predictor variables based on the change in “out-of-bag” error for each tree when indices for
predictor variables were randomly scrambled (Shoemaker et al. 2018).

Survival and Growth Analysis
To determine if competition resulted in lower survival of neonate mule deer, we used the R
package “survival” (Therneau 2020) to estimate survival to six months using Cox proportional
hazards models (Cox 1972). We scaled survival time to day of parturition so each neonate
entered the model at day zero. We used body condition of the dam, birth weight, presence of a
twin, sex, day of parturition, and relative habitat overlap with elk as predictor variables. We
determined relative habitat overlap with elk by creating an RSF for elk from May 1st through
September 30th. This period represents the lactation period of mule deer when nutritional demand
is highest (Tollefson et al. 2011, Bender and Hoenes 2017). We created 99% KDEs around each
post-parturient mule deer and averaged the probability of use by elk within each KDE for a
measure of relative habitat overlap. We created 25 a priori models and used AICc to determine
the best fitting Cox proportional hazard model.
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We used a subset of neonates recaptured in December to determine if growth was
affected by elk use in rearing areas. We calculated daily growth rate (kg/day) based on the
change in weight between the initial capture at birth and the subsequent capture in December.
We used the “lme4” (Bates et al. 2015) package in R to create 6 a priori models. We modeled
daily growth rate using body condition of the dam, birth weight, presence of a twin, sex, and
relative habitat overlap with elk. Due to small sample size, we were only able to test univariate
models within this subset of data. We ranked models using AICc to determine the best ranking
model.

RESULTS
Resource Selection Functions
We captured 37 pregnant mule deer in 2019 and 41 pregnant mule deer in 2020 for use in our
analyses. We captured 9 and 30 neonates from these pregnant females in 2019 and 2020,
respectively. We used 10,512 use locations in our pre-parturition model, 2,537 use locations in
our week of parturition model, and 6,730 use locations in our post-parturition model, with an
equal number of available locations in each set. During the pre-parturition period, elevation was
the most important predictor variable, followed by probability of use by elk and distance to
major roads (Fig 2). Elevation remained the most important predictor variable during the week of
parturition, followed by distance to major roads and probability of use by elk (Fig. 2). Postparturition, probability of use by elk became the most important predictor variable (Fig. 2).
Habitat use by mule deer increased with relative habitat use by elk (Table 1). The univariate
relationship between relative use by mule deer and relative use by elk indicated a strong and
positive relationship (Fig. 3).
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We captured 19 pregnant female elk during 2019 and 32 pregnant female elk during 2020
for use in our RSFs. From these, we captured 10 neonates in 2019 and 28 neonates in 2020. We
used an average of 3051 (SE=154) locations each week to create RSFs from these elk. Top
models typically included elevation, slope, ruggedness (VRM and curvature), vegetation,
distance to water, distance to minor roads, and distance to producing wells. Elk selected for
higher elevations, lower slopes, lower ruggedness, aspen dominated vegetation, and closer
distances to water and anthropogenic features. Based on 5-fold cross validation, top models all
had correlation values >99%.
We obtained GPS locations from 9 bison during 2019 and 20 bison during 2020 to create
weekly RSFs from May through August. We had an average of 4131 (SE=108) locations each
week for use in RSFs. Top models typically included elevation, ruggedness (VRM and
curvature), slope, vegetation, distance to water, distance to major and minor roads, and distance
to well pads. Bison typically selected for high elevations, low ruggedness, low slopes, grass,
decreased distance to water, and increased distance to anthropogenic features. Based on 5-fold
cross validation, top models had correlation values of >99% each week.
We successfully set 98 camera traps in 2019 and 97 in 2020. We collected data over 6359
and 5725 camera days in 2019 and 2020, respectively. We obtained photos of 649 and 800
domestic cattle at 23 and 33 sites during 2019 and 2020, respectively. We determined that the
type II zero-inflated negative binomial distribution fit the error structure of the data best and was
used to create our RSF. Our top model included aspect, curvature, slope, vegetation class,
distance to water, distance to major roads, distance to producing wells, and month. Domestic
cattle selected for smoother terrain in shrubby vegetation, decreased distance to roads, and
increased distance to producing wells. Since month affected probability of use for domestic
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cattle, we modeled use separately for each month of the summer for use in our mule deer models.
Based on 5-fold cross-validation, our top model had a correlation value of 69%.
We obtained photos of 116 feral horses at 8 sites during 2019 and 211 feral horses at 9
sites during 2020. Similar to our domestic cattle model, the type II zero-inflated negative
binomial distribution fit the error structure of the data best. Due to our small sample size, we
were unable to include random variables in our model sets, nor were we able to use time as a
variable. Our top model included elevation, slope, distance to major roads, and vegetation.
Horses selected for lower elevations, steeper slopes, decreased distance to major roads, and
aspen dominated vegetation. We attempted to cross-validate our top model using k-fold cross
validation, however our model failed to converge due to splitting our small sample size. Thus,
we were unable to validate our model. However, we projected the heatmap over the study area
and visually inspected the model. Areas of high relative use corresponded with areas of use
identified by the local biologist. Therefore, we used the heatmap as an input in our mule deer
models.

