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The western United States has experienced large-scale degradation due to land use and
land cover changes, invasion of annual grasses, and expansion of woody plants into grass and
shrublands and the resultant altered fire regimes. These landscape-scale changes have coincided
with declining mule deer (Odocoileus hemionus) populations, making habitat loss and
degradation presumptive drivers for the decline. I investigated how wildfire, invasive annual
grasses, and western juniper expansion influenced habitat use and survival for a partially
migratory population of mule deer in the John Day Basin, Oregon, USA. In addition, I compared
forage quality and quantity between migratory and resident deer summer ranges.
I used GPS radio collar data to develop resource selection functions (RSF) that (winter n
= 148; summer:migratory n = 94; summer:resident; n = 34) to determine how wildfire, juniper
canopy cover, and dominant vegetation patches influenced seasonal habitat selection for mule
deer from a mixed migratory population. The RSF model for mule deer on winter ranges
indicated that deer were selecting for areas that burned 1-10 years prior, areas with little juniper
cover (< 10%), and areas dominated by exotic grasses. Both migratory and resident deer summer
RSF models indicated deer selected strongly for burned areas (11-15 years prior). The resident

summer RSF model indicated that deer were selecting for riparian areas (Jun-Aug) and the
migratory summer RSF model indicated deer selected for montane meadows (Jun-Aug). The
findings from this study elucidated how mule deer, as a landscape species, responded to multiple
drivers of change by selecting for highly productive patches in the summer including riparian
areas, montane meadows, and areas where vegetative growth has been stimulated by fire during
the summer. During the winter, mule deer avoid areas where shrub cover is low including areas
with dense juniper canopy cover and burned areas.
I used known-fate data for 111 adult female radio collared mule deer to estimate seasonal
survival rates and investigate a variety of factors expected to affect these rates including timesince-fire, juniper canopy cover, and summer vegetation productivity. Differences in survival
rates for this population was best explained by season and time since fire. Survival was
positively influenced during the summer by 16-20 yr-old burns and negatively influenced in the
winter by 11-15 yr-old burns. Survival was significantly higher in the summer (Jun-Aug),
followed by spring (Mar-May), then fall (Sept-Nov), and lowest in the winter (Dec-Feb). The
annual survival estimate for adult females in this population was 0.79 which is low when
compared to survival rates in other parts of their range. The vast majority of studies that try to
quantify how wildfire influences wildlife use a short (<5 yrs) temporal scale to measure effects.
This research highlights the importance of considering a longer postfire response (>10 yrs) for
wildlife when evaluating wildfire effects. I found that mule deer respond to burned areas very
differently depending on season, with wildfire having a positive effect during the summer and
negative effect during the winter.
I collected vegetation measurements on migratory (n = 19) and resident (n = 17) mule
deer summer ranges to determine changes in forage dry-matter digestibility (DMD) at three

