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Large herbivores exhibit relatively slow-paced life histories, and allocate resources toward maintaining high rates of adult
survival, while juvenile survival has greater variability. Maternal females make decisions throughout life stages of reproduction to
meet their nutritional demands while simultaneously ensuring survival and recruitment of young to maximize fitness. We
investigated tradeoffs associated with resource selection by mule deer (Odocoileus hemionus) surrounding stages of reproduction
in Mojave National Preserve, CA, USA. To understand potential tradeoffs associated with offspring survival and maternal nutritional
condition, we measured differences in patterns of resource selection among pre-parturient females, females provisioning young,
and females following the loss of young. The third trimester of gestation and lactation are considered the most nutritionally
demanding stages of reproduction. We hypothesized that energetic costs would change rapidly throughout those stages of
reproduction, especially after the loss of an offspring. Further, we hypothesized that lactating females would balance the
acquisition of nutritional sources with safety of young. We used radio-collar and randomly generated locations to model resource
selection in a hierarchical approach utilizing machine learning algorithms and traditional resource selection functions (RSFs). We
also monitored recruitment of young born to GPS-collared females using VHF radio-collars equipped with mortality indicators.
During all 3 stages of reproduction, adult females selected greater NDVI, less rugged terrain, areas close to water (especially while
provisioning offspring), and higher elevations. Selection for greater levels of NDVI was stronger pre-parturition and following the
loss of offspring compared to when females were provisioning offspring. We also observed high variation towards the selection of
NDVI among individual females while provisioning young that was less pronounced during the other reproductive stages. Offspring
survival during our study was positively associated with females that selected greater levels of NDVI. Further, we were not able
to detect a tradeoff between safety of young (ruggedness) and nutrient acquisition (NDVI). Perhaps predation risk and nutritional
resources are not mutually exclusive in this ecosystem; and, females may be able to balance reproductive investment with the
ability to select for water and nutrition while simultaneously ensuring lower risk of predation for themselves and their offspring.
 

   

  Contribution to the field

Our study utilizes a rare dataset in ungulate ecology in which we obtain fine scale data on locations, pregnancy, parturition, and
offspring survivorship on a population of female mule deer in an arid ecosystem. We investigated how resource selection may
differ throughout reproductive time frames, where we are able to separate location data during the third trimester of
pregnancy, when females were known to be provisioning young, and immediately following the loss of an offspring. We draw
inferences on how females make behavioral decisions to balance the requirements in current and future reproductive investment.
We found that maternal females exhibit a strategy in occupying areas that cater to the nutritional demands during lactation that
also are relatively safe for young, all the while enhancing the probability of recruiting offspring in to the population. Moreover, we
show that when lactation demands come to an abrupt halt, females switch strategies to using areas with high quality forage to
replenish somatic reserves thereby investing in future reproductive effort. Understanding limitations and behavioral decisions by
maternal females surrounding reproduction enhances our understanding of ungulate ecology. Furthering our knowledge in factors
affecting a crucial life-history stage in a long-lived herbivore informs future population performance as environments continue to
shift.
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Abstract 

Large herbivores exhibit relatively slow-paced life histories, and allocate resources toward 

maintaining high rates of adult survival, while juvenile survival has greater variability. Maternal 

females make decisions throughout life stages of reproduction to meet their nutritional demands 

while simultaneously ensuring survival and recruitment of young to maximize fitness. We 

investigated tradeoffs associated with resource selection by mule deer (Odocoileus hemionus) 

surrounding stages of reproduction in Mojave National Preserve, CA, USA. To understand 

potential tradeoffs associated with offspring survival and maternal nutritional condition, we 

measured differences in patterns of resource selection among pre-parturient females, females 

provisioning young, and females following the loss of young. The third trimester of gestation and 

lactation are considered the most nutritionally demanding stages of reproduction. We 

hypothesized that energetic costs would change rapidly throughout those stages of reproduction, 

especially after the loss of an offspring. Further, we hypothesized that lactating females would 

balance the acquisition of nutritional sources with safety of young. We used radio-collar and 

randomly generated locations to model resource selection in a hierarchical approach utilizing 

machine learning algorithms and traditional resource selection functions (RSFs). We also 

monitored recruitment of young born to GPS-collared females using VHF radio-collars equipped 

with mortality indicators. During all 3 stages of reproduction, adult females selected greater 

NDVI, less rugged terrain, areas close to water (especially while provisioning offspring), and 

higher elevations. Selection for greater levels of NDVI was stronger pre-parturition and 

following the loss of offspring compared to when females were provisioning offspring. We also 

observed high variation towards the selection of NDVI among individual females while 

provisioning young that was less pronounced during the other reproductive stages. Offspring 

survival during our study was positively associated with females that selected greater levels of 

NDVI. Further, we were not able to detect a tradeoff between safety of young (ruggedness) and 

nutrient acquisition (NDVI). Perhaps predation risk and nutritional resources are not mutually 

exclusive in this ecosystem; and, females may be able to balance reproductive investment with 

the ability to select for water and nutrition while simultaneously ensuring lower risk of predation 

for themselves and their offspring.   

Introduction 

 Life-history strategies and associated decisions are tightly linked with survival and 

reproductive success, which are directly linked to population performance (Clutton-Brock and 

Sheldon 2010, Bonte and Dahirel 2017). Variation in life-history strategies among species result 

from selective pressures caused by a variety of factors including: climatic stochasticity, 

predation, disease, or food availability (Ricklefs and Wikelski 2002). Animals exhibit variation 

in pace of their life-histories; specifically, the amount of investment to the care of young versus 

survival or future reproduction during the reproductive cycle (Clutton-Brock and Sheldon 2010). 

Species with fast-paced life histories typically invest time and energy into producing many 

young in a short lifetime (Promislow and Harvey 1990). In contrast, species that exhibit a slow-

paced life history typically invest a larger proportion of resources into longer gestation, greater 

investment in individual offspring, and successful recruitment of young over a longer lifetime 

(Van Noordwijk and de Jong 1986).  
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Animals are commonly forced to make tradeoffs to maximize certain demographic 

parameters to enhance overall fitness (Ricklefs 1994). Whether or not individuals are forced to 

make those reproductive tradeoffs is often driven by somatic reserves or availability of 

nutritional resources on the landscape. When a large amount of maternal time and effort is 

allocated to producing and recruiting young, somatic reserves can be greatly diminished, and 

availability of resources on the landscape may determine if reproduction will be successful 

(Stearns 1989). If females are in a poor nutritional state with limited opportunity to successfully 

reproduce, species with fast-paced life histories may be forced to trade off their own survival for 

reproduction. Conversely, species that exhibit slow-pace of life strategies are more likely to 

tradeoff current for future reproductive effort rather than trading survival. Both strategies have 

the goal of maximizing reproductive fitness over their lifetime (Williams 1966, Gaillard et al. 