Survival and Growth
We recorded six mortalities of neonate mule deer during 2019 and 16 mortalities during
2020. The majority (20 of 22) of observed mortalities were due to predation, with the exception
of two mortalities in 2020. The non-predation caused mortalities were due to accidents (capture
mortality and entrapment in an animal burrow) and were censored from our analysis. The elastic
bands failed on five neonate collars during 2020, so we right-censored those individuals from our
analysis on the date the collars failed. We had five competing top models (ΔAICc<2) with a
cumulative weight of 53.4% (Table 2). We report hazard ratios (HR) and robust standard errors
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for each of the competing top models (Table 3). A HR<1 indicate a positive effect on survival, a
hazard ratio of 1 indicates no effect, and HR>1 indicate a negative effect on survival. Each of the
competing top models had the mean RSF value of elk as a significant variable with a HR< 1,
indicating survival rates improved as relative habitat use by elk within the rearing home range
increased. Other variables included in the competing top models were birth weight, birth date,
and body condition of the dam. Each of these variables had a HR< 1, indicating a positive
correlation with survival. To view the relationship between survival and mean RSF value of elk
in further detail we created a survival curve across the range of values observed in our study for
each model. We used weighted averaging on the predictions from each model to obtain our
actual prediction (Fig. 4).
We recaptured 3 neonate mule deer in December 2019 and 6 in December, 2020 to
determine if growth rate was affected by relative habitat overlap with elk. There was no evidence
that growth rate was influenced by elk. Our top model indicated that birth weight was the most
important variable in predicting growth rate (Table 4). There were no competing top models
(∆AICc<2.0) and the null model fit the data better than all other predictor variables (Table 4).
Increased birth weight led to higher growth rates (0.018, SE=0.006, p=0.024).

DISCUSSION
Our results supported the alternate hypothesis indicating competition is not a driver of space
use or resource acquisition for mule deer in our study site. We found no evidence of spatial
partitional between mule deer and potentially competing ungulate species prior to, during, or
after parturition. Space use by bison, domestic cattle, and feral horses were not important
predictors of habitat use by mule deer during any reproductive stage. We did find evidence that
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habitat use by female elk was an important covariate in modeling habitat use by mule deer,
however the relationship did not indicate competition was occurring. In contrast, it appears that
female mule deer were more likely to use areas with a higher probability of use by elk. These
results appear to be in direct contrast to other research documenting the response of postparturient mule deer to elk (Johnson et al. 2000, Coe et al. 2001, Stewart et al. 2002, Ager et al.
2003, Long et al. 2009).
The discrepancy in observed responses of mule deer to elk between our results and other
published literature may indicate space use is not sufficient to determine the presence of
competition. Multiple studies documenting competitive exclusion between mule deer and elk
(e.g. Johnson et al. 2000, Coe et al. 2001, Stewart et al. 2002, Ager et al. 2003, Long et al. 2009)
were conducted on the Starkey Experimental Forest and Range (hereafter Starkey), located in
eastern Oregon, USA (45⁰ 13’N, 118⁰ 31’W). Environmental conditions at Starkey were different
than our study site in the Book Cliffs. Starkey had lower average temperatures, higher average
precipitation, and was at a lower elevation with reduced topographic complexity relative to
conditions in the Book Cliffs (see Long et al. (2009) for a full description of Starkey).
Environmental conditions in the Book Cliffs were more limiting, which should exacerbate any
divergent patterns of space use due to increased likelihood of competition. Differences in space
use between mule deer and elk may be evidence of past competition (e.g. ghost of competition
past), but may be a poor indicator of current competitive interactions (Connell 1980). Variables
that may be better indicators of competition could be survival and growth of young. Postparturient mule deer face increased energetic demands and a higher sensitivity to predation
pressures (White and Bartmann 1998, Pojar and Bowden 2004, Quintana et al. 2016). To meet
increased demands and avoid predators, mule deer select for areas of higher nutrition, reduced

15

distance to water, and increased hiding cover when rearing neonates (Long et al. 2009).
Competition has been proposed to alter access to both forage resources and hiding cover, which
would decrease energy available for young and subject neonate mule deer to higher predation
risk (Coe et al. 2001, Stewart et al. 2002, Gooch et al. 2017).
There was no evidence that survival of neonate mule deer was lower in areas of higher
relative use by elk in the Book Cliffs (Fig. 4). In contrast, we observed evidence of increased
survival of neonate mule deer when reared in areas with higher relative use by elk, which was in
direct contrast to our hypotheses and predictions associated with the presence of competition.
The majority of mortalities of neonate mule deer were observed early in the summer and were
mainly caused by predators, which has been observed in other studies of neonate mule deer
(Pojar and Bowden 2004, Lomas and Bender 2007, Quintana et al. 2016). Neonate mule deer and
elk both rely on hiding strategies for predator avoidance during the first few weeks of life,
making hiding cover important for survival (Gerlach and Vaughan 1991, Barbknecht et al. 2011).
Increased hiding cover in areas used at a higher rate by elk would increase selective pressure on
mule deer to rear neonates in those areas.
We found no evidence of competition between mule deer and other native or non-native
ungulates in our study site. Other research has documented changes in space use and diet in areas
where mule deer and other ungulate species co-occur, however we were unable to duplicate these
observations in our study site (Stewart et al. 2002, Stewart et al. 2003, Coe et al. 2004, Long et
al. 2009, Stewart et al. 2010, Stewart et al. 2011). We investigated how biologically relevant
variables, including growth and survival of young, were altered in the presence of potentially
competing species. Environmental conditions in our study site were limited relative to most areas
where competition between mule deer and other ungulate species has been investigated, which

16

should exacerbate the effects of competition (Payne et al. 2015). Given that we observed no
evidence of competition despite limiting environmental conditions, it is unlikely that mule deer
are negatively affected by competition in areas with abundant resources. Differences in space use
between mule deer and other ungulate species may be evidence of past competition or character
divergence in the evolutionary history of the species but may not indicate current negative
interactions (Connell 1980). Future research should focus on biologically relevant variables (e.g.
survival, growth, and reproduction) as indicators for the presence of competition among cooccurring species.
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FIGURES