different phenological stages (emergent, mature, and cured) for three forage classes (grass, shrub,
forb). I also collected biomass and cover data to determine differences in forage quantity for
forage classes in migratory and resident summer ranges. I revisited a subsample of these sites the
following year to measure the magnitude of variation between growing seasons. Migratory
seasonal ranges had higher overall DMD (i.e., quality) of forage classes throughout the summer,
but resident summer ranges had higher shrub forage quality. Forage quality declined across the
study area as summer progressed. Grasses had the highest cover, biomass, and bulk density for
all forage classes. This study provides insight into how available forage drives mixed migration
behaviors of a population of mule deer by demonstrating migratory deer have access to higher
quality forage throughout the summer. Yet, the trade-off for resident deer is the access to higher
quality shrub forage at lower elevations.
My research examined how major changes to the landscape, such as juniper expansion,
wildfire, and invasive annual grasses influence a declining population of mule deer. These
findings lend more detailed support to the theory that habitat degradation and loss are major
contributing factors to population decline. Furthermore, my results provide critical information
on key areas to consider regarding mule deer habitat, including a target threshold for juniper
canopy cover, limiting the spread of exotic grasses, and the positive and negative attributes of
wildfire.
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1 – INTRODUCTION
Landscapes across the western United States have undergone a dramatic transformation
since the pre-settlement era (Miller and Rose 1999, Hessburg et al. 2005, Kitchen 2012). Fire
suppression, a legacy of intensive and sustained overgrazing practices, invasive annual grasses,
woody plant encroachment, and changes in precipitation and temperature regimes have changed
the structure and function of plant communities over the past 150 years (Strahan et al. 2015,
Voelker et al. 2019, Archer et al. 2017, Rother and Veblen 2017). Specifically, large areas of the
sagebrush steppe have been lost due to an increase in wildfire frequency and size, which is often
fueled by increases in exotic annual grasses (Brooks et al. 2004, Pilliod et al. 2017). A suite of
degrading factors collectively have resulted in a shift of sagebrush-bunchgrass communities to
areas dominated by exotic annual grass (i.e., cheatgrass [Bromus tectorum], North Africa grass
[Ventenata dubia], and medusahead [Taeniatherum caput-medusae]). The expansion of western
juniper (Juniperus occidentalis), has severely altered ecosystem function by having detrimental
effects on hydrologic processes and soil properties, degrading habitat for many species (Bombaci
and Pejchar 2016, Fulbright et al. 2018). As juniper canopy increasingly dominates a site,
understory vegetation (forbs, grasses, and shrubs) is lost, often crossing an ecological threshold
that is very difficult to reverse (Stringham et al. 2003, Miller et al. 2005). Exotic annual grasses
threaten ecosystems because they are highly successful at establishing, emerging early in the
growing season, and outcompeting all other grasses, at a detriment to native plant communities
(Wainwright et al. 2017). In addition, invasive grasses senesce and dry earlier in the season, are
more flammable than native grasses (Fuentes-Ramirez et al. 2016), and have increased fuel
continuity, facilitating more rapid fire spread and larger, more homogeneous fires.
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Ponderosa pine (Pinus ponderosa) and dry mixed conifer forests, hereafter dry forests,
have also changed dramatically over the past 100 years. Fire suppression has increased surface
fuels, shifting dry forest structure and increasing tree density, resulting in less frequent, but
higher severity and often stand-replacing crown fires (Larson et al. 2013). These shifts have led
to fire return intervals that are outside the historical range of variability (Covington et al. 2008)
and have reduced ecosystem resilience (Larson et al. 2013). The increasing tree densities have
also reduced the size and spatial frequency of montane meadows which provide multiple
ecological benefits for pollinators and wildlife (Matonis and Binkley 2018).
Changes in landscape scale vegetation composition and structure in sagebrush steppe and
dry forest ecosystems can affect wildlife and habitat use, including mule deer (Odocoileus
hemionus) (Keay and Peek 1980, Romme and Knight 1982, Sanders and Flett 1989, Smith 2000,
Horncastle et al. 2019). Mule deer populations have experienced widespread declines
throughout their range, with habitat degradation or loss being blamed for the trend in many
cases. Reduction of forage quantity and quality are generally believed to be the mechanisms
driving declines (Peek et al. 2002, Shallow et al. 2015, Johnson et al. 2017, Sawyer et al. 2017).
Mule deer habitat loss has been attributed to the modification of plant community composition
(e.g., invasion of annual grasses), changes in vegetation structure (e.g., shrub loss due to juniper
expansion and/or burned understory), and lower nutritional quality across the landscape (e.g.,
loss of understory shrubs due to overly dense trees) (Watkins et al. 2007). Juniper expansion has
negatively influenced mule deer winter habitat by reducing shrub cover which is an essential
winter forage (Suminski 1993). The invasion of annual grasses can reduce or exclude perennial
grasses and forbs that are more palatable and nutritious (Bishop et al. 2001). Wildfire can have
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detrimental effects to mule deer habitat at lower elevations when the size and intensity of the fire
eliminates the shrub canopy (Updike et al. 1990), however, at higher elevations it can be
beneficial by stimulating new plant growth and nutrition (Carlson et al. 1993). These rapid
changes to mule deer habitat have coincided with mule deer population declines, creating a need
for research and management action.
To fully understand how disturbances like wildfire, juniper expansion, and invasive
annual grasses influence mule deer populations, a closer look at habitat use, population
dynamics, and forage availability needs to occur. Therefore, the goal of my dissertation was to
better understand environmental factors influencing a declining population of mule deer. I
studied a population of mule deer in the John Day Basin in eastern Oregon to determine how
changes to mule deer habitat affected seasonal use (Chapter 2) and survival (Chapter 3). I also
assessed how forage availability and quality varied across the population’s summer range during
the growing season from 2018-2019 (Chapter 4).
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2 – USING HABITAT USE OF A LANDSCAPE SPECIES, MULE DEER, TO DETERMINE
THE IMPACT OF ANTHROPOGENIC AND ECOLOGICAL DRIVERS.
Abstract
Landscape-scale ecosystem degradation in the western United States has been attributed to
altered fire regimes, woody tree expansion into shrublands, and the invasion of exotic annual
grasses, which has impacted many wildlife populations, including mule deer (Odocoileus
hemionus). Understanding how the complexity and scale of these multiple and interacting
challenges influence numerous communities requires approaching this problem from a
landscape-scale that encompasses this complexity. I examined how wildfire, dominant vegetation
type (sagebrush (Artemisia tridentata) steppe, agricultural lands, forest, aspen (Populus
tremuloides), riparian, and exotic grasses), western juniper (Juniperus occidentalis) cover,
vegetation productivity (as estimated by the normalized difference vegetation index (NDVI)),
and elevation influenced seasonal habitat selection for a population of mule deer that exhibits
mixed migration strategies. I used 51,416 (winter, 32,891; summer, 18,525) Global Positioning
System locations collected from a sample of adult (>1.5-yr-old) female mule deer (winter n =
148; summer:migratory n = 94; summer:resident n = 34). I treated each deer as an experimental
unit and developed a population-level resource selection function to determine what age of burn
patches deer were selecting in sagebrush steppe during winter (Dec-Mar) and summer (JunAug), when groups used different elevations (migratory deer: upper elevation dry forests;
resident deer: lower elevation sagebrush steppe). I found that wildfire had a strong negative
effect on summer habitat selection initially after fire (years 1-10 post-fire) but a strong positive
effect in years 11-15 following fire for both groups. Conversely, for all deer, more recent
wildfires (years 1-10) had strong positive effects on winter selection whereas older fires (11-20
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yrs post-fire) exerted a strong negative effect During the winter, deer selected areas with little
juniper cover (<10%) and those dominated by exotic grass-dominated patches. During the
summer, resident deer selected for riparian ecosystems at lower elevations and migratory deer
selected montane meadows at higher elevations. My results indicate that wildfire has both
positive and negative effects on mule deer habitat, depending on the season. This study also
demonstrated a threshold of juniper canopy cover that mule deer selected on their winter range.
This research highlights how drivers of change can influence wildlife habitat through the lens of
a landscape species.
Introduction
The western United States has experienced dramatic changes to the landscape, including
changes in fire regimes, juniper expansion, the invasion of annual grasses, and ecosystem
degradation (Knapp 1996, Wisdom et al. 2005, Chambers and Wisdom 2009). Due to the
widespread changes across the landscape, more ecological research is focused on understanding
effects of landscape-scale biodiversity and ecosystem functioning on plant species abundance
and biodiversity (Anderson and Inouye 2001). Drivers of change, such as habitat degradation or
disturbance, can have a ripple-effect through ecological networks at multiple scales (Wilson et
al. 2016, Turner 2010). For example, wildfire can alter the amount and configuration of
vegetation structure and landscape connectivity which could have consequences at the patch
level, landscape level, and overall ecological connectivity (Burkle et al. 2015). Evaluating
impacts of disturbance at multiple scales is central for preventing further declines of many
wildlife species (Fuhlendorf et al. 2002) particularly at the landscape-scale (Stephens et al.
2004). It is important to use a large spatial scale, encompassing multiple ecological networks
(Montoya et al. 2006) and habitats that support many interacting species (Samways and Pryke
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2015). Landscape species require large home ranges that shift seasonally, linking ecological
communities through seasonal movement (Sanderson et al. 2002).
Landscape species use large, ecologically diverse areas and require a mosaic of habitat
types, and are particularly susceptible to land use change and habitat loss (Coppolillo et al.
2004). Conservation using landscape species as the framework for planning efforts has been
implemented across the globe in both terrestrial and marine systems (Dider et al. 2010). For
example, American martens (Martes Americana), moose (Alces alces), and black bears (Ursus
americanus) are all considered landscape species in the Adirondack Park, USA. Researchers
were able to combine habitat requirements and population densities of the three species to target
areas for conservation efforts for the entire park (Dider et al. 2004). Similarly, large mammals,
like forest elephants (Loxodonta africana cyclotis), western gorillas (Gorilla gorilla gorilla) and
common chimpanzees (Pan troglodytes troglodytes) have been used in monitoring impacts of
multiple land use changes at a landscape-scale in an ecosystem that makes site-specific data
collection nearly impossible due to challenges that terrain and vegetation pose (Stokes et al.
2010).
Mule deer are considered a landscape species because they require a mosaic of
vegetation types, shift habitat requirements based on season or movement behavior, are
vulnerable to land use changes, and are of socio-economic value to local and tribal communities
(Coppolillo et al. 2004). Mule deer mainly use sagebrush steppe or other shrubland ecosystems
in the winter, relying on shrubs for forage and thermal cover, particularly in years with heavy
snowfall (Parker et al. 1984, Anderson et al. 2012). Deer migrate to higher elevation forests
during the summer following the emergence of high quality forage (Bischof et al. 2012).
However, some deer remain at lower elevations year round (Brown 1992), selecting for riparian
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and forested areas adjacent to sagebrush dominated communities. Regardless of migratory status,
the energetic potential of an individual is a direct relationship between activity patterns (i.e.,
movement behavior) and foraging strategies (i.e., 3rd order resource selection) (Johnson 1980,
Soest 1994). The intensity of these energetic demands varies by season, age, sex, and breeding
status and therefore, the species requires a wide diversity of resources throughout its lifespan.
Understanding how mule deer in a mixed-migration population respond to landscape stressors
can aid in determining conservation or restoration opportunities that are coordinated at a
landscape-scale.
Resource selection modeling elucidates patterns of habitat use over complex landscape
mosaics by connecting the behavior of animals to broader population-level events. Knowledge of
how individuals respond to changes across the landscape can greatly improve our ability to
predict how disturbances or habitat loss will influence wildlife populations (Knowlton and
Graham 2010). The value of this type of modeling is in the ability to quantify and spatially
represent species-environment relationships using comprehensive global positioning system
(GPS) location data paired with high resolution habitat characteristics derived from spatial
imagery (Recio et al. 2013). In recent years, resource selection modeling has been a valuable
tool used in conservation planning (Johnson et al. 2004), identifying movement corridors