1998, Stearns 1989, Gaillard et al. 2000). 

Large, herbivorous mammals exhibit a slow pace of life strategy, and individuals in poor 

nutritional condition may tradeoff investment in current reproduction for future reproductive 

success (Clutton-Brock et al. 1983). Nevertheless, maternal females that consistently maintain a 

higher nutritional plane between breeding seasons rarely exhibit signs of reproductive costs and 

limitations on opportunities for future reproduction (Hamel et al. 2009). Conversely, females 

occupying nutritionally limiting environments, or individuals unable to maintain a continuous 

high plane of nutrition are often tightly linked to environmental stochasticity, especially relative 

to forage availability to drive year-to-year reproductive success (Therrien et al. 2008, Monteith et 

al. 2014, Heffelfinger et al. 2018). Even in instances where females are not nutritionally limited, 

an additional cost to reproduction is keeping young safe from predation by maintaining vigilance 

and using areas that are safer for young (White and Berger 2001). Thus, in areas where current 

and future reproductive costs may be more dependent on landscape level or environmental 

attributes (arid environments, harsh winters, etc.), maternal females may be faced with decisions 

about selection or use of resources that directly affect their ability to care and provision young, 

while attempting to maintain a high enough plane of nutrition to invest in future reproduction.  

Animal location data can be used to investigate patterns of resource use on the landscape 

at both the individual and population levels (Johnson 1980, Manly et al. 2007). Those patterns 

can, in turn, reflect behavioral influence on acquisition and allocation of resources toward 

survival and reproductive success. Selection of high-quality resources can directly result in a 

higher fitness for an animal regardless of their life-history strategy. Therefore investigation into 

selection of resources is assumed to be tied directly to reproductive fitness (Kawecki and Stearns 

1993, Aldridge and Boyce 2007, Dzialak et al. 2011). The stages of reproduction, however, 

induce different limitations and requirements on the nutritional state or potential to increase 

fitness of individuals (Barboza et al. 2009). For example, adults may select habitats with lower 

quality food resources if the habitat affords offspring increased protection from predators (White 

and Berger 2001, Hebblewhite and Merrill 2009). Conversely, late-gestation and lactation are the 

most energetically and nutritionally demanding periods throughout the life-cycle of females, and 

selection of resources should be directed towards those with the greatest nutrition (Barboza et al. 

2009).  Therefore, understanding resource selection during reproductive stages such as gestation, 

early provisioning of young (lactation), and post-provisioning (following juvenile mortality), 

may prove to be important in understanding potential tradeoffs throughout the reproductive cycle 

(McLoughlin et al. 2006). A sudden shift to a non-provisioning state from the energetically 
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costly state of lactation (via loss of offspring) may result in a shift in behavior and resource use. 

With the loss of an offspring, females likely shift to a strategy of resource selection that 

maximizes body condition to recover from the high demands of lactation prior to the start of the 

next reproductive cycle. Further, adult females must also maintain vigilance to mitigate predation 

risk among variable nutritional constraints throughout the reproductive life stages (Cristescu et 

al. 2019). Few studies, however, have explored differences in resource selection associated with 

specific stages of reproduction using location data (Barten et al. 2001, Long et al 2009, Shuman 

et al. 2018). Even fewer studies have attempted to assess the fitness consequences (e.g., 

individual probability of successful recruitment of young into the population) resulting from 

variation in selection of resources between reproductive stages.  

Large, herbivorous mammals typically exhibit high and relatively stable survival rates of 

adults throughout their geographical range (Bishop et al. 2009, Hurley et al. 2011, Bender et al. 

2012, Monteith et al. 2014). Therefore, population performance of ungulates is most often 

regulated by successful reproduction and recruitment of young (Gaillard et al. 1998, 2000). We 

used a non-migratory population of mule deer (Odocoileus hemionus) as a representative species 

of large herbivores to test how selection of resources varies during different stages of 

reproduction as a result of tradeoffs between nutritional requirements for the mother and safety 

of offspring. Our objective was to identify factors that influence space use of individual females 

and selection of resources within their annual home range, indicated by landscape characteristics, 

during 3 stages of reproduction, 1) late gestation and just prior to parturition, 2) while the 

maternal female is provisioning young (i.e. during lactation), and 3) after an abrupt halt in 

allocating resources to young (i.e. following mortality of offspring). Further, we seek to evaluate 

how selection of resources by females while provisioning young may influence the chance of 

successfully recruiting their young into the population. Previous work in our study area indicates 

that individuals select landscape features, including areas close to water and at high elevations, 

typical for mule deer populations occupying arid environments prior to parturition (McKee et al. 

2015). We hypothesized that female mule deer trade off high-quality resources for safety of 

offspring, by selecting areas within their annual home range that are more conducive to survival 

and recruitment of offspring. Therefore, we predicted that females with dependent young select 

and occupy areas more suitable to the safety of young compared to selection of resources prior to 

parturition. Further, we hypothesized that after a sudden transition to a non-reproductive state 

following loss of offspring, mule deer selected resources suitable for recovery of nutrient stores 

to improve nutritional condition prior to the next reproductive cycle.  

Methods 

Study Site 

Mojave National Preserve is located in San Bernardino County, in southeastern 

California, USA (35° 00’ N 115° 28’ W). Mojave National Preserve covers nearly 650,000 ha of 

extensive bajadas and playas in the valley floors between rugged mountain ranges of granite, 

basalt, and igneous rock (McKee et al. 2015). Elevation ranges from 270m in the valleys to 

2417m at the peak of Clark Mountain. Vegetative communities in Mojave National Preserve 

vary by elevation and with temperature and precipitation (National Park Service 2017). 

Vegetative assemblages represent typical Mojave Desert ecosystems with small influences of 
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Great Basin and Sonoran Desert vegetation in transition zones (McKee et al. 2015; National Park 

Service 2017).   

 Mojave National Preserve has high temperatures during the summer months and the 

precipitation pattern is bi-modal, with peaks during summer and winter (McKee et al. 2015). 

Mean annual precipitation at mid- to upper elevations is 18 cm (SD=26; 1992-present, Meso 

West Weather Station, Operated by the University of Utah, Salt Lake City) and 9.3 cm (SD=12) 

at low elevations (1980-present, Soda Springs, northern Mojave National Preserve). Mean 

maximum temperatures during the winter are 19°C and 13°C, and 40.5°C and 33°C during the 

summer at low and high elevations respectively. 