Figure 1-1: Location of our study site within the Book Cliffs area of eastern Utah. Polygons
represent the annual geographic range of mule deer (black) and neonate rearing areas (gray).
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Figure 1-2: Relative importance values for covariates from resource selection using Random
Forest analysis of female mule during A) pre-parturition, B) week of parturition, and C) postparturition. Data was collected in the Book Cliffs region of eastern Utah, 2019-2020.
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Figure 1-2: Univariate correlation between intensity of use by mule deer in response to
intensity of use by elk in the Book Cliffs region of eastern Utah, USA, 2019-2020 during three
reproductive stages: preparturition (white), parturition (black), post parturition (gray).
Visualizations were derived from a Random Forest model.
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Figure 1-3: Correlation between the mean resource selection function (RSF) value for elk and
survival of neonate mule deer in the Book Cliffs region of eastern Utah, USA, 2019-2020.
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TABLES
Table 1-1: Characteristics (mean and SE) of used (GPS locations from mule deer) and available (random locations) habitat for
female mule deer in the Book Cliffs region of eastern Utah, USA, 2019-2020.
Variable
Elevation
VRM11
Slope
Sine of Aspect
Cosine of Aspect
Dist to Water
Dist to Producing Wells
Dist to Well Disturbance
Dist to Major Roads
Dist to Minor Roads
Probability of Elk Use
Probability of Bison Use
Probability of Cattle Use
Probability of Horse Use

Preparturition
Used
Available
2469.08 ± 16.78
2365.85 ±1.94
0.03 ± 0.003
0.05 ± 0.01
17.63 ± 1.25
21.67 ± 0.12
-0.01 ± 0.01
-0.01 ± 0.01
-0.01 ± 0.01
0.01 ± 0.01
1594.26 ± 200.67 1921.80 ± 25.41
5869.36 ± 979.09 8810.30 ±76.08
2221.41 ± 357.85 2920.61 ± 26.33
2678.93 ±789.62 4766.42 ± 72.24
1322.96 ± 418.82 2153.40 ± 39.29
0.71 ± 0.04
0.48 ± 0.004
0.29 ± 0.06
0.18 ± 0.004
6.47 ± 1.04
7.82 ± 0.70
4.82 ± 1.16
2.82 ± 0.08

Parturition
Used
2450.00 ±17.99
0.03 ± 0.003
18.85 ± 1.17
-0.03 ± 0.03
0.01 ± 0.02
1581.95 ±214.64
5691.16 ± 1012.39
2188.74 ± 368.50
2283.97 ± 759.91
1108.92 ± 337.20
0.70 ± 0.05
0.23 ± 0.05
13.99 ±1.64
4.38 ± 1.17
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Available
2362.26 ±3.44
0.05 ± 0.001
21.87 ±0.29
-0.002 ± 0.02
-0.01 ±0.01
1849.31 ± 42.04
8935.46 ± 159.79
2947.21 ± 45.90
4836.08 ±131.39
2207.43 ± 66.55
0.45 ±0.01
0.15 ±0.01
17.29 ±1.80
2.46 ± 0.12

Post Parturition
Used
Available
2441.35 ± 20.22
2366.79 ±1.74
0.04 ± 0.003
0.05 ± 0.001
19.34 ±1.39
22.14 ± 0.20
0.008 ±0.02
-0.02 ± 0.02
0.01 ± 0.02
0.02 ±0 0.02
1568.71 ± 246.14
1881.96 ± 26.50
5441.89 ±1071.52 8848.97 ± 157.94
2484.19 ± 476.21
2889.08 ± 28.01
1936.37 ±738.56 4665.10 ± 144.11
1032.89 ± 415.98
2143.80 ± 63.96
0.75 ± 0.06
0.46 ± 0.01
0.27 ±0.07
0.16 ± 0.01
17.30 ±2.35
16.62 ± 0.77
4.22 ± 1.33
2.69 ± 0.06

Table 1-2: Model selection results illustrating the number of parameters (k), the difference in Akaike’s Information Criterion from
the top model (∆AIC), and the model weight for 25 a priori models for survival of neonate mule deer in the Book Cliffs region of
Utah.
Model
Mean Elk RSF + cluster(Fawn_ID)
Mean Elk RSF + IFBF of Dam + cluster(Fawn_ID)
Birth Weight + Mean Elk RSF + IFBF of Dam + cluster(Fawn_ID)
Mean Elk RSF + IFBF of Dam + Birth Weight + Birth Date + cluster(Fawn_ID)
Mean Elk RSF + Birth Weight + cluster(Fawn_ID)
IFBF of Dam + cluster(Fawn_ID)
cluster(Fawn_ID)
Mean Elk RSF + Twin + cluster(Fawn_ID)
IFBF of Dam + Birth Weight + cluster(Fawn_ID)
IFBF of Dam + Birth Date + cluster(Fawn_ID)
Mean Elk RSF + IFBF of Dam + Twin + cluster(Fawn_ID)
Mean Elk RSF + IFBF of Dam + Birth Weight + Twin + cluster(Fawn_ID)
Birth Weight+ cluster(Fawn_ID)
Mean Elk RSF + Birth Weight + Twin+ cluster(Fawn_ID)
IFBF of Dam + Twin+ cluster(Fawn_ID)
Mean Elk RSF + IFBF of Dam + Birth Weight + Twin + Birth Date + cluster(Fawn_ID)
IFBF of Dam + Birth Weight + Twin+ cluster(Fawn_ID)
Mean Elk RSF + IFBF of Dam + Birth Weight + Twin + Sex + cluster(Fawn_ID)
IFBF of Dam + Birth Weight + Twin + Birth Date + cluster(Fawn_ID)
IFBF of Dam + Twin + Sex + cluster(Fawn_ID)
Twin + Sex + cluster(Fawn_ID)
IFBF of Dam + Twin + Sex + Birth Date + cluster(Fawn_ID)
Mean Elk RSF + IFBF of Dam + Birth Weight + Twin + Sex + Birth Date + cluster(Fawn_ID)
IFBF of Dam + Birth Weight + Twin + Sex + Birth Date + cluster(Fawn_ID)
Birth Weight + Twin + Sex + cluster(Fawn_ID)
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K
1
2
3
4
2
1
0
2
2
2
3
4
1
3
2
5
3
5
4
3
2
4
6
5
3