(Chetiewicz and Boyce 2009), and mitigating impacts of energy development (Doherty et al.
2008, Watson et al. 2015, Northrup et al. 2015). Using resource selection modeling to understand
how a landscape species, such a mule deer, responds to drivers of change, like wildfire or habitat
degradation, is an essential tool for habitat restoration and ultimately, conservation of the
species.
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In this study, I examined how landscape-scale changes influenced habitat selection of
mule deer, particularly where wildfire had occurred and western juniper had increased. The
objective was to determine which patch type(s) adult female mule deer select during two
biologically distinct seasons (winter and summer) at the population level. I hypothesized that
wildfire, juniper expansion, vegetation productivity (as estimated by NDVI), and dominant
vegetation types influenced the availability and distribution of forage and thermal cover. For the
winter season, I predicted deer would 1) select shrub-dominated patches because these patches
would have the most available forage, 2) avoid juniper-dominated areas (>20% cover) due to less
shrub cover and subsequently less forage, 3) avoid recently burned areas (<15 years) due to less
shrub cover, and 4) select lower elevations due to reduced snow accumulation. For the summer, I
predicted deer would 1) select areas that had burned (6-10 years previous) due to an increase in
available forage, 2) select areas that had high NDVI values due to more available vegetation
productivity, and 3) would select dominant vegetation types where more moisture occurs and
therefore higher annual herbaceous production like riparian areas and montane meadows.
Methods
Study Area
The study area was located in northeastern Oregon, USA in the Blue Mountain ecoregion
classification (Commission for Environmental Cooperation 1997). Over the past 30 years, annual
precipitation ranged from 20cm to 30cm. The climate in this region was described as having dry
warm summers (average maximum August temperatures of 31 – 33 ⁰C) and cold winters
(average minimum temperatures of -2 – 0.5 ⁰C) (PRISM Climate Group 2019). The region
included lands under federal ownership administered by the Bureau of Land Management and
United States Forest Service (21%) with state (6%) and private land (72%) dispersed throughout.
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Vegetation at lower elevations of the study area was typical of sagebrush shrub-steppe ecosystem
and transitioned to ponderosa pine and dry mixed confer forest communities as elevation
increased (> 1800m). The shrub-steppe ecosystem was characterized by sagebrush (Artemisia
tridentata sp.), antelope bitterbrush (Purshia tridentata), snowbrush (Ceanothus velutinus),
rabbitbrush (Chrysothamnus sp.), fescue (Festuca sp.), wheatgrass (Agropyron sp.), and
bluebunch wheatgrass (Pseudoroegneria spicata). Dry forest communities included ponderosa
pine (Pinus ponderosa), western juniper (Juniperus occidentalis), Douglas fir (Pseudotsuga
menziesii), quaking aspen (Populus tremuloides), grand fir (Abies grandis), lodgepole pine
(Pinus contorta), arrowleaf balsamroot (Balsamorhiza sagittata), silky lupine (Lupinus
argenteus), pine grass (Calamagrostis canadensis), and elk sedge (Carex geyeri). The lower
elevations of the study area have also experienced an invasion of annual grasses, including
cheatgrass (Bromus tectorum), meduasahead (Taeniatherum caput-medusae), and North Africa
grass (Ventenata dubia).In addition to mule deer, the study area supported wild populations of
elk (Cervus canadensis nelsoni), pronghorn (Antilocapra americana), cougar (Puma concolor),
black bear (Ursus americanus), and coyote (Canis latrans). Widespread cattle grazing occurred
on both private and BLM lands.
The Phillip W. Schneider Wildlife Area (PWSWA) encompassing 212 km2 was
considered critical winter range habitat for a population of 5,500 mule deer (Oregon Department
Fish and Wildlife 2017). Other uses of the wildlife area were cattle grazing, recreation, and
hunting (e.g. mule deer, elk, pronghorn antelope). The migratory summer range occurred on the
Malheur and Ochoco National Forests which not only provided wildlife habitat, but also timber,
grazing, and recreation. The resident summer range occurred mostly on private and state land
(including a portion of PWSWA).
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Capture and Global Positioning System (GPS) Collar Data
Between March 2015 and March 2017, 795 adult female mule deer were captured and
collared with GPS collars that have a remote download function (4400S, LOTEK Engineering
Ltd., Newmarket, ON, Canada). Deer were initially captured and collared across the entire
eastern side of the state in an effort to delineate herd ranges and measure annual survival. I used
a subsample of deer that were captured within the Blue Mountain ecoregion (Level III),
specifically the John Day Upland ecoregion (Level IV) (Commission for Environmental
Cooperation 1997) from the eastern state-wide collar efforts. All deer were captured using
helicopter net guns (Krausman et al. 1985). ODFW staff supervised capture operations and
followed the Guidelines for the Capture, Handling, and Care of Mammals as approved by the
American Society of Mammalogists (Gannon and Sikes 2011). Capture personnel restrained and
blindfolded all captured deer to reduce stress. Animals were aged (fawn, yearling, or adult)
based on dental examination (Erickson et al 1970) and only adult female deer were radiocollared.
Collars remained on the animals and data were remotely collected until the animal died,
the battery was exhausted, the collar was lost or the collar malfunctioned. Duration of data
collection from an individual deer was highly variable, ranging from 2 days to 3+ years, with the
mean being 592 days. Collars included a motion-sensitive sensor that caused a change in the
transmitter’s pulse rate if the transmitter was motionless for >12 h (i.e., mortality signal) and
ODFW was notified via email. The collars were programmed to record GPS locations every 13
h, had a 97% success fix rate, and 5-10 meter accuracy (4400S, LOTEK Engineering Ltd.,
Newmarket, ON, Canada).
Defining Resource Availability
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I used spatial location data from mule deer (winter, n = 148; summer, n = 128) from a
population of deer that shared the same winter range on 35 sq. mi of the PWSWA (Figure 2.1).
This population of deer has divergent movement behavior in the summer: 75% of the population
migrates to higher elevations in the spring and the remaining 25% do not leave the winter range
(Figure 2.1).
I defined seasons by month with winter being Dec – Mar and summer being Jun – Aug
annually. These months were selected to avoid inclusion of any migratory movements during
each timeframe (Oregon Department of Fish and Wildlife, unpublished data). I determined the
extent of each seasonal range by mapping the GPS locations for the season and creating the
minimum convex polygon (MCP) that included all locations for the season (Mohr 1947,
Chetkiewicz and Boyce 2009, Coe et al. 2018). Animals with <16 spatial locations per season
(Silverman 1986) were not included in analyses. The total area of the winter and summer range
was 710 km2, and 1,062 km2, respectively.
Classifying Migration Status
I considered a deer migratory when its seasonal range was distinctly separate and did not
overlap (Brown 1992) and the distance between the nearest seasonal range edge was >10 km
(migrated distance ranging from 27 – 186km). A deer was considered a resident when both
summer and winter range were in the same area. None of these deer displayed inter-annual
mixed-migration behavior (i.e., migratory one year and resident another).
Landscape Variables
Vegetation type: I classified dominant vegetation types using land cover data based on 2016
imagery at a resolution of 30 x 30m from Oregon Biodiversity Information Center (Kagan et al.
2018). The habitat map contained 42 vegetation types, which I classified for each seasonal range
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(winter, summer:migratory, summer:resident) into general habitat categories based the dominant
plant community and structure: agriculture (pasture, cultivated crops), grass (native perennial
grasses, meadows), shrub (sagebrush), forest (ponderosa pine forests, mixed conifer forest),
juniper (Western juniper), exotic (primarily invasive annual grasses), riparian (wetland, marsh,
swamp), and aspen (aspen stands).
Juniper Cover: I categorized 4 juniper cover classes by using remotely sensed LIDAR and
aerial imagery data of percent canopy cover of western juniper sourced from the Institute of
Natural Resources (Neilson and Noone 2014) at a resolution of 30 x 30m. Juniper cover classes
were: none (no juniper trees >2.1m), low (<10 % juniper canopy cover of trees > 2.1m),
moderate (10-30 % juniper cover of trees > 2.1m), and high (>30 % juniper cover of trees >
2.1m), following Miller et al. 2005.
Wildfire: I combined wildfire data from 1995 to 2016 to determine areas that had burned
across the study site using Monitoring Trends in Burn Severity data (MTBS; Eidenshink et al.
2007) and Natural Resources Conservation Service, National Water and Climate Center (NWCC;
http://www.nrcs.usda.gov). The wildfire spatial data are at a 30 m resolution for all fires greater
than 1,000 acres in the western United States. I created 5 categories of time since fire: 1-5yr (n =
12), 6-10yr (n = 13), 11-15yr (n = 18), 15+yr (n = 10), and no burn on record.
NDVI: I created a Normalized Difference Vegetation Index (NDVI) using Google Earth
Engine (GEE; Gorelick et al. 2017) and Landsat 8 imagery. I calculated peak NDVI across both
summer (Jun-Aug) ranges (migratory and resident) by pooling all years (2015-2017) using the
mean of the three peak NDVI across the three years. I used NDVI to estimate vegetation
productivity, as an index of forage availability (Hobbs 1995, Pettorelli et al. 2006, Borowick et
al. 2013)
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Elevation: I estimated elevation using a digital-elevation model (DEM) at a resolution of
30x30m (U.S. Geological Survey 2009).
Resource Selection Analysis
I used 51,416 GPS locations (winter, 32,891; summer, 18,525) collected from (winter, n
= 148; summer, n = 128) of adult (>1.5-yr-old) female mule deer to determine habitat use by
season and movement behavior (summer only). I calculated three separate (winter range;
summer: migratory range; summer: resident range) resource selection functions (RSFs) with a
use-availability design (Manly et al. 2002). I estimated RSFs by fitting generalized linear mixed
models with a binomial error distribution and logit link function (Gillies et al. 2006, Long et al.
2009). Mixed effect logistic regression is used to model a binary outcome where the log odds of
the outcomes are modeled as a linear combination of the predictor variables and included both
fixed and random effects (Gillies et al. 2006, Long et al. 2009). Locations were coded 1 for used
and 0 for random locations. To account for variation in the number of locations per deer, I chose
a random intercept (Gillies et al. 2006) and used animal identity as a random effect on the
intercept to account for unbalanced sample sizes. I fit these mixed-effect RSF models as
functions of the form
w(x) =exp(β0 + β1x1+βnxn+ γ0j)
where w(x) is relative probability of use, xn are covariates with fixed regression coefficients βn,
and γ0j is the random intercept form individual j (Gillies et al. 2006). As predictor variables, I
included time since wildfire (categorized in 5 year increments), dominant vegetation type,
elevation, juniper cover (winter only), and NDVI (summer only due to potential low values of
NDVI corresponding to snow cover). The reference level for time since wildfire was unburned
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and bare for the dominant vegetation types in all models. I estimated population level RSFs for
winter and summer ranges separately to account for seasonal and location differences in resource
distribution. I estimated two RSF models for the summer range: migratory (higher elevation) and
resident (lower elevation).
I used an information-theoretic approach to evaluate models using Akaike’s Information
Criterion (AICc); I considered models within 2Δ AICc to be competitive with the top model
(Burnham and Anderson 2002). I performed all analyses using the lme4 package in program R
v3.1.1 (R. Development Core Team, 2011, Long et al. 2014). I ranked models using the full
dataset, and used the MuMIn package in R 3.1.1 (R Development Core Team, 2011) to test all
possible model combinations (Table 2.1). The conditional (fixed and random effects) and
marginal (only fixed effects) R2 and the variance explained by fixed and random effects were
calculated for the most parsimonious model. I report odds ratios and 95% confidence intervals
for variables from the top model.
I used k-fold cross validation (Boyce et al. 2002) to evaluate the predictive strength for
each model. Data were randomly divided into 5 folds (80%) for model training, and 20% of the
data were withheld for testing (Huberty 1994). Validation for model performance was done using
Spearman’s rank correlation coefficients from model values and validation points; a positive
correlation indicates a good predictive model (Boyce et al. 2002).
Results
The global models were the most parsimonious models of resource selection for mule
deer that contained all main effects: dominant vegetation type, elevation, wildfire, juniper cover
(winter model only) and NDVI (summer models only). Models indicated notable differences in
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patterns of selection between seasons (summer and winter) and both summer ranges (migratory
or resident) (AICc weight =1, Table 2.1). The winter range model indicated that deer used areas
burned 6-10 years prior to the study (β =0.742, 95% CI: 0.672 – 0.811, Table 2.2, Figure 2.2a)
more than random (P <0.001) and avoided areas that burned 11-20 years prior to the study (β =0.505, 95% CI: -0.811 – 0.199; β =-1.359, 95% CI: -1.682 – -1.036, P <0.001, Table 2.2) relative
to unburned areas. Similarly, the resident summer range model and migratory summer range
model indicated deer used areas burned 11-15 years prior to the study (β = 4.013, 95% CI: 3.620
– 4.406,