 We established 3 study sites that best characterized suitable habitat based on movements 

of adult female mule deer from a previous study (Figure 1; McKee et al. 2015). The New York 

Mountains study site is 27,195 ha and has 4 permanent water sources. The New York Mountains 

study site consists of steep, rocky pinyon-juniper woodland (Pinus monophylla and Juniperus 

osteosperma) in the upper elevations, a scrub live oak (Quercus turbinella) and bitterbrush 

(Purshia glandulosa) shrubland in mid-elevations, and yucca (Yucca schidigera) and creosote 

(Larrea tridentata) in desert shrublands at lower elevations. The Midhills study site consists of 

39,368 ha with 19 water sources, and experienced an extensive wildfire in 2005. The burned 

portion of the study site is currently dominated by globemallow (Sphaeralcea spp.), bitterbrush, 

and desert almond (Prunus fasciculate) within the rolling hills but still has patches of unburned 

Great Basin sagebrush (Artemisia tridentata) and pinyon-juniper woodland in the upper 

elevations (McKee et al. 2015). Cima Dome, the third study area, consists of 40,404 ha, has 7 

permanent water sources with little elevation change, and is dominated by Joshua tree (Yucca 

brevifolia) woodland, blackbrush (Coleogyne ramosissima), bitterbrush, creosote bush, and 

sparse patches of juniper (Figure 1; McKee et al. 2015). 

Field Data Collection 

 In late February or early March from 2013 to 2016, we captured adult female mule deer 

via net gun from a helicopter (Krausman et al. 1985). Only one female was captured from each 

observed social group encountered to maintain independence of sampling. Each deer was 

brought to a central processing station where they were marked with uniquely colored and 

numbered ear tags and fitted with GPS radio collars programmed to collect one location every 90 

minutes (collar model G2110D, Advanced Telemetry Systems, Isanti, MN USA). After each 

adult female was processed we released them from the central processing station. Movement data 

were censored for the first 2 weeks following capture to discount the effects of handling. We 

programmed radio collars to drop off about one year after deployment; collars also had a 

mortality switch with a Very High Frequency (VHF) transmitter so ground crews could locate 

collars following a mortality event or after the collar was dropped.  

We used ultrasonography to determine pregnancy status for each adult female 

(Stephenson et al. 1995, 2002). A vaginal implant transmitter (VIT, model M3930L, Advanced 

Telemetry Systems, Isanti, MN USA) was inserted into the birth canal of all females that were 

pregnant (Bishop et al. 2007). We used modified VITs described by Bishop et al. (2011) that 

were also equipped with a temperature sensor, a photo sensor, and Precise Event Timing (PET) 
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as described by Heffelfinger et al. (2018, Carstensen et al. 2003, and Bishop et al. 2007).  When 

data collection was completed, individuals were then released from the central processing station 

or, if moved more than 4 km from the capture site, were returned to the original capture location 

and released. 

  Concurrent with this study, juvenile survival was investigated with 110 neonates that 

were captured, collared, and monitored every 1-3 days for survival (see Heffelfinger et al. 2018 

for a more detailed description of neonate handling methodology). Using the PET coding from 

each VIT, used to capture a neonate, timing of parturition for the mother was known. For those 

juveniles caught in instances where the PET coding failed (n=44), parturition date was estimated 

using at least two of the following indices: neonate’s hoof condition, behavior, umbilicus 

condition, size, and date the mother was last known to be pregnant (Haugen and Speake 1958, 

Haskell et al. 2007, Monteith et al. 2014).  Juveniles were monitored via telemetry following 

capture. Thus, the date of mortality for each neonate was known and was then linked with GPS 

data for the associated maternal female.  

All procedures were approved by the Institutional Animal Care and Use Committee at the 

University of Nevada, Reno (IACUC Protocol #: 00538) and were in keeping with guidelines 

established by the American Society of Mammologists for research on wild mammals (Sikes 

2016). We also complied with capture and handling procedures developed by the California 

Department of Fish and Wildlife.   

Dataset Preparation 

 Our ability to assess resource selection during various stages of reproduction was 

dependent on capturing and monitoring neonates from collared adults. Thus, for this analysis, we 

used locations of collared females with associated captured and marked neonates from 2013 to 

2016. We eliminated any major outlying points associated with short-term, exploratory 

movements by visually evaluating locations in ArcGIS (Moen et al 1997; ArcGIS 10.3, 

Environmental Systems Research Institute, Redlands, California, USA). We calculated annual 

kernel density estimates with a 99.9% isopleth using Geospatial Modeling Environment (Beyer 

2015). Those annual home ranges were used to quantify availability of resources within the 

home range (i.e. 3rd order selection, Johnson 1980).  We buffered the estimated kernel by the 

average movement between points from marked individuals (200 m; SD=196.63) to prevent 

exclusion of space that was available to study animals beyond the outermost used locations in the 

99.9% kernel. This method of defining the available space familiar to females resulted in a mean 

kernel estimate of availability of 24.34 km² (SD=16.48; Supplemental Figure 1). Spatial 

familiarity regarding resources within an animal’s annual home range can influence demographic 

parameters (Forrester et al. 2015, Gehr et al. 2020). Thus, we used those estimates of annual 

home ranges as our designation for availability in order to draw inference in how maternal 

females select areas for reproduction from a spatial area in which they are familiar. Thus, our 

goal was to understand what features in individual home ranges influenced resource selection 

throughout phases of reproduction.  

 We separated locations from each individual into time periods associated with pre-

parturition, provisioning of young, and for some individuals, post-juvenile mortality. We 
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classified locations using the following criteria.  For pre-parturition, we included locations 30 

days prior to the date of parturition for each individual from which we had captured a neonate. 

We expected that individuals would most likely exhibit behaviors associated with the preparation 

of giving birth during this timeframe that could be compared with the subsequent periods of 

interest. For the timeframe of provisioning young, locations were included from parturition to 

either the time of juvenile mortality or through 30 days of provisioning young. We used 30 days 

post-parturition, because the quantity of milk produced and frequency of nursing drastically 

diminishes after 30 days, and resource requirements for the mother decline substantially (Sadlier 

1980, Gauthier and Barrette 1985). Thus, to compare the change from extreme provisioning of 

resources to no longer allocating resources to offspring, we only included individuals who had 

lost young prior to 30 days post-parturition for our post-juvenile mortality period. Inherently, our 

strict rule of only including females who lost young within the first 30 days resulted in a lower 

sample size of individuals, but the first 30 days is when female investment in provisioning young 

is greatest and most appropriate to test our hypothesis.  

 Our movement data set consisted of many unique maternal females throughout the 4 

years of the study within reproductive timeframes (pre-parturition, provisioning young, and post-

juvenile mortality). We obtained movement data during the pre-parturition timeframe for 12 

females in 2013, 15 females in 2014, 19 females in 2015, and 22 females in 2016 (n=68; 32,297 

locations). During the provisioning young timeframe, we obtained movement data for 12 females 

in 2013, 15 females in 2014, 18 females in 2015, and 22 females in 2016 (n=67; 26,655 

locations). Lastly, during the post-juvenile mortality timeframe we gathered location data for 7 

females in 2013, 8 females in 2014, 3 females in 2015, and 2 females in 2016 (n=20; 9,214 

locations). 