∆AIC
0.00
0.84
1.07
1.65
1.78
2.08
2.09
2.15
2.72
2.76
3.33
3.86
4.01
4.17
4.40
5.03
5.35
5.59
5.73
5.97
6.34
6.97
7.80
8.90
8.92

Weight
0.17
0.11
0.10
0.08
0.07
0.06
0.06
0.06
0.04
0.04
0.03
0.03
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.00

Table 1-3: Hazard ratios and robust standard errors (SE) for each variable in the competing top models for survival of neonate
mule deer in the Book Cliffs region of Utah, USA 2019-2020.
Model
Birth Weight
Mean Elk RSF + cluster(FawnID)
Mean Elk RSF + IFBF of Dam + cluster(Fawn_ID)
0.47 (0.42)
Mean Elk RSF + IFBF of Dam + Birth Weight + cluster(Fawn_ID)
0.47 (0.38)
Mean Elk RSF + IFBF of Dam + Birth Weight + Twin + Sex + cluster(Fawn_ID)
0.72 (0.33)
Mean Elk RSF + Birth Weight + cluster(Fawn_ID)
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Birth Date

0.94 (0.04)

Mean Elk
RSF Value
0.19 (0.50)
0.21 (0.54)
0.18 (0.56)
0.16 (0.62)
0.17 (0.51)

IFBF of
Dam
0.76 (0.20)
0.64 (0.22)
0.74 (0.23)

Table 1-4: Model selection results illustrating the number of parameters (k), the difference in
Akaike’s Information Criterion adjusted for small sample size from the top model (∆AICc), and
the model weight for 6 a priori models for growth rate of neonate mule deer.
Model
Birth Weight
Null
Twin
IFBF of Dam
Sex
Mean Elk RSF

K
3
2
3
3
3
3

∆AICc
0.00
2.21
6.34
6.82
6.95
7.00
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Weight
0.68
0.23
0.03
0.02
0.02
0.02

CHAPTER 2

Temporal Patterns and Habitat Characteristics for Predator Kills of Neonate Mule Deer
Daniel W Sallee, Brock R McMillan, Steven L Petersen, Randy T Larsen
Department of Plant and Wildlife Sciences, Brigham Young University, Provo, UT
Master of Science

ABSTRACT
Ungulate population dynamics are influenced by a complex relationship among several
factors, including habitat alterations, competition, and predation. Recruitment of neonates into
the adult population can be the primary source of variability in population size for ungulates.
Research has identified predation as the leading cause of mortality for neonate ungulates,
however little work has focused on differences in patterns of predation by individual predator
species in areas where multiple predator species are present. We studied the temporal patterns of
predator-caused mortalities of neonate mule deer and assessed differences in habitat
characteristics of kill sites for each predator species in a complex predator community. We used
a Mann-Whitney U-Test to identify differences in mean date of kills for each predator species.
We also used local polynomial regression to visualize patterns in weekly accumulation of kills
for each predator species. Further, we used Resource Selection Function (RSF) analysis to model
habitat characteristics of kill sites for each predator species. We found that black bear kills
occurred earlier in the summer than cougar kills (p=0.026) and found evidence that coyote kills
may also occur later than black bear (p=0.096). Despite differences in timing of kills between
predators, we were unable to find differences in habitat characteristics in kill sites for different
predator species.
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INTRODUCTION
Population dynamics of ungulates are influenced by a complex relationship among
habitat characteristics, resource availability, competitive interactions, and predation (Gaillard et
al. 2000). Many ungulate populations in North America have undergone significant fluctuations
throughout the past century due to changes in these complex relationships. For example, mule
deer (Odocoileus hemionus) populations increased substantially during the late-1930’s and mid1950’s, while significant declines were observed during the mid-1940’s, late-1950’s, and mid1990’s (Workman and Low 1976, Unsworth et al. 1999, Ballard et al. 2001, Pojar and Bowden
2004). Factors that contributed to historical fluctuations in mule deer populations include
changes in harvest strategies by humans, habitat alterations, variations in climate, and predation
(Workman and Low 1976, White and Bartmann 1998, Unsworth et al. 1999, Ballard et al. 2001).
Many factors that contributed to historical fluctuation may currently limit mule deer populations
and lead to future declines. A better understanding of factors influencing mule deer population
dynamics is required for the success of conservation efforts (Gordon et al. 2004, Schuyler et al.
2019).
Population growth rate (λ) for mule deer is most sensitive to changes in adult female
survival, however recruitment of neonates can also contribute to population fluctuations
(Gaillard et al. 1998, Unsworth et al. 1999, Gaillard et al. 2000, Bishop et al. 2005). Adult
female mule deer experience relatively high annual survival over a wide range of environmental
conditions (Bishop et al. 2005, Hurley et al. 2011). Similarly, pregnancy rates in mule deer
populations typically remain high (Forrester and Wittmer 2013, Quintana et al. 2016). In
contrast, survival of neonate mule deer is generally much lower than adult female survival and
can exhibit a large degree of variability (Gaillard et al. 1998, White and Bartmann 1998).