P <0.001; β = 3.589, 95% CI: 3.374 – 3.804, P <0.001 respectively, Table 2.2, Figure

2.2a) more than unburned areas and avoided areas that burned 1-5 years earlier (β = -0.340, 95%
CI: -0.598 – 0.083 P <0.001; β = -0.780, 95% CI: -0.943 – -0.616, P <0.001 respectively, Table
2.2). Both summer models indicated deer also avoided areas that have burned 6-10 years
(resident model: β = -0.610, 95% CI:-0.784 -0.436 P <0.001, migratory model: β =-15.661 95%
CI: -28.959 – -2.361 P <0.01). The migratory summer range model indicated deer selected for
burns 15-20 years old (β = 0.623, 95% CI: 0.414 -0.832 P <0.001, Figure 2.2a). Conversely, the
resident deer model indicated that deer avoided areas that had burned 15-20 years prior (β =16.570, 95% CI:-39.659 – -6.519 P <0.1, Figure 2.2a).
Habitat selection based on dominant vegetation type varied for all three models. Models
of resource selection indicated that during the winter, deer selected exotic grass-dominated
communities the most (P <0.001) (Figure 2.2b), followed by shrublands, agriculture, juniper, and
forest. Deer on the migratory summer range selected for montane meadows more than other
vegetation types (P <0.001, Figure 2.2b), followed by forest, aspen, riparian, and shrub. Deer on
resident summer range selected for riparian areas more than other vegetation types (P <0.001,