We included multiple landscape characteristics, shown to be important in selection of 

resources by mule deer (McKee et al. 2015), as covariates to identify patterns of resource 

selection during the 3 time periods (Table 1). Those covariates included distance to the nearest 

water source (m), elevation (m), slope (%), tree cover (%), and shrub cover (%) using 

LANDFIRE remote imagery products (LANDFIRE 2014). We also estimated a measure of 

ruggedness with the vector ruggedness metric (VRM; Sappington et al. 2007) and a 

transformation of aspect by cosine (north-south) and sine function (east-west), which was 

calculated from a Digital Elevation Model (DEM) of the study area (LANDFIRE 2014). 

We retrieved monthly Normalized Difference Vegetation Index (NDVI) values for the 

duration of the study from Landsat 8 imagery to include as a covariate to assess selection based 

on vegetation phenology (Climate Engine 2017). The Mojave National Preserve has very little 

hardwood canopy cover. Thus, NDVI is a relative measure of both shrub and annual forb 

“greenness”. Finally, we retrieved land cover data to assign dominant vegetative communities 

throughout the study area using the United States Geological Survey (USGS) Central Mojave 

Vegetation Database derived in 2011 and amended in 2014 (Thomas et al. 2004, McKee et al. 

2015).  Dominant vegetation types were divided into the following categories: juniper wooded 

shrubland, Joshua tree wooded shrubland, pinyon wooded shrubland, Mojave yucca shrubland, 

desert wash, low elevation blackbrush-creosote shrubland, big-sagebrush shrubland, and burn 

area from the Hackberry Complex fire in 2005. Collinearity was assessed for all predictor 

variables using a correlation matrix in R (3.3.2, R Core Team) and we did not include any 
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variables in the same model if highly correlated (| r | >0.65 with one another; Stewart et al. 2002, 

Long et al. 2014).  

We determined the number of ‘available’ points to sample randomly within the complete 

home range for each deer following the sensitivity analysis approach suggested by Renner et al. 

(2015), which is designed to ensure an appropriate sample size of background points such that 

resource selection coefficients derived from logistic regression (e.g., generalized linear mixed-

effects model; Gillies et al. 2006) matches the ‘selection intensity’ coefficients derived from a 

point-process modeling approach (Renner et al. 2015; Warton and Shepherd 2010). Specifically, 

we first fitted down-weighted Poisson regression (DWPR) models for each individual deer using 

the full set continuous and categorical covariates hypothesized to influence resource selection 

(see below) to a wide range of alternative background point densities (‘glm’ function in R). We 

varied background point densities from 50 to 2500 points per km², repeating the sampling and 

fitting algorithm 25 times across 8 different background point densities. We then identified the 

approximate threshold beyond which model performance (log likelihood) became insensitive to 

the specific set of background points sampled (‘likelihood convergence’; Renner et al. 2015). 

Using this method, we found that an average density of 500 random background points per km² 

was sufficient for characterizing the distribution of environmental conditions available to each 

deer in our study (Supplemental Figure 2). Therefore, we constructed our resource selection 

models (both Random Forest and GLMM; see below) such that each unique deer/status 

combination was paired with an appropriate number of random background points (500 per km²).  

Identifying Variables for Resource Selection by Reproductive Stage 

 We used Random Forest, a machine learning approach (Cutler et al. 2007; Shoemaker et 

al. 2018, implemented in the ‘ranger’ package in R; ), to identify those features on the landscape 

that were most important in explaining resource selection across our population of female mule 

deer for each reproductive stage. Those features identified as important by the Random Forest 

algorithm were used to fit a generalized linear mixed-effects model (GLMM) designed to test for 

differences among reproductive timeframes (see below). RF is a machine-learning algorithm 

commonly used by ecologists to perform feature elimination and to discover relationships 

between a response variable and numerous predictor variables without imposing constraints such 

as linear responses and interactions (Cutler et al. 2007; Shoemaker et al., 2018). Our RF models 

(one model for each reproductive status) were fitted using 1000 trees, with each splitting 

criterion chosen from a sample of 5 (out of 9) predictor variables (we removed the ‘slope’ 

variable prior to model fitting due to high correlation with ‘ruggedness’). The RF settings were 

optimized via cross-validation using the ‘caret’ package in R (Kuhn et al. 2019). We computed 

the relative importance (RI) of predictor variables as the average degree to which out-of-bag 

prediction error increased when information about each predictor variable was removed from the 

analysis (Cutler et al. 2007). Importance rankings therefore account for both the main influence 

of the predictor on selection as well as inclusion of the variables in identified interactions 

(Shoemaker et al. 2018). For ease of interpretation we rescaled the reported relative importance 

values by normalizing them from 0 (least) to 1 (most) important variables. We generated partial 

dependence plots to visualize univariate relationships for those variables with the highest 

importance indices (Shoemaker et al. 2018). Finally, we used cross-validation to evaluate how 
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well our RF model built at the individual level would predict resource use at a population scale; 

instead of the traditional method where each “fold” (n = 3) represented a random subset of the 

entire dataset (De’ath and Fabricius 2000), we generated each fold as a subset of individuals 

from the study.  

Testing Differences in Resource Selection by Reproductive Stage 

 After characterizing important variables and general trends in resource selection across 

our population via our RF modeling process, we used a generalized linear mixed-effect modeling 

framework (GLMM, for which we assumed a binomial error distribution and a logit link) to test 

for differences in resource selection patterns among reproductive stages. To ensure that selection 

coefficients and interactions terms were generalizable to the population and not an artifact of 

individual variation in selection patterns (Gillies et al. 2006, Aarts et al. 2013), we included 

random intercept and slope terms for each unique individual. Specifically, variation in resource 

selection patterns among individuals was modeled with a random-intercept term and random 

coefficients for each main effect and interaction term in the full model (Gillies et al. 2006) 

(analogous to 3rd order selection; Johnson 1980). The full model included main effect terms for 

each of the top four environmental gradients identified in the RF analysis (NDVI, elevation, 

ruggedness, and distance to water; see Results section), a main effect term for reproductive stage, 

and interaction terms for each of these environmental gradients with reproductive stage (testing 

differences in resource selection patterns by reproductive stage). To ensure resource selection 

coefficient estimates were unbiased and analogous to coefficients derived from a point-process 

model (PPM; Warton and Shepherd 2010), we fixed the random intercept term with a high 

variance and “infinitely weighted” available vs. used points following Muff et al. (2019). 