34

Survival of neonate mule deer is affected by condition of the mother, birth weight, timing of
parturition relative to conspecifics, weather, and predation (Lawrence et al. 2004, Pojar and
Bowden 2004, Barber-Meyer and Mech 2008, Butler et al. 2009, Hurley et al. 2011, Bonar et al.
2016, Haskell et al. 2017, Peterson et al. 2018a). Severe weather events can drastically reduce
survival of neonate mule deer, particularly during the winter period, though predation is typically
the leading cause of mortality (White and Bartmann 1998, Pojar and Bowden 2004, Freeman
2014, Quintana et al. 2016).
Though multiple studies have documented predation as a leading cause of mortality for
neonate mule deer, most research has either grouped predation from multiple predator species
into one category or has not focused on the effects of predation in a system with multiple
predator species (Pojar and Bowden 2004, Butler et al. 2009, Bonar et al. 2016, Quintana et al.
2016, Haskell et al. 2017, Peterson et al. 2018b) . The effects of predation on neonate mule deer
may be more pronounced in systems with multiple predator species. Mule deer shift habitat use
during parturition and rearing of young in response to predation risk (Berger 1991, Bowyer et al.
1998, Long et al. 2009, Bonar et al. 2016). In systems with multiple predator species, minimizing
risk of predation may be difficult, as different predator species likely exploit different habitats
due to differing hunting strategies. The main predators of neonate mule deer throughout most of
their range include black bear (Ursus americanus), bobcat (Lynx rufus), cougar (Puma concolor),
and coyote (Canis latrans). Black bears are an omnivorous species whose diet is composed
mainly of vegetation, however they have a keen sense of smell and can locate hiding neonate
mule deer shortly following birth (Pojar and Bowden 2004). Bobcats use an ambush strategy but
select smaller prey, including neonate mule deer, due to their smaller body size (McKinney and
Smith 2007, Harrison 2010, Lopez-Vidal et al. 2014). Cougars also employ an ambush hunting
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strategy and prey heavily on adult and neonate mule deer (Ballard et al. 2001, Clark et al. 2014).
Coyotes are coursing predators that exhibit a wide degree of flexibility in prey selection and can
limit growth of mule deer populations (McKinney and Smith 2007, Hurley et al. 2011).
Differences in hunting strategies may cause predator species to exploit different habitats, limiting
the ability of mule deer to shift habitat use to reduce predation risk. Predator species may also
target neonate mule deer at different times of year, which may have an additive effect on overall
recruitment into the adult population in systems with a complex predator community.
Our objectives were to identify temporal patterns of predator-caused mortalities of
neonate mule deer and evaluate habitat characteristics associated with those mortalities for each
predator species in a complex predator community. We hypothesized that timing of predation
events would differ among predators due to differences in their hunting strategy and body size.
Based on this hypothesis, we predicted that black bears would prey on neonate mule deer shortly
following birth when neonates use a hiding strategy to avoid predation, whereas coyotes would
prey on neonates throughout the entire rearing period due to their ability to chase and capture
neonates. We also predicted cougars would prey on neonate mule deer throughout the entire
summer, while bobcat predation would occur earlier in the summer due to their smaller body
size. We also hypothesized that habitat characteristics of kill sites would differ among predator
species due to differences in hunting strategies. We predicted that ambush predators would kill
neonate mule deer in areas that were more rugged and had thicker vegetation than coursing
predators.
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MATERIALS AND METHODS
Study Area
We studied the timing and habitat characteristics of predation on neonate mule deer in the
Book Cliffs region (38.95 o – 40.06 o N, -109.05 o – -110.00 o W) of east-central Utah, USA
during 2019 and 2020 (Figure 1). Rearing habitat for mule deer was limited, comprising only
30% of the available area (Payne et al. 2015). Elevation ranged from 2290-2980m and
topography was complex, changing from steep canyons and cliffs to shrubby flatlands. Large
ungulates included bison (Bison bison), cattle (Bos taurus), elk (Cervus canadensis), feral horses
(Equus caballus), mule deer, and pronghorn (Antilocapra americana). Predators of neonate mule
deer were black bear, bobcat, cougar, coyote, and golden eagle (Aquila chrysaetos). Vegetation
included stands of deciduous trees, mainly including gamble oak (Quercus gambelii) and
quaking aspen (Populus tremuloides) communities. Stands of Douglas-fir (Pseudotsuga
menziesii) were found at higher elevations, while lower elevation areas had pinyon (Pinus
monophyla) and juniper (Juniperus osteosperma) stands. Shrub communities were composed of
antelope bitterbrush (Purshia tridentata), sagebrush (Artemesia tridentata), Utah serviceberry
(Amelanchier utahensis), and snowberry (Symphoricarpos oreophilus). Average temperature
ranged from 25-30o C during the summer, with average annual precipitation of approximately 20
cm during the study period (PRISM Climate Group, Oregon State University,
http://prism.oregonstate.edu). Human activity in the Book Cliffs included oil and natural gas
extraction, ranching, hunting, and forms of both motorized and non-motorized recreational
activities.
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Animal Capture and Data Collection
During March of 2019 and 2020, the Utah Division of Wildlife Resources (UDWR)
contracted with a helicopter crew to capture adult female mule deer using a net gun (Webb et al.
2008). The helicopter crew blindfolded and hobbled the animals prior to transport and
processing. Mule deer were transported back to a central processing location, where we recorded
morphometric data and obtained blood samples. We determined body condition using a
combination of palpation and ultrasonography (Cook et al. 2010). We checked pregnancy status
using transabdominal ultrasonography. We fit pregnant females with global positioning system
(GPS) radiocollars programed to record a location every two hours (Model G5-2DH, Advanced
Telemetry Systems, Isanti, MN, USA). We inserted vaginal implant transmitters (VIT; Model
M3930U, Advanced Telemetry Systems, Isanti, MN, USA) into the birth canals of pregnant deer
following a protocol described by Bishop et al. (2011). Each VIT contained a temperature
sensor, photo sensor, and Neolink radio-paring technology (hereafter Neolink; Advanced
Telemetry Systems, Isanti, MN, USA). Neolink featured a radio connection between the female’s
GPS collar and the VIT. Through Neolink, we were notified of a birth event when VIT
temperature dropped below 32 oC, the photo sensor detected light, or the Neolink connection was
lost due to separation between the VIT and the GPS collar of the adult.
We waited four hours after birth notifications before attempting to locate VITs using
handheld radio-telemetry, allowing time for colostrum transfer and bonding between the neonate
and dam. We searched the area around birth sites to locate neonates. We also located neonate
mule deer opportunistically by locating female mule deer that displayed physical or behavioral
characteristics suggestive of recent parturition. We watched promising females (e.g. alone,
defending an area, sunken hips, and/or prominent udder) using binoculars and spotting scopes
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until we observed a neonate nursing (Huegel et al. 1985, Pojar and Bowden 2004). Upon locating
a neonate, we immediately placed a cotton blindfold on the animal to reduce stress. All handling
of neonates was conducted while wearing nitrile gloves to prevent scent transfer. We determined
sex of each neonate and measured body mass, hind food length, and chest girth. All neonates
were fit with expandable very high frequency (VHF) radiocollars with Neolink (Model
M4230BU, Advanced Telemetry Systems, Isanti, MN, USA). All adult animals were captured
and handled by the Utah Division of Wildlife Resources, the legal regulatory and management
authority for mule deer in the State of Utah. All capture and handling procedures of neonate
animals were approved by the Institutional Animal Care and Use Committee for Brigham Young
University (Protocol 19-0202).
Neonate collars had a motion-sensitive switch to determine mortality status. When no
movement was recorded for six hours mortality mode was triggered and the VHF pulse rate
doubled. Collared neonate mule deer that had a Neolink connection with an adult collar alerted
us of changes in mortality status via satellite transmission. Opportunistically captured neonate
mule deer did not have Neolink connection with an adult collar, thus we monitored survival with
handheld radio-telemetry from birth through the end of August, when we switched to weekly
monitoring through December. We performed field necropsies on all carcasses within 24-48
hours of notification. We determined causes of mortalities using characteristic of the mortality
site and consumption patterns of the carcass (Bender et al. 2004, Lomas and Bender 2007,
Peterson et al. 2018b). We classified mortalities into the following causes: black bear predation,
bobcat predation, coyote predation, cougar predation, unknown predation, malnutrition/disease,
accidental, and unknown. We differentiated predator-specific causes of mortality based on injury
and carcass consumption patterns described in the literature (Pojar and Bowden 2004,
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Stonehouse et al. 2016, Peterson et al. 2018b). Black bear predation was characterized by canine
punctures and hemorrhaging around the neck, head, and shoulders, blunt scratches from claws,
crushed bones, peeling of hide from back to head, and tracks, scat, or hair (Pojar and Bowden
2004, Peterson et al. 2018b). Bobcat and cougar predation was characterized by canine punctures
and hemorrhaging on the neck and throat, hair plucked off in clumps, sheared ribs, consumption
of respiratory organs first, signs of caching, and tracks, scat, or hair (Pojar and Bowden 2004,
Peterson et al. 2018b). Coyote predation was classified by canine punctures and hemorrhaging
on the legs, back, and neck, scattered remains, and tracks, scat, or hair (Pojar and Bowden 2004,
Peterson et al. 2018b). Unknown predation was used when hemorrhaging and blood was present,
but the carcass was disturbed or consumed to a point that identifying characteristics were not
present. Malnutrition/disease was identified when an intact carcass was found with no signs of
predation, injury, or accidental death (Pojar and Bowden 2004). Accidental mortalities were
caused by entrapment in animal burrows. Unknown mortalities did not have any identifiable
features described above and had been disturbed or scavenged to a point that the cause of death
could not be determined (Bender et al. 2004, Lomas and Bender 2007, Peterson et al. 2018b).