19

Figure 2.2b), followed by agriculture, exotic grasses, shrub, and juniper and avoided forested
areas.
During the winter, deer used areas where juniper cover was ≤10 % (P <0.001, Figure
2.2c) more than areas with no juniper present and avoided areas where juniper cover ≥30% (P
<0.001, Figure 2.2c). During the summer, the relative probability of use increased with NDVI
values on the migratory and resident summer range (β = 0.002, 95% CI: 0.001-0.002, P <0.001;
β = 0.001, 95% CI: 0.001-0.002, P <0.001 respectively, Table 2.2). Selection for elevation
varied by range: winter range model indicated a 76% decrease in the odds of selection for every
1 m gain, 90% increase in the odds of selection with every 1 m gain in elevation for the
migratory summer range model, and 18% decrease in the odds of selection with every 1 m gain
in elevation for resident summer range model (Table 2.2).
The predictive capability was similar for all three models. The marginal R2 value (the
proportion of the variance that is explained by fixed factors alone) for winter, summer-resident,
and summer-migratory was 0.469, 0.534, and 0.444, respectively, and conditional R2 value (the
proportion of the variance that is explained by both fixed and random factors) for winter,
summer-resident, and summer-migratory was 0.524, 0.558, and 0.524, respectively. Crossvalidations analysis indicated that resource-selection functions were highly predictive. Spearman
rank correlations (rs) were high for winter, summer-resident, and summer-migratory models, at
0.999, 0.882, and 0.881, respectively. The 95% confidence set of for all model predictor
variables are presented in Table 2.2.
Discussion
Landscape-scale ecological drivers, including wildfire, exotic grasses, and juniper cover
influenced seasonal habitat use by mule deer in a mixed-migration population. These change
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agents dramatically alter the community structure and function, which can affect forage quality
and quantity, water availability, refuge from predators or weather, and breeding or rearing
requirements for mule deer and other wildlife (Zimmerman et al. 2006, Davies 2011, Anderson
et al. 2012, Stephens et al. 2015, Coe et al. 2018). In addition, during the summer, deer selected
ecosystems that are at risk for being lost or degraded, including riparian areas and montane
meadows (Sander and Flett 1989, Debinski et al. 2000). These ecosystems support critical
ecological functions through the exchange of energy and nutrients between aquatic and upland
terrestrial systems despite occupying a small percentage of the landscape (Boyce and Haney
1999). Riparian and montane meadows ecosystems contain one-third of the plant species in the
West and provide habitat for a high proportion of wildlife species that utilize these productive
oases (Poff et al. 2012).
Mule deer exhibited a temporal response to wildfire for both seasons. During the
summer, deer avoided areas that had been burned within the first 10 years, but there was a strong
positive selection for areas that had burned between 11-15 years. Conversely, during the winters,
deer selected for patches that had burned within 10 years when compared to areas that did not
burn. This suggests that recently burned patches may offer better forage, however, relative
attractiveness of forage appears to vary by season, elevation, and time since fire. Plants in burned
areas of semi-arid environments had slightly higher crude protein and plant biomass when
compared to those in unburned areas, likely increasing forage quality in burned areas two years
following a fire (Warner 1970, Lyon et al. 2000, Greene et al. 2012). For example, in
Yellowstone National Park, ungulates selected winter foraging areas in burned areas more than
expected compared to unburned areas during the winter (Pearson et al. 1995). However, the
increase in forb and grass biomass and nutrition following a fire are short-term effects (2-10
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years) (Hanna and Fulgham 2015). In contrast, during the winter deer avoided burns that
were >10 years old, which could be related to loss of shrub cover because shrub species can be
initially negatively impacted by large wildfires and take time to recover (Ellsworth et al. 2016).
Shrub recovery can take years to reestablish depending on the timing or frequency of the fire
(Davies et al. 2012), seed dispersal (Nelson et al. 2013), climatic conditions (Shinneman and
McIlroy 2016), cattle use (Bates et al. 2009), and site condition.
Mule deer use a mosaic of different aged burns throughout the year at a landscape-scale.
Dry forests have shorter fire return intervals than sagebrush steppe making these systems more
resilient to wildfire (Fitzgerald 2005). However, due to fire suppression, dry forests experience
higher intensity and severity wildfires with the accumulation of woody fuels (Fulé et al. 1997).
The results from the migratory summer model may demonstrate a time-lag of increased forage
production following a wildfire in dry forests. It could be that the accumulated debris are
transferring lethal heat levels to the soils which can suppress immediate seedling emergence and
increase understory vegetation mortality (Huffman and Moore 2004). However, once the
understory has established, the forage quality and quantity may be higher than the surrounding
patches (Harris and Covington 1983). In western Montana, dry forests that have a burn age of 615 years had the highest forb and grass biomass than younger (1-5yr) or older burn patches
(>15yr) (Proffitt et al. 2016). A study in Arizona observed a sharp increase in use of 10-15 year
post-fire ponderosa pine forests by mule deer due to an increase in forage production,
particularly forbs and ceanothus during the spring and summer (Lowe et al. 1978). Many other
wildlife species also benefit from burn heterogeneity (Taylor and Guthery 1980, Doumas and
Kopowski 2012, Ricketts and Sandercock 2016) or specialize in specific-aged burns (Lowe et al.
1978, Smith 2002) making a patchwork of different-aged burns beneficial for a large number of
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taxa. For example, a study in Australia found that wildfire heterogeneity increased the beta
diversity of 10 mammal and 54 plant species (Pastro et al. 2010).
Western juniper canopy cover had both a strong positive and negative effect on winter
habitat selection depending on the density of the canopy. This provides evidence of a threshold
between deer selecting areas where juniper can provide thermal cover and reduced energetic cost
of travel through snow while also having access to forage (<10% canopy cover) and avoiding
areas where juniper has outcompeted shrub and herbaceous species, diminishing understory
forage (>30% canopy cover), similar to the findings of Coe et al. (2018). Forest cover, including
juniper cover, is a vital component of mule deer winter habitat throughout their geographic range
because it can provide thermal cover and helps control for snow depth (D’Eon and Serrouya
2005, Anderson et al. 2012, Coe et al. 2018). However, when juniper canopy cover becomes
dense, it will largely eliminate the understory (Miller 2005), including shrub species critical for
wildlife during the winter (Davies et al. 2009). The loss of shrub species from the understory
does not only negatively affect mule deer, it also affects a diverse group of sagebrush obligate
species. More than 350 plant and animal species have been identified as species of concern in
relation to the loss of sagebrush (Wisdom et al. 2005), so juniper reduction treatments may be
beneficial to mule deer and other wildlife species (Bombaci and Pejchar 2016). Juniper reduction
treatments have been used to increase and improve forage (particularly when paired with fire)
and habitat quality for mule deer, particularly on the winter range (Bergman et al. 2014, Dittel et
al. 2018) as well as improve habitat quality of at-risk species, such as sage grouse (BaruchMordo et al. 2013) It is important to note that in the lower elevations of our study area, juniper
reduction treatments have occurred, however, there was not enough area for the treatment be
detected in our analysis.
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Contrary to our hypothesis, mule deer in this study selected for exotic grass dominated
patches more than any other patch types during the winter. Grasses comprise a small portion of
the year-long diet of mule deer compared to forbs (during the spring and summer) and shrubs
(year-round) (Holecheck 1984). However, deer will consume grasses during periods of the year
before forbs are available or when precipitation can stimulate new growth (Austin et al. 1994).
The newly emerged grasses offer nutrition when the landscape lacks forage and can be important
for mitigating overwinter mortality (Ganskopp and Bohnert 2001). Exotic annual grasses,
including cheatgrass, medusahead, and ventenata, are considered winter annuals and are the first
to emerge during late winter or early spring. In Oregon, cheatgrass may emerge in the autumn,
depending on precipitation, making it available all winter. Austin et al (1994) found that
cheatgrass was the most preferred species of grass by mule deer in the spring and fall likely due
to abundance. A study in Colorado also found that female mule deer selected for cheatgrassdominated patches more than all other patch types during the winter (Whittaker and Lindzey
2004). Although our model indicated strong selection for exotic grass patches there are a
number of caveats to consider. First, the model could not account for differences in habitat
quality among the different patch types. Much of the sagebrush-steppe ecosystem in this study
area is degraded due to livestock grazing and invasive grasses, regardless of the dominant plant
communities, therefore shrub dominated patch types may not provide valuable foraging areas.
This observation could be an artifact of a changed landscape where exotics dominate in the
understory what historically was high quality shrub habitat used by mule deer. Second, the exotic
grass-dominated patches are found at the lowest elevations in our study area where there is
minimal snow accumulation and can provide forage when higher quality foraging areas are
covered in snow. These patches are also adjacent to residential homes, agricultural areas, and the
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John Day River which may provide forage sources, thermal refuge from the snow, and predator
or hunting refuge. Finally, many researchers have reported that exotic grasses, such as
cheatgrass, Lehmann lovegrass (Eragrostis lehmanniana), and buffelgrass (Cenchrus ciliaris),
reduce wildlife species diversity and abundance, therefore, exotic grasses at the landscape-scale
are not desirable (Germano et al. 2001, Flanders et al. 2006, Davies 2011, Fulbright et al. 2013).
During the summer, when many herbaceous plants have senesced, deer selected patches
that are highly productive, retain moisture, and produce large quantities of biomass. Both
riparian and montane meadow ecosystems are highly preferred by mule deer for quality forage
(Loft et al. 1991, McIlroy et al. 2011). These systems are also serve as refuge for small mammal
communities (Cockle and Richardson 2003), function as corridors for many avian species
(Lehmkuhl et al. 2007), and are critical for the survival of many amphibian and reptile species
(Wente et al. 2005, Bateman et al. 2009). However, these systems have multiple threats in
regards to habitat loss and degradation, including forest harvesting, repeated fire, grazing,
urbanization, climate change, and recreation (Torregrosa and Devoe 2008, Rother and Velben
2017, Poff et al. 2012, Horncastle et al. 2019). These findings reinforce the need to conserve and
protect these vulnerable habitats for a diverse group of taxa.
Ecosystems across the western United States are experiencing unprecedented degradation
and loss due to wildfire, juniper expansion, climate change, invasion of exotic grasses, and
overgrazing. The scale of these issues needs to be addressed broadly, often crossing boundaries
of ecosystems and land ownership. Designing and implementing resource management and
conservation objectives to meet the needs of a wide-ranging species necessitates the
consideration and protection of large areas, encompassing many species and ecosystem types.
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Using landscape species as tool to understand how wildlife respond to environmental changes
can lead to more collaborative and effective conservation and restoration actions.
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Table 2.1. Model selection results for three resource selection functions for a population of mule
deer during winter (Dec-Mar, n = 148) and summer (Jun-Aug, [migratory, n = 94 and resident n
= 34]) in the Blue Mountain ecoregion, eastern Oregon, USA. Variables modeled include
elevation (elev), wildfire (fire), dominant vegetation type (hab), juniper cover (cover) and NDVI.
Season/Movement