Effects of Resource Selection on Reproductive Output 

 After identifying population level patterns in selection of resource (RF modeling) and 

differences in reproductive timeframes at the individual scale (GLMM tests), we sought to 

identify a potential tradeoff between juvenile safety (rugged terrain) and nutrition acquisition 

(NDVI). We tested for a linear relationship between an individual's selection for ruggedness 

(individually based selection coefficients (from our GLMM exercise) and the available NDVI 

within a female’s home range to potentially illustrate a tradeoff. Additionally, we sought to 

assess influences of habitat selection on increasing an individual's reproductive output (i.e. 

successful juvenile recruitment). To test for a relationship between habitat characteristics and 

reproductive success (juvenile  recruitment), we conducted a known-fate analysis using juvenile 

recruitment data derived from telemetry data which was censored after the first 120 days of life 

(DeCesare et al. 2016). We summarized the data in a capture history format, with each row 

representing a unique juvenile and each column representing whether each juvenile was known 

to be alive or dead during each 1-week interval. Weekly juvenile survival probability was 

modeled as a logit-linear function of the maternal female’s use of the top three environmental 

gradients identified in the RF analysis (see above), NDVI, and a logit-normal random intercept 

term for year. We fitted known-fate models in a Bayesian framework using JAGS (Plummer 

2003), which was called from R using the “jagsUI” package (Kellner 2019).  

Results 
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Identifying Variables for Resource Selection by Reproductive Stage 

 In all 3 reproductive periods, the RF model indicated a clear top 4 variables that explain 

resource selection patterns within our system. In order of importance, mule deer tended to select 

greater values of NDVI, a variation in rugged terrain, areas closer to water sources, and higher 

elevations, than were available (Figure 2). The order and magnitude of these four variables 

switched slightly among time periods (Figure 3), with distance to water becoming more 

important than ruggedness for the provisioning period. Using these identified important 

variables, directed tests for differences between reproductive timeframes are outlined in our 

GLMM procedure (below). Predictor variables that did not prove to be especially important in 

explaining resource selection during our reproductive timeframes included vegetation type, 

North-South aspect, East-West Aspect, shrub cover, and tree cover (Figure 3). Cross-validation 

of our RF models resulted in AUC values of 0.65, 0.65, and 0.63 for pre-parturition, 

provisioning, and post-juvenile mortality stages, respectively (0.96, 0.97, and 0.97 when cross-

validated with standard 3-fold cross-validation). Low cross-validation performance when folds 

were comprised of entire deer likely reflects substantial variation in resource selection patterns 

among individuals in our study population (also detected in our GLMM models; Figure. 4).   

Testing Differences in Resource Selection by Reproductive Stage 

Our GLMM models further confirmed our important variable identification (RF 

modeling) by demonstrating a selection for greater values of NDVI, less rugged terrain, areas 

closer to water sources, and higher elevations, than were available (Table 2, Figure 4). Our test 

of differences between reproductive stages also indicated that selection coefficients moderately 

differed by reproductive status along resource gradients (Table 2). Interestingly, the GLMM 

models suggested a less prominent role for NDVI as a predictor of resource selection while 

females were provisioning young, though, population level inference indicates general selection 

for higher NDVI (Table 2, Figure 4). Our GLMM results also indicate a stronger selection for 

areas closer to permanent water sources while females were provisioning young (Table 2). 

Additionally, our GLMM modeling results highlighted the high individual heterogeneity in 

selection coefficients within our study (Figure 4), which generally exceeded variation by 

reproductive status (with the exception of NDVI and distance to water). Estimated among-

individual heterogeneity in selection, reported as standard deviations on the logit scale, was 0.40 

for NDVI, 1.54 for ruggedness, 1.34 elevation, and 1.53 for distance to water.   

Effects of Resource Selection on Reproductive Output 

 Our test whether females traded off nutritional acquisition for juvenile safety indicated no 

statistical relationship between an individual’s selection for ruggedness and available NDVI 

(Figure 5). Our known-fate survival analyses indicated that juvenile recruitment was positively 

influenced by the maternal females use of areas with greater NDVI while provisioning (mean = 

0.56, 95% CI 0.09 to 1.04; Figure 6). We also noted a weak effect of elevation on juvenile 

survival, with higher elevations corresponding to lower recruitment success (mean = -0.27, 95% 

CI -0.72 to 0.13; Figure 6). The use of other environmental gradients (terrain ruggedness and 

distance to water) by maternal females had no detectable effect on juvenile recruitment 
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(ruggedness: mean = -0.13, 95% CI -0.5 to 0.23; distance to water: mean = -0.03, 95% CI -0.39 

to 0.34; Figure 6).  

Discussion 

Our hypothesis that female mule deer in the Mojave National Preserve would trade off 

nutritional intake for selection of areas to increase safety of young by shifting to a risk averse 

strategy was not well supported. In fact, we observed few instances where patterns of selection 

differed substantially among reproductive stages, primarily because of the large amount of 

individual variation in selection among our study animals. Overall, there were 4 main variables 

that explained the majority of resources selected by mule deer within this population across 

reproductive stages; vegetation greenness (NDVI), terrain ruggedness, distance to water, and 

elevation. Females that were provisioning young appeared to select lower values of NDVI 

relative to other reproductive timeframes (albeit with much more individual heterogeneity), but 

also selected areas close to sources of water. Though selection for more rugged terrain seemed to 

vary between our population level modeling (RF) and individual based procedure (GLMM) 

analyses, there were no significant shifts in selection between reproductive stages. Further, our 

tests of a direct tradeoff between nutritional intake (NDVI) and safety of young (rugged terrain) 

was not well supported. Selection of rugged terrain, however, did not decrease while females 

were provisioning young. Thus, females may have reduced concentration on nutrient acquisition 

(NDVI), while staying close to water and maintaining a minimum threshold level of safety for 

young through moderate use of rugged terrain among other landscape features.  

Our GLMM results suggest that females tended to select spatial areas to maximize 

nutritional intake (selecting habitat with higher NDVI) during all reproductive stages. Though, 

there was a shift in selection towards lower values of NDVI while females were provisioning 

young, the overall population level effect remained positive. We also demonstrated that terrain 

ruggedness and NDVI were positively correlated in our study area suggesting that females were 

able to select areas that were relatively safe for offspring while also allowing provisioning 

mothers to meet their nutritional and water demands. This observation is consistent with our 

result that successful recruitment of young, indicated by survival to 120 days after parturition, 

was highest in habitats with higher NDVI. Those results suggest that the nutritional value of 

habitat areas with relatively high NDVI, were not especially risky for mothers with dependent 

young. A more effective test for a tradeoff between personal nutrition acquisition and offspring 

safety would require a study site where patches of high value for resource acquisition and 

offspring protection were mutually exclusive.  