Data Analysis
To assess temporal patterns of predator kills on neonate mule deer in summer rearing habitat,
we grouped predator kills for each species by week. We scaled survival time to date of capture so
each neonate entered our analysis at week one. We tested for differences in mean week of
predator kills for each species using a Mann-Whitney U test (Mann and Whitney 1947). We
visualized differences in patterns of mortalities caused by different predator species by graphing
the weekly accumulation of mortality events. We fit a curve to these data with local polynomial
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regression and calculated a 95% confidence interval using a “loess” function through package
“ggplot2” in program R (Cleveland and Loader 1996, Wickham 2009, R Core Development
Team 2019).
To determine if kill sites differed by predator species, we created resource selection
functions (RSFs) using generalized linear models following a use-availability design (Manly et
al. 2002, Johnson et al. 2006). We used GPS locations from predator kills as use points and
determined available area by casting 10,000 random locations throughout the study area using a
random point generator in ArcGIS Pro 2.2 (Environmental Systems Research Institute, Redlands,
California, USA) which adequately captured available habitat in our study site. We down
weighted our random locations to ensure they were equivalent to use points within our RSFs.
Habitat variables in our RSF included elevation, a measure of ruggedness (VRM;Sappington et
al. 2007), slope, distance to roads, distance to natural gas well pads, and distance to perennial
water sources. We obtained habitat variables from the Utah Automated Geographic Reference
Center (AGRC; https://gis.utah.gov/data). We used a VRM neighborhood of 3 pixels, as it
represents a fine scale of terrain that would likely be selected for ambushing prey (Sappington et
al. 2007). All environmental data was in raster format with pixel size of 30m x 30m. We created
7 a priori models and ranked models using Akaike’s Information Criterion corrected for small
sample size (AICc) through the “MuMIn” package in R (Barton 2019).