Model

K

AICc

Δ AICc

wi

Winter

elev+fire+hab+cover

16

65089.6

0

1

elev+fire+hab

13

65261.8

172.20

0

elev+hab+cover

12

65643.4

553.83

0

elev+hab

9

65826.0

736.38

0

elev+fire+cover

10

66571.7

1482.12

0

elev+fire

7

66781.1

1691.54

0

elev+cover

6

67421.9

2332.29

0

elev

3

67647.6

2557.96

0

fire+hab+cover

15

75471.3

10381.66

0

fire+hab

12

75640.9

10551.30

0

hab+cover

11

75983.2

10893.58

0

hab

8

76152.6

11063.02

0

fire+cover

9

89341.6

24251.98

0

fire

6

89647.3

24557.70

0

cover

5

90900.7

25811.15

0

elev+fire+hab+NDVI

14

13918.5

0

1

elev+fire+hab

13

13985.1

66.57

0

fire+hab+NDVI

13

14055.9

137.37

0

Summer/Resident

K= number of model parameters
AICc= Akaike Information Criterion model value
Δ AICc= delta Akaike Information Criterion model value
wi= Akaike weight
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Table 2.1. Continued
Season/Movement

Model

K

AICc

Δ AICc

wi

Summer/Resident

fire+hab

12

14094.1

175.58

0

elev+fire+NDVI

8

14584.5

666.10

0

elev+fire

7

14584.7

666.18

0

elev+hab+NDVI

10

14686.1

767.60

0

hab + NDVI

9

14727.4

808.88

0

elev+hab

9

14787.9

869.40

0

hab

8

14807.5

889.50

0

fire+NDVI

7

15161.7

1243.17

0

fire

6

15207.8

1510.44

0

elev+NDVI

4

15428.9

1519.96

0

elev

3

15438.5

1832.37

0

NDVI

3

15750.9

1832.37

0

Null model

2

15760.6

1842.13

0

elev+fire+hab+NDVI

13

32786.5

0

1

fire+hab+NDVI

12

32820.5

33.97

0

elev+fire+ NDVI

8

32903.6

117.05

0

fire+ NDVI

7

32971.9

185.34

0

elev+fire+hab

12

33091.9

305.39

0

fire+hab

11

33188.0

401.47

0

elev+fire

7

33358.4

571.82

0

Summer/Migratory

K= number of model parameters
AICc= Akaike Information Criterion model value
Δ AICc= delta Akaike Information Criterion model value
wi= Akaike weight
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Table 2.1. Continued
Season/Movement

Model

K

AICc

Δ AICc

wi

Summer/Migratory

fire

6

33568.8

782.28

0

elev +hab+NDVI

9

34731.7

1945.13

0

hab+NDVI

8

34758.0

1971.50

0

elev+ hab

8

34858.3

2071.79

0

hab

7

34918.4

2131.90

0

elev +NDVI

4

35128.4

2341.89

0

NDVI

3

35178.4

2391.81

0

elev

3

35461.8

2675.28

0

Null model

2

35608.2

2821.66

0

K= number of model parameters
AICc= Akaike Information Criterion model value
Δ AICc= delta Akaike Information Criterion model value
wi= Akaike weight
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Table 2.2 Standardized coefficients and 95% confidence intervals for three resource selection
functions for a population of mule deer during winter (Dec-Mar, n = 148) and summer (Jun-Aug,
[migratory, n = 94 and resident n = 34]) from 2015-2017 in the Blue Mountain ecoregion,
eastern Oregon, USA. Predictor variables included: elevation, time since fire <5 years (Fire 5yr),
time since fire 6-10 years (Fire 10yr), time since fire 11-15 years (Fire 15yr), time since fire 1520 years (Fire 20yr), juniper canopy cover < 10% (JUOC <10%), juniper canopy cover 10-30%
(JUOC 10-30%), juniper canopy cover > 30% (JUOC >30%), NDVI, and dominate dominant
vegetation types.
Model
Predictors
β
95%LCL 95%UCL
Winter

Summer/Resident

(Intercept)

-1.390

-1.675

-1.106

Elevation

-1.432

-1.463

-1.400

JUOC <10%

0.204

0.158

0.251

JUOC 10-30%

-0.008

-0.061

0.046

JUOC >30%

-0.563

-0.700

-0.426

Fire<5

0.016

-0.089

0.122

Fire 6-10

0.742

0.672

0.811

Fire 11-15

-0.505

-0.811

-0.199

Fire 15-20

-1.359

-1.682

-1.036

Exotic

1.998

1.689

2.307

Forest

0.531

0.260

0.802

Grass

1.470

1.203

1.738

Juniper

1.204

0.936

1.474

Shrub

1.610

1.342

1.878

(Intercept)

-0.805

-1.157

-0.453

Elevation

-0.333

-0.389

-0.277

NDVI

0.001

0.001

0.002

Fire<5

-0.340

-0.598

-0.083

Fire 6-10

-0.610

-0.784

-0.436

Fire 11-15

4.013

3.620

4.406
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Table 2.2 Continued.
Model
Predictors
Fire 15-20
Summer/Resident

Summer/Migratory

β

95%LCL 95%UCL

-16.570

-39.659

6.519

Ag

1.159

0.776

1.542

Exotic

0.947

0.454

1.439

Forest

-0.596

-0.893

-0.300

Juniper

0.471

0.175

0.768

Riparian

1.778

1.366

2.190

Shrub

0.757

0.462

1.052

(Intercept)