 We expected female mule deer to use shrub and tree cover in addition to rugged terrain 

to increase safety of young, but those variables were not selected strongly by females while 

provisioning young; in fact, shrub and tree cover were not meaningful predictors of habitat use 

during any reproductive stage. Interestingly, mule deer are known to defend their young from 

small or mid-sized predators (Lingle et al. 2005). Potentially for this reason, mule deer typically 

prefer habitats with high visibility, in addition to a lower perceived risk of predation while 

foraging or resting (Altendorf et al. 2001, Esparza-Carlos et al. 2016, Bose et al. 2018). Our 

GLMM analyses did not confirm a shift to stronger selection for offspring safety while 

provisioning young, indeed, the overall population level effect for selection of rugged terrain was 
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negative. Further, we observed constant selection of higher elevations in addition to lesser 

degrees of ruggedness, all of which could be assumed to enhance the ability for maternal 

vigilance towards predation risk. Our survival analysis, however, failed to confirm that 

ruggedness or elevation was positively correlated with offspring survival at our study site, and 

even indicated a trend toward lower recruitment success at higher elevations.  

  Forage quality, as indicated by higher NDVI, had a strong positive effect on the 

probability of successfully recruiting young into the population, while the effect of other 

environmental characteristics (e.g., ruggedness and distance to water) were much weaker. 

Indeed, NDVI has been directly linked to availability of high-quality forage for large herbivores 

(Marshal et al. 2005, Pettorelli et al. 2005, Creech et al. 2016). Additionally, lactation is 

nutritionally demanding for females (Oftedal 2000, Barboza et al. 2009), and the month 

immediately following parturition is when quantity of milk and the number of suckling bouts by 

the neonate are greatest (Sadlier 1980, Gauthier and Barrette 1985). When rich nutritional 

sources are available to a female while provisioning offspring, the quality and quantity of milk 

increases and she is able to invest those resources in her young (Scornavacca et al. 2016). In 

addition to nutrient acquisition to support lactation, the increased requirements for water during 

lactation is paramount to successfully supply milk to young (Barboza et al. 2009). Throughout all 

reproductive timeframes, females selected areas closer to permanent water sources, however, we 

observed stronger selection for areas closer to water while females were provisioning young. 

Water resources are essential for preparation for parturition and meeting the physiological 

demands of late gestation and lactation (Barboza et al. 2009, Bleich et al. 2010, McKee et al. 

2015). Both nutrient acquisition (via areas of greater NDVI) and access to water sources are 

important to maintain quality and quantity of milk for growth and survival of young. Thus, the 

nutritional quality of the landscape (through accessibility to forage and water) is directly linked 

to investment in offspring by maternal females (Scornavacca et al. 2016). Therefore, the ability 

of a female to keep her young safe while acquiring quality nutrients and then invest them in 

offspring directly affects her fitness and also population performance through  survival and 

recruitment of young (Heffelfinger et al. 2018). Therefore, the ability of large herbivores to 

provision nutritious milk to their young (i.e. current investment), while maintaining the mother's 

nutritional plane during lactation for future reproductive effort and survival (i.e. future 

investment) is likely to be an optimum strategy in instances where females are not forced to 

make tradeoffs between nutrition and safety of young.  

Our prediction that females would prioritize resource acquisition (i.e., NDVI) over other 

landscape characteristics after loss of their offspring was mildly supported by our results. Indeed, 

females selected for greater values of NDVI in all reproductive timeframes. However, our 

GLMM models indicated stronger selection for areas of greater NDVI following mortality of 

juveniles compared to the period when females were provisioning young. Those females that lost 

young immediately shifted to strong selection for higher nutritional sources likely to recover 

body condition following peak lactation. The ability to recover from the reproductive effort may 

be crucial to rebuild resources for the upcoming reproductive period. Therefore, change in 

selection of resources between provisioning young and recovery to a higher nutritional state may 

enable females to restore lost energy reserves and be more likely to successfully rear offspring to 

recruitment the following year. Nevertheless, our observation of increased selection for high 

NDVI habitats after offspring loss was either a result of release from the need to protect 
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offspring or an increased need to replenish somatic reserves after the nutritional demands of 

lactation to further future investment in reproduction the following year.  

Selection for NDVI was strong and consistent before parturition and following the loss of 

young compared to when females were provisioning young. Further, individual heterogeneity 

was greater while females were provisioning. Caring for young imposes many constraints on 

individual behavior for maternal mule deer. They must obtain nutritional resources, access 

sources of free-standing water, and maintain vigilance and defense of young from predation. The 

suite of constraints imposed on maternal females may result in many short term tradeoffs in 

resource use that are difficult to detect at a longer temporal scale. Heterogeneity among 

individuals that we observed during the provisioning stage, however, may indicate that 

individuals exhibited varying behaviors based on their individual needs, differences in nutritional 

condition, and the requirements of their young. Indeed, we demonstrated that among the high 

heterogeneity for selection of NDVI during this timeframe, females that successfully utilized 

areas of greater NDVI were more successful at recruiting young into the population. Therefore, 

weak selection of resources at the population level towards greater values of NDVI during the 

provisioning stage may be indicative of a high variance of differing short-term behaviors 

exhibited by maternal females rather than an indication of nutritional tradeoffs to increase 

survival of young. Furthermore, the lack of high variance in selection of NDVI pre-parturition 

and following the loss of young may indicate that females are no longer making short term 

behavioral decisions toward caring for young and avoiding predators of young, and therefore 

shift to more risk prone strategies to directly provision themselves to recover from the nutritional 

constraints of late gestation and lactation. 

There are very few studies investigating tradeoffs associated with selection of resources 

during different periods of the reproductive cycle, and how potentially differing needs of 

individuals affected overall selection of resources to enhance individual fitness (Barten et al. 

2001, Long et al 2009, Shumen et al. 2018). Long et al. (2009) investigated selection of 

resources and movements of female mule deer before and after parturition in a montane 

environment. Compared to our findings, they observed a varying relationship before and after 

estimated parturition in respect to the selection of distance to water sources. During pre-

parturition, Long et al. (2009) reported that mule deer selected locations further from water 

compared to post-parturition. Nevertheless, they investigated movement patterns of mule deer 

without information on survival of young in a temperate forest region of northeastern Oregon, 

USA (Long et al. 2009). Mule deer are known to be more closely tied to water in arid 

environments than in cooler, wetter environments, but plants in the montane environment 

generally have lower preformed water content than many of the succulent plants in our study 

(Hervert and Krausman 1986, McKee et al. 2015). Therefore, availability of water, both 

temporally and spatially, may differ too much to directly compare our results to Long et al. 

(2009). Barten et al. (2001) investigated habitat selection by caribou before and after parturition. 