RESULTS
We captured a total of 50 neonate mule deer during 2019, including 13 located from VITs
and 37 located opportunistically. In 2020, we captured a total of 48 neonate mule deer, including
32 from VITs and 16 located opportunistically. We recorded 38 mortalities in 2019 and 23
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mortalities in 2020 between the time of capture and the end of December of the same year. We
had elastic bands on 7 collars fail prior to the end of our observation period in 2020 and these
animals were censored from our analyses at the time of collar failure. In 2019, we recorded
mortalities in the following categories: 8 bear kills, 14 cougar kills, 1 bobcat kill, 3 coyote kills,
7 kills by unknown predators, 1 death due to sickness/starvation, and 2 unknown mortalities
(Table 1). In 2020, we recorded the following mortalities: 7 bear kills, 3 cougar kills, 3 bobcat
kills, 1 coyote kill, 5 kills by unknown predators, 1 unknown mortality, 2 accidental mortalities,
and 1 underdeveloped birth (Table 1). One accidental mortality was due to capture-related causes
and the second was caused by entrapment in an animal burrow. The underdeveloped neonate was
found alive in a birth-site next to a healthy twin, but did not have fully developed eyes, teeth, or
hooves and was found dead the following day.
There was a significant difference in timing of bear-caused mortalities compared to
cougar-caused mortalities (p = 0.026; Table 2). Bear-caused mortalities of neonate mule deer
happened earlier in the summer (mean week = 2.65, SE = 0.64) relative to cougar-caused
mortalities (mean week = 8.35, SE = 1.73; Table 3). We observed over 50% of bear-caused
mortalities of neonate mule deer during the first week following birth (Figure 2). There were no
significant differences in timing of coyote-caused or bobcat-caused mortalities compared to other
predator species (p ≥ 0.096; Table 4). Despite differences in timing of bear-caused and cougarcaused mortalities of neonate mule deer, we did not observe differences in habitat of kill
locations for these predator species. Based on AICc value, the RSF modeling kill sites by
elevation was the best fitting model, however the null model was competing (∆AICc = 0.14) and
carried high weight (Table 4). A summary of the top model also indicated no difference in
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elevation of kill sites between bear and cougar, as the coefficient for predator was -0.011 (SE =
0.625) and the interaction between predator type and elevation was -0.004 (SE = 0.801; Table 5).