-1.766

-2.058

-1.474

Elevation

0.092

0.062

0.122

NDVI

0.002

0.001

0.002

Fire<5

-0.780

-0.943

-0.616

Fire 6-10

-15.660

-28.959

-2.361

Fire 11-15

3.589

3.374

3.804

Fire 15-20

0.623

0.414

0.832

Aspen

0.611

0.304

0.917

Forest

0.733

0.474

0.993

Grass

0.954

0.637

1.272

Riparian

0.354

0.071

0.638

Shrub

0.346

0.071

0.621
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Figure 2.1. Map of study area of adult female mule deer winter (Dec-Mar, n = 148) and summer
ranges ((Jun-Aug), migratory (n = 94), resident (n = 34)) in the Blue Mountain ecoregion
Oregon, USA during 2015-2017.The cross-hatched polygon in the center is the Phillip Schneider
Wildlife Area.
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Figure 2.2 A) Odds ratios for time since fire <5 years (Fire 1-5yr), time since fire 6-10 years
(Fire 6-10yr), time since fire 11-15 years (Fire 11-15yr), time since fire 15-20 years (Fire 1620yr) B) dominant vegetation type, and C) juniper canopy cover < 10% (JUOC <10%), juniper
canopy cover 10-30% (JUOC 10-30%), juniper canopy cover > 30% (JUOC >30%) obtained
from resource-selection functions for adult female mule deer for the winter (Dec-Mar, n = 148)
and summer range ((Jun-Aug), migratory (n = 94), resident (n =34)) in the Blue Mountain
ecoregion Oregon, USA during 2015-2017. Odds ratios indicate the proportional change (1 = no
change) in odds of use by mule deer for each habitat type relative to when habitat is barren,
unburned, and no juniper cover. *** (P <0.0001), ** (P <0.001), * (P <0.01), none
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3 – LONG-TERM POST-FIRE VEGETATION RESPONSE INFLUENCES MULE DEER
SURVIVAL
Abstract
Decades of fire suppression, juniper expansion, and the invasion of annual grasses has led
to dramatic changes to mule deer habitat. Mule deer population declines have coincided with the
landscape-scale degradation. Habitat loss and degradation influences the quantity and quality of
available forage, which can negatively influence adult survival. I used known-fate data for 111
radio-collared mule deer to estimate monthly survival rates and to investigate factors that may
affect these rates such as movement behavior (migratory or resident) and individual habitat
characteristics (wildfire, juniper canopy cover, late summer plant productivity). The dataset
comprised of > 116,421 GPS location points from 2015-2017 in the John Day Basin, Oregon.
Wildfire age was a strong predictor of mule deer survival. There was a negative linear
relationship to burn areas 16-20 yr-old within an individual’s winter (Dec-Feb) range and a
positive linear relationship to burn areas 11-15 yr-old in an individual’s summer (Jun-Aug)
range. Annual survival (0.79) was low in comparison to survival rates for adult female mule deer
in other parts of their geographic range. These findings demonstrate later post-fire vegetation
response may be more important to mule deer population dynamics than the initial habitat
alterations following a fire.
Introduction
Mule deer populations began declining in the 1990s and have continued to decline
throughout their geographic range (White & Bartmann 1997, Robinson et al. 2002, Bender et al.
2007, Bishop et al. 2009). There may be multiple or interacting causes behind these declines.
Habitat quality has declined across much of the species’ range due to increases in invasive
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grasses (Bishop et al. 2001), changes in fire regimes (Miller and Heyerdahl 2008), and land use
change (Stewart et al. 2002, Sawyer et al. 2006). Inadequate nutrition is often a limiting factor
for mule deer populations (Bishop et al. 2009). Changes to habitat can modify the nutritional
carrying capacity, destabilizing mule deer population dynamics. For example, Forrester and
Wittmer (2013) found the ultimate cause of mortality for mule deer populations was poor
nutrition. In Texas, malnutrition was the leading cause of mortality for adult mule deer
(Lawrence et al. 2004) and starvation was the number one cause of fawn mortality in Colorado
(White et al. 1987).
Ungulate populations respond to resource limitations though a predictable series of
population-level responses. Low juvenile fecundity can be an early indicator of an unstable
population, followed by low juvenile survival, and ultimately reduced adult survival (Gaillard et
al. 1998). Mule deer experience lower and more variable fawn survival rates compared to other
ungulates (Forrester and Wittmer 2013). Therefore, mule deer populations rely more on high,
stable adult survival rates than other ungulates to prevent long-term population declines
(Forrester and Wittmer 2013). Consequently, small changes in adult female survival can have
major impacts on the overall population growth rate (Morris and Doak 2002). Fluxes in adult
survival rates of a population are fundamentally related to individual nutritional condition
(Bender et al. 2008) which can be influenced by seasonal effects such as winter severity
(Gaillard et al. 1998, DelGiudice et al. 2002), drought (Unsworth et al. 1999, Brown et al. 2006),
and migration travel costs (Nicholson et al. 1997). Determining the impact that these effects have
on seasonal and annual adult survival can illuminate causes of population-level declines.
Annual and seasonal variation in survival for adult female mule deer is related to habitat
quality, including food availability (Unsworth et al. 1999, Bishop et al. 2005). For example,
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poor forage quality on home ranges, especially winter ranges (Sawyer et al. 2005), can influence
mule deer populations by decreasing body condition, thereby decreasing annual survival rates
(Smith and LeCount 1979, Hoenes and Bender 2012). High quality summer and autumn forage
can have a positive effect on body mass (i.e., increase fat storage) entering the winter which can
ultimately lead to high overwinter survival (Hurley et al. 2014). Studies have used vegetation
indexes, such as Normalized Difference Vegetation Index (NDVI), as a measure of summer plant
productivity in ungulate survival analyses to aid in understanding how seasonal forage
availability impacts population trends (Pettorelli et al. 2006, Parker et al. 2009, Hurley et al.
2017).
Many mule deer populations are migratory or exhibit partial migration (some individuals
migrate while others remain in the same area year round) (Eberhardt et al. 1984, Garrott et al.
1987, Hebblewhite and Merrill 2009). In the western United States, Migratory deer spend their
winters in low elevation sagebrush steppe and then move to higher elevations to follow seasonal
forage and water availability (Nicholson et al. 1997, D’Eon and Serrouya 2005). However,
migration is a trade-off between moving to higher quality forage (Pierce et al. 2004, Hebblewhite
and Merrill 2009, Schuyler et al. 2020b) while also being exposed to a potentially greater risk of
predation or anthropogenic mortality while moving through unknown territory (White et al.
1987, Nicholson et al. 1997). Differences in survival rates between migratory deer and resident
deer (Nicholson et al. 1997, Hebblewhite and Merrill 2009, Gogan et al. 2019, Schuyler et al.
2019) provides evidence of this trade-off. However, for a population of mixed movement
strategies to exist, there must be inter-annual variation in survival where one strategy, migration,
improves individual fitness some years, whereas the other strategy, being a resident, improves
individual fitness in other years (Hebblewhite and Merrill 2009). For example, annual survival
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among migratory deer in Oregon was higher than that of resident deer due to better quality
forage on migratory summer ranges (Schuyler et al. 2019). Conversely, a similar study in
Yellowstone found no difference in survival rates between migratory and resident deer (Gogan et
al. 2019) but agricultural practices at lower elevations during the summer likely benefited
resident deer diets.
Mule deer summer and winter ranges in the Intermountain West have experienced
dramatic landscape-scale changes in a relatively short (<150 years) temporal period due to fire
suppression (Keeley et al. 1999, Baker 2006), overgrazing (Alexander 1988, Fleichner 1994),
conifer expansion (Miller 2005, Coultrap et al. 2008), and the invasion of exotic grasses (Pyke
1999, Davies and Johnson 2008). All of these changes can have negative effects on mule deer
winter ranges, with wildfire and juniper expansion being the most significant to decreasing
critical shrub forage (Davies et al. 2012). Juniper expansion into winter range areas has resulted
in a loss of valuable shrub forage as increased tree cover outcompetes shrubs and herbaceous
plants for light, water, and nutrients (Miller 2005). Wildfire size and frequency has increased in
sagebrush steppe, often decreasing shrub cover and composition, as well as increasing the
presence of exotic, sometimes unpalatable grasses (Peterson et al. 2005, Davies et al. 2012).
High severity wildfire at lower elevations can cause high shrub mortality and shrubs can take
decades to recover (Bates et al. 2020, Ellsworth et al 2020). These shrub species, such as
antelope bitterbrush (Purshia tridentata) and big sagebrush (Artemisia tridentata), are critical for
winter forage, therefore, the loss of these plants can reduce winter survival and ultimately reduce
carrying capacity of winter ranges (Hobbs and Swift 1985). Conversely, wildfires that occur at
higher elevations, like ponderosa pine forests, can positively influence mule deer summer
nutrition by increasing palatable shrub density and cover (Roerick et al. 2019). Similarly, in the
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early post-fire years, burned areas may improve summer forage due to the increased light
availability and an increase in nutrients which facilitates increased forage biomass (Mackie et al.
2003, Greene et al. 2012). These burned areas provided greater forage quality and quantity which
can have a positive effect on individual fitness and survival (Hobbs and Spowart 1984, Walter et