They reported that caribou mothers switched habitat types when transitioning from pre-

parturition to provisioning of young, whereas females that did not reproduce did not exhibit 

habitat switching. They also reported that females with young preferred high-elevation terrain, 

similar to our results and likely indicating selection of areas that balance nutrient acquisition and 

safety of young. Their study area also had more efficient, larger-bodied predators (e.g. wolves 

(Canis lupus) and brown bears (Ursus arctos)) than occur in our study area, which consist of 
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coyotes (Canis latrans), bobcats (Lynx rufus), and occasionally cougars (Puma concolor).   

Finally, Shumen et al. (2018) evaluated resource selection of female white-tailed deer 

(Odocoileus virginianus) during both pre-parturition and while provisioning young collectively. 

They’re findings are counterintuitive in that females selected regions generally closer to 

nutritional sources (agriculture) to give birth while avoiding those same resources given 

availability within the region. Further, they conclude that females may be balancing both 

nutrition acquisition and care for young via predator avoidance, similar to the heterogeneity we 

observed during the provisioning time period. Although our investigation compared to Barten et 

al. (2001), Long et al. (2009), and Shumen et al. (2018) occurred in dramatically different 

ecosystems, the evidence that large, female herbivores select habitats to increase safety of young 

while acquiring resources for nutritional maintenance during the reproductive cycle is 

compelling (Bleich et al. 1997, Bowyer 2004). Depending on habitat quality and resources 

available, ungulates must constantly balance reproductive output via protection and safety of 

young with maintenance of their own nutritional needs for future investment in offspring to 

maximize their reproductive fitness  

We utilized RF as a means of feature selection and to identify potential differences in 

resource selection across reproductive timeframes. Because the RF models did not account for 

autocorrelation of observations within individuals, these models were prone to overfitting and 

therefore we only interpreted broad resource selection patterns and we caution against 

interpreting any fine-scale patterns identified by these models (Figure 2). Performance of our RF 

models for resource selection, measured via a rigorous cross-validation whereby we sequentially 

withheld all data associated with individual deer from model-fitting, was generally poor (AUC of 

0.65 for pre-parturition, 0.65 while provisioning young, and 0.63 following mortality of young). 

This unimpressive relationship, though better than random performance (Hernandez et al. 2006), 

likely resulted from high among-individual variation in patterns of resource selection, which we 

also detected via our GLMM modeling approach when modeled at the individual scale (3rd order 

selection; Johnson 1980). Indeed, when we compare univariate relationships between our RF 

models (Figure 2) and our GLMM models (Figure 4) several key differences are apparent. Both 

modeling approaches suggest a strong and positive effect of NDVI on resource selection 

propensity by females across all reproductive stages and a general tendency to select habitat 

areas nearer to water and higher in elevation. However, the GLMM models suggest a general 

tendency to avoid rugged habitats whereas the RF models suggest (albeit weakly) a tendency 

toward selection of habitats with high or intermediate ruggedness during provisioning and after 

loss of offspring. In general, these differences could be due to the ability of RF models to capture 

non-linear relationships, the fact that RF models implicitly incorporate complex (potentially over 

fitted) interactions which can cloud the interpretation of partial dependence plots, or due simply 

to increased overfitting tendency of RF and other machine learning methods. Overall, our study 

underscores the benefits of coupling exploratory machine-learning methods (e.g., RF) with 

model-based inference (e.g., GLMM) to make inferences about selection of resources in wild 

populations (Shoemaker et al. 2018).     

In our study and in future studies evaluating tradeoffs in resource selection around 

reproduction, a potential difficulty is the lower number of individuals that are included in the 

reproductive timeframe following the loss of an offspring. Indeed, we imposed a strict rule to 

only include females that had lost young within the first 30 days, because our objectives were to 
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evaluate shifts in resource selection following a sudden shift in nutritional requirements (e.g. 

cessation of lactation). Energetic demands of lactation via quantity of milk produced to provide 

for dependent young is greatest during the first 30 days post-parturition (Sadlier 1980, Gauthier 

and Barrette 1985). Thus, by imposing a strict rule of including females that lost young in the 

first 30 days, we had greater potential to identify shifts in resource selection as a result in life-

history stage changes. Indeed, loss of young is not a desired outcome, but understanding how 

maternal females shift from investment in current to future reproduction to maximize lifetime 

fitness is also important. Likely the only way to overcome the low sample size of this 

reproductive stage without an experiment to remove young from maternal females, is to 

maximize the initial sample size of maternal females at capture. Nevertheless, we observed less 

variation among individuals after the loss of young so perhaps landscape scale movement and 

resource selection is more predictable and can be understood with lower sample sizes than 

understanding variation among individuals in selection of resources while provisioning young. 

Thus, the lower sample size during this timeframe may still result in reasonable inferences. 

Further research is needed towards examining tradeoffs surrounding reproductive stages in large 

herbivores. Additionally, monitoring individuals for greater than a single year to understand 

longitudinal shifts in reproductive strategies over time also would be beneficial (Festa-Bianchet 

et al. 2017). Our study was limited to 1 year of location data per unique individual. Incorporating 

multi-year movement data for individuals may shed additional light on how reproductive 

strategies may shift temporally. 

In many ecosystems, maternal females are faced with potentially conflicting decisions to 

maintain their nutritional condition, care for young, and recover from the costly life-history 

stages of reproduction. We show that females invest energy in selection of habitats that cater to 

the survivorship of their young, thereby investing in current reproduction. Further, the 

assumption that females may have to trade safety of offspring for nutritional requirements may 

not always be necessary. If females are able to select resources that allow for safety of offspring, 

usually a risk averse strategy, and also allow for females to obtain resources that support their 

nutritional needs (usually a risk prone strategy), they may not be forced to make those 

reproductive tradeoffs. Our study area appears to have areas where safety of young and 

availability of nutritional resources are not mutually exclusive. Indeed, we observed that females 

selected areas of higher NDVI, indicating green forage, while caring for and provisioning young, 

likely a strategy to increase individual fitness. However, there was a large amount of individual 

variation towards the selection of NDVI while provisioning young. We show that among this 

variation, those females that select greater levels of NDVI were more successful at recruiting 

young into the population. Further, after a transition to a non-provisioning state (i.e., post-

juvenile mortality), females still shifted selection to areas with even higher quality forage to 

recover from the rearing of young, and likely to begin replenishing energetic stores necessary for 

reproduction the next year. Expanding our knowledge of factors that influence behavioral 

decisions during reproduction will prove to be of high importance moving forward. As 

environments fluctuate and landscape dynamics shift, understanding strategies of reproductive 

investment at the individual level that animals make to increase fitness, and then how those 

decisions relate to population performance will further our understanding of large mammal 

ecology.  
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Table 1. Descriptive statistics (mean ± SD) of available (random) and used (mule deer locations) 

data points for individuals in each reproductive time period on the Mojave National Preserve, 

California, USA, 2013-2016. Aspect variables were transformed using the cosine and sine 

functions on a scale of 0 – 2 (2 being North and East respectively). Shrub cover was scaled 0 – 

10 (1=10% shrub cover, 2=20% shrub cover, etc.). NDVI is Normalized Difference Vegetation 

Index. 