DISCUSSION
Predation was the primary cause of mortality for neonate mule deer during both years of our
study, accounting for 85.24% of observed mortalities. We observed differences in timing of kills
between some predators in our study site, which supported our first hypothesis. Timing of black
bear kills occurred sooner after birth than cougar kills, but there were no timing differences
among the other predator comparisons. Black bears killed neonate mule deer shortly following
birth, with over 50% of kills observed in the first week following birth and over 75% of kills by
the third week (Figure 1). In contrast, cougars killed neonate mule deer throughout the year and
were the primary predator after the first four weeks following birth. Though we observed kills by
bobcats and coyotes, we did not observe significant differences in timing of kills compared to
other predators. However, the comparison between black bear and coyote kills was approaching
significance (p=0.096) despite the small number of observed coyote kills (n=3). It is likely that
the mean day of coyote kills is later following birth than black bears, as we observed coyotes
killing neonate mule deer several months after birth.
Differences in timing of kills between black bears and cougars is likely due to differences
in hunting strategy. Black bear are omnivorous and typically feed on vegetation or scavenge
carcasses (Ballard et al. 2001). However, black bear can be predatory and have an acute sense of
smell. Neonate mule deer use a hiding strategy during the first few weeks of life to avoid
predators by lying motionless in thick cover. Since we observed the majority of black bear kills
during the first two weeks of life when neonate mule deer typically employ a hiding strategy,
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black bear most likely located and captured hiding neonates using scent. As neonate mule deer
become old enough to flee, black bears are less able to capture them. In contrast, cougars are an
obligate carnivore that employ stalking and ambush hunting strategies (Ballard et al. 2001, Clark
et al. 2014). Cougars have the ability to capture older neonates and are a primary predator of
adult mule deer (Clark et al. 2014). We did observe a higher rate of cougar kills earlier in the
summer that decreased after approximately 15 weeks following birth (Figure 1). The decrease in
kill rate by cougars later in the summer could be due to the increased body size of neonate mule
deer allowing more time between feedings.
Despite the difference in timing of kills by black bears and cougars, we did not observe
differences in habitat characteristics between kill sites for these predators. We were unable to
assess differences in habitat characteristics of bobcats and coyotes due to the small number of
kills we observed. We assessed differences in kill sites at the second order of selection, which
encompasses the home range for individual species (Johnson 1980). It is possible that habitat
characteristics of kill sites for black bears and cougars differ on a finer scale of selection. Mule
deer display reduced home range size during parturition and rearing of young, making it likely
that variability of kill sites by black bear and cougar were limited to where neonate mule deer
were being reared (Long et al. 2009). Rearing habitat for mule deer in the Book Cliffs area is
limited to higher elevation areas with adequate forage and topography, limiting the area where
neonate mule deer are available for predators (Payne et al. 2015). Assessment of third-order
selection of kill sites would require GPS data from each predator species collected at a fine
temporal scale.
An assessment of other studies of cause-specific mortality of neonate mule deer yielded
similar predators, however the prevalence of kills by each predator species differed by study
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area. In the Uncompahgre Plateau of western Colorado, malnutrition and disease were the
primary cause of mortality for neonate mule deer, followed by high coyote predation, moderate
bear predation, and minimal felid predation (Pojar and Bowden 2004). Neonate mule deer in the
Piceance Basin of north western Colorado experienced a high degree of predation, with
significant predation by black bears, coyotes, and cougars with limited bobcat predation
(Peterson et al. 2018b). In central Arizona, predation was also the leading cause of mortality for
neonate mule deer, with most mortality caused by cougars and minimal bobcat, bear, and coyote
predation (Quintana et al. 2016). In northern New Mexico, many neonate mule deer died due to
malnutrition in addition to a high degree of coyote predation, moderate bear predation, and
minimal cougar and bobcat predation (Lomas and Bender 2007). In contrast, neonate mule deer
in central Texas were preyed upon heavily by bobcats, with limited predation by other species
even though they were present in the study area (Haskell et al. 2017). Despite similar predator
communities among the studies described above, and even relatively close study areas in some
cases (i.e. our study site, the study site in Pojar and Bowden (2004) and the study site in Peterson
et al. (2018b) were all <100km apart), cause of death of neonate mule deer is highly variable
over space and time.
Despite variability in cause of death of neonate mule deer in areas with similar predator
communities, temporal patterns of kills by each predator species were likely similar among study
sites. Pojar and Bowden (2004) provided a graphic depicting timing of all mortality events.
Based on the figure provided by Pojar and Bowden (2004), temporal patterns of predation by
species was similar to what we observed; black bear predation only occurred in the first six
weeks following birth while coyote and felid (i.e. cougar and bobcat) predation occurring
throughout the entire year. It is likely that the temporal patterns of predation by each predator
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species observed in our study are similar throughout mule deer populations with black bears,
cougars, coyotes, and bobcats present, as timing of predation for each species is dependent on
hunting strategy. However, the amount of neonate mule deer killed by each predator species can
vary dramatically between areas due to several complex factors, including population size of
each predator species, quality of mule deer habitat and hiding cover, and presence of
anthropogenic features on the landscape. Understanding how different predator species influence
survival of and recruitment of neonate mule deer can assist in identifying limiting factors to a
population. We have identified differences in temporal patterns of timing of kills for predator
species on neonate mule deer. Future research should focus on fine-scale assessment of habitat
characteristics associated with kill sites of different predator species to provide further insight
into the complex relationship affecting neonate mule deer in a complex predator community.
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FIGURES

Figure 2-1: Location of study site within the Book Cliffs area of eastern Utah, USA
encompassing birthing and rearing habitat (gray polygon) within the annual geographic range
(black polygon) of mule deer.
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Figure 2-2: Cumulative mortality of neonate mule deer caused by black bears and mountain
lions from birth to six-months of age in the Book Cliffs, Utah, USA 2019-2020 modeled using
local polynomial regression.
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TABLES
Table 2-1: Cause-specific mortality of neonate mule deer in the Book Cliffs region of Utah,
USA during 2019 and 2020.

Predator Species
Black Bear
Bobcat
Cougar
Coyote
Unknown Predator
Sickness/Starvation
Unknown
Accident
Underdeveloped Birth
Total

Number of Predation
Events
2019
2020
8
7
1
3
14
3
3
1
7
5
1
0
2
1
0
2
0
1
36
23

55

Table 2-2: Timing of predator-caused mortalities of neonate mule deer in the Book Cliffs
region of Utah, USA during 2019 and 2020 compared using a Mann-Whitney U test.
Results of Mann-Whiney U Test
Species Comparison
p-Value
Bear-Cougar
0.03
Bear-Bobcat
0.53
Bear-Coyote
0.10
Cougar-Bobcat
0.45
Cougar-Coyote
0.53
Bobcat-Coyote
0.36
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Table 2-3: Mean (±SE) number of weeks after birth that neonate mule deer died due to
predation in the Book Cliffs region of Utah, USA during 2019 and 2020.

Predator
Bear
Cougar
Bobcat
Coyote

Mean Week of
Kill
2.65
8.35
4.00
8.67
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SE n
0.64 17
1.73 17
2.35 4
4.41 3

Table 2-4: Model selection results illustrating the number of parameters (k), the difference in
Akaike’s Information Criterion from the top model (AICc), and the model weight for 7 a priori
resource selection function models of kill sites for bear and cougar in the Book Cliffs, Utah,
USA during 2019 and 2020.

Model
Elevation
Null
VRM
Distance to Roads
Slope
Distance to Water
Distance to Wells

k ∆AIC Weight
4 0.00
0.25
2 0.14
0.23
4 1.14
0.14
4 1.22
0.13
4 1.47
0.12
4 2.22
0.08
4 2.92
0.06

58

Table 2-5: Estimates of predictor variables in the top resource selection function model of
kill sites for bear and cougar in the Book Cliffs, Utah, USA during 2019 and 2020.

Variable
Intercept
Elevation
Predator: Cougar
Elevation*Predator: Cougar

Estimate
-0.23
0.86
-0.01
0.00
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SE
0.41
0.54
0.63
0.80

p-Value
0.58
0.11
0.99
1.00