 

Variable Pre-Parturition n=60 Provisioning Young n=59 Post-Juvenile Mortality n=19 

 Used Available Used Available Used 

NDVI 0.1824 ± 0.0390 0.1706 ± 0.0389 0.1849 ± 0.0473 0.1652 ± 0.0377 0.1704 ± 0.0364 

Distance to Water (m) 2048 ± 1112 2171 ± 1290 1899 ± 1014 2190 ± 1335 1953 ± 837 

Elevation (m) 1585 ± 125 1539 ± 146 1590 ± 104 1541 ± 148 1584 ± 127 

Ruggedness (VRM) 0.0022 ± 0.0023 0.0021 ± 0.0023 0.0028 ± 0.0025 0.0022 ± 0 .0024 0.0022 ± 0.0022 

North – South Aspect 1.12 ± 0.68 1.00 ± 0.68 1.05 ± 0.69 1.02 ± 0.69 1.10 ± 0.67 

East – West Aspect 1.08 ± 0.70 0.98 ± 0.72 1.04 ± 0.69 0.99 ± 0.73 1.10 ± 0.71 

Slope (%) 8.39 ± 7.36 8.35 ± 7.92 9.71 ± 7.91 8.63 ± 8.12 8.75 ± 7.25 

Shrub Cover (%) 2.96 ± 2.06 3.28 ± 1.94 3.05 ± 2.09 3.29 ± 1.96 3.00 ± 1.97 

Tree Cover (%) 2.37± 5.75 1.46 ± 4.77 2.99 ± 6.55 1.48 ± 4.84 2.35 ± 5.62 
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Table 2. Coefficients from a generalized linear mixed model in which resource selection was 

modeled as a function of (standardized) NDVI, elevation, ruggedness, and distance to water. 

Coefficients were allowed to vary by reproductive status. Interactions between the reproductive 

state and main effects indicate the shift of selection or avoidance of that variable compared 

specifically to the reproductive stage of reference (in this case the provisioning state).  

 Estimate CI, lower CI, upper  

NDVI 0.528 0.361 0.695 * 

NDVI*Post-mort 0.049 -0.258 0.355  

NDVI*Provisioning -0.416 -0.61 -0.221 * 

Elevation 0.898 0.514 1.282 * 

Elevation*Post-mort -0.372 -0.868 0.123  

Elevation*Provisioning -0.106 -0.411 0.198  

Ruggedness -0.759 -1.167 -0.351 * 

Ruggedness*Post-mort 0.108 -0.284 0.499  

Ruggedness*Provisioning 0.224 -0.014 0.462  

Distance to Water -0.015 -0.429 0.399  

Distance to Water*Post-mort -0.2 -0.652 0.251  

Distance to Water*Provisioning -0.301 -0.576 -0.025 * 

Provisioning -0.387 -0.431 -0.342 * 

Post mort 0.475 0.406 0.544 * 

* significant at ɑ=0.05 
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List of Figures 

Figure 1. Map of the Mojave National Preserve, CA, USA, with study area delineations and 

permanent water occurrences exhibited in the Mojave Desert. Inset map shows location relative 

to Nevada and California, USA (shaded). Figure recreated from McKee et al. (2015). 

Figure 2. Partial dependence plots of the top four variables explaining resource selection from 

random forest analysis of female mule deer during A) pre-parturition (n=68), B) while 

provisioning offspring (n=67), and C) post-juvenile mortality (n=20) on the Mojave National 

Preserve, California, USA, 2013 – 2016. Delta selection probability is the deviation from the 

mean (dashed line) probability of selection with respect to the continuous observations of the 

variable. 

Figure 3. Relative importance rankings of resource selection from random forest analysis of 

female mule deer during A) pre-parturition (n=68), B) while provisioning offspring (n=67), and 

C) post-juvenile mortality (n=20) on the Mojave National Preserve, California, USA, 2013 – 

2016. Relative importance illustrates the influence of the predictor on resource selection 

estimated through rigorous conditional inference trees via a random forest algorithm.   

Figure 4. Partial dependence plots illustrating the expected influence of each of four 

environmental gradients (rows of panel grid) on relative resource selection of female mule deer 

during pre-parturition (n=68), while provisioning young (n=67), and post-juvenile mortality 

(n=20) on the Mojave National Preserve, California, USA, 2013 – 2016. Solid black lines 

indicate population level patterns, while gray lines represent patterns of selection for individual 

mule deer. All predictions were derived from a GLMM model fitted to GPS collar data, with 

random intercepts and slope terms fitted to individual deer. This figure illustrates the extreme 

variation in patterns of selection among individuals and the varying degree of differences in 

patterns of resource selection among reproductive states.  

Figure 5.  Potential trade-offs (or lack thereof) between nutritional resources and offspring 

safety for female mule deer on the Mojave National Preserve. The left column of the panel grid 

reveals a general positive relationship between habitat regions likely to confer offspring safety 

(topographic ruggedness, averaged across individual home ranges) and the availability of 

nutritional resources (NDVI, averaged across individual home ranges). Rows of the panel grid 

represent reproductive status, with the top row representing pre-parturition females (n=68), 

middle row representing provisioning females (with dependent young; n=67) and bottom row 

representing females following the death of their offspring (n=20). Black solid lines and dashed 
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curves were derived from ordinary linear regressions, and represent fitted regression lines and 

95% confidence intervals, respectively. The right column of the panel grid illustrates the 

relationship between individual-level selection coefficients for rugged terrain (logit-scale, 

derived from a generalized linear mixed-effects model of resource selection) vs. the availability 

of nutritional resources (NDVI), averaged across individual home ranges (no statistical 

relationship was detected).     

 

Figure 6.  Partial dependence plots illustrating the relationship between daily offspring survival 

rate and corresponding mean environmental attributes (extracted from 30 m rasters) of habitats 

used by maternal female mule deer (n = 67 fitted with GPS collars) on the Mojave National 

Preserve, determined on the basis of a Bayesian known-fate survival analysis. Models were fitted 

using data from up to 120 days post-parturition; after 120 days offspring were considered to be 

successfully recruited. There was strong evidence for a positive effect of NDVI on offspring 

survival, weak evidence for a negative effect of elevation, and little to no evidence for effects of 

terrain ruggedness or distance to water
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