al. 2009). The invasion of annual grasses has shortened the availability of understory nutrition by
replacing perennial bunchgrasses and forbs that would remain greener, longer (and therefore
offer more energy) during late summer (Ganskopp and Bohnert 2001, Peterson 2008). The
decrease in available late summer nutrition on the landscape could have lasting effect on an
individual’s fitness during the winter due to lack of body fat storages (Tollefson et al. 2010,
Monteith et al. 2014).
Although there have been significant contributions to our understanding of how wildfire
influences habitat use (O’Brien et al. 2012, Roerick et al. 2019), habitat and forage quality
(McCulloch et al. 1969, Meneely and Schemnitz 1980, Updike et al. 1990, Zimmerman et al.
2006), and population responses (i.e., density and recruitment, Holl and Bleich 2010), there are
still significant knowledge gaps on how wildfire impacts mule deer survival. Given the major
habitat changes that have occurred within the past 150 years (time since the European-American
settlement of the West), as well as juniper expansion in sagebrush steppe and dry forest systems,
there is a need to understand the how these changes influence mule deer population dynamics.
Specifically, how changes to these ecosystems may influence the population dynamics of a
partially migratory population. My objective was to determine how the temporal and spatial
occurrences of wildfire, seasonal movement patterns, and seasonal vegetation characteristics
influenced mule deer survival. I estimated seasonal (spring, summer, fall, winter) and annual
survival rates for adult female mule deer to identify which landscape characteristics, such as
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burned patches, summer understory vegetation (as estimated by NDVI), and juniper canopy
cover, influenced survival rates for a partial migratory population of mule deer. I hypothesized
that annual survival would be higher for migratory deer than resident deer (Schuyler et al. 2019)
due to access to higher forage quality and quantity on summer ranges (Bender et al. 2007,
Schuyler et al. 2020b). I hypothesized that seasonal survival would be:
 Lowest during the fall (1 Sep - 30 Nov) due to inadequate late summer forage not
allowing individuals to replenish the energetic costs of migration and nutritional demands
of lactation (Pettorelli et al. 2011, Hurley et al. 2014, Schuyler et al. 2019),
 Positively influenced by increased vegetation productivity (NDVI; Pettorelli et al. 2011),
such that high summer range plant productivity (available forage) during late
summer/early fall would result in higher winter seasonal survival (Hurley et al. 2014),
 Negatively influenced by western juniper canopy cover during the winter season due to
reduced shrub forage (i.e., shrub cover; Bergman et al. 2014),
 Positively influenced by burned areas within the individual’s winter range (1-10 years
prior) during the winter season due to increased herbaceous vegetation (Green et al. 2012,
Schuyler et al. 2020a),
 Negatively influenced by burned areas within an individual’s summer range immediately
following a fire (1-5yrs) during the summer season due to loss of forage but the effect
will become positive as forage quality and quantity begin to increase during later post fire
years (6-20) (Proffitt et al. 2019, Roerick et al. 2019, Schuyler et al. 2020a).
Methods
Study Area
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The study area encompassed approximately 409,721 ha in northeastern Oregon, USA in
the Blue Mountain ecoregion classification (Commission for Environmental Cooperation 1997).
Vegetation at lower elevations was typical of sagebrush steppe ecosystems and transitioned to
ponderosa pine and dry mixed conifer forest communities as elevation increased. The lower
elevation plant communities included sagebrush (Artemisia tridentata sp.), antelope bitterbrush
(Purshia tridentata), snowbrush (Ceanothus velutinus), rabbitbrush (Ericameria and
Chrysothamnus spp.), fescue (Festuca spp.), wheatgrass (Agropyron sp.), and bluebunch
wheatgrass (Pseudoroegneria spicata) and the higher elevation plant communities included pine
(Pinus ponderosa), western juniper (Juniperus occidentalis), Douglas fir (Pseudotsuga
menziesii), quaking aspen (Populus tremuloides), grand fir (Abies grandis), lodgepole pine
(Pinus contorta), arrowleaf balsamroot (Balsamorhiza sagittata), silky lupine (Lupinus
argenteus), pine grass (Calamogrostis candensis), and elk sedge (Carex geyeri).
The climate across the study area had dry warm summers (average maximum August
temperatures of 31  33 ⁰C) and cold winters (average minimum temperatures of -2  0.5 ⁰C)
(PRISM Climate Group 2019). Elevation ranged from 2,756 m at the peak of the Strawberry
Mountain Range to 616 m along the John Day River. Annual precipitation averaged 30 cm at
low elevations and 78 cm at high elevations over the past 30 years (PRISM Climate Group
2019). Most of the study area occurred on private land (72%) with federal land administered by
the Bureau of Land Management and United States Forest Service (21%) and state land (6%)
dispersed throughout.
Capture and Handling
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The Oregon Department of Fish and Wildlife (ODFW) captured and fitted adult (≥ 1.5year-old) female mule deer with GPS collars between March 2015-2017. The collars had a
remote download function and were programmed to record GPS locations every 13 h. The
collars had a 97% success fix rate and 5-10 meter accuracy (4400S, LOTEK Engineering Ltd.,
Newmarket, ON, Canada). Deer were captured using helicopter net guns (Krausman et al. 1985)
and personnel followed the Guidelines for the Capture, Handling, and Care of Mammals as
approved by the American Society of Mammalogists (Gannon and Sikes 2011). Collars remained
on the animals and data were remotely collected until the animal died, the battery was exhausted,
the collar was lost, or the collar malfunctioned. Agency personnel were notified via email if a
collar was motionless >12 h (i.e., mortality signal). A total of 812 deer were collared, of those
some lost radio collars (i.e., slipped or broken; n = 2), experienced collar malfunction or
permanent signal loss (n = 131), or died (n = 11) within the 14-day period between capture and
entry into the sample population (due to likelihood of capture myopathy ([Chalmers and Barrett
1982])) and were excluded from subsequent analyses.
Research personnel captured and collared deer east of the Cascades in Oregon to
delineate herd ranges and measure annual survival for the mule deer population at the state level.
From the statewide collaring effort, I used a subsample (n = 121) of deer that were captured
within the John Day Upland ecoregion (Level IV) (Commission for Environmental Cooperation
1997) to estimate survival for a population of deer that shared the same winter range (Figure
3.1). This subsample of deer were captured during March 2015.
Explanatory Variables for Survival
I estimated monthly survival rates for adult female mule deer from March 2015 through
August 2017. I defined 4 seasons that reflected different seasonal demands of adult females:
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summer (1 Jun–30 Aug; fawning), fall (1 Sep–30 Nov; migration), winter (1 Dec–28 Feb;
maintaining energy expenditure), and spring (1 Mar–31 May; migration) (Wallmo 1981). I
considered an individual migratory if its seasonal ranges did not overlap and the distance
between the nearest seasonal range edge was >10km (Brown 1992). Deer that had both winter
and summer ranges in the same location were considered resident. Migratory status was coded as
a categorical variable for analysis (migrant = 0 and resident = 1).
For every GPS location (range of locations per individual n = 141-1378), I extracted a
suite of environmental spatial variables including: year of wildfire occurrence (summer and
winter locations), vegetation productivity (NDVI; summer locations), and western juniper
canopy cover (winter locations) (DeCesare et al. 2014). Wildfire spatial data included all fires
greater than 1,000 acres from 1995-2016 using data from Monitoring Trends in Burn Severity
(MTBS; Eidenshink et al. 2007). Wildfires were grouped into 5 time-since-fire intervals: 1-5yr
(n = 12), 6-10yr (n = 13), 11-15yr (n = 18), and 15-20yr (n = 10) for the summer (Jun-Aug) and
winter (Dec-Mar). Western juniper canopy cover was derived from remotely sensed LIDAR and
aerial imagery data sourced from the Institute of Natural Resources (Neilson and Noone 2014).
NDVI was calculated using Google Earth Engine (GEE; Gorelick et al. 2017) and Landsat 8
imagery. I calculated peak NDVI across the summer (Jun-Aug) range by pooling all years (20152017) averaging the peak NDVI across the three years. Juniper canopy cover and NDVI
variables described above were treated as continuous covariates in survival models. Winter and
summer wildfire covariates were treated at continuous within each 5 year interval.
Adult Female Survival Analysis
I generated monthly survival estimates for adult female mule deer using known-fate
models, with estimates and model selection statistics generated in Program MARK (White and
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Burnham 1999). This approach allowed incorporation of temporal variation and individualspecific covariates within a standardized model selection and multi-model inference framework
(Murray 2006). All deer entered the analysis at the same time based on their capture month and
year (March 2015). I used an information-theoretic approach to evaluate models using Akaike’s
Information Criterion (AICc). I considered models within 2 ∆AICc to be competitive with the
top model (Burnham and Anderson 2002).
I used a sequential modeling approach to construct the known-fate models to test
temporal, movement behavior, wildfire, and vegetation effects First, I built models that tested
temporal effects including year and season. Second, I tested movement behavior on survival
including two groups: migratory and resident. I then tested summer wildfire covariates, followed
by winter wildfire covariates. Finally, I tested whether monthly survival was associated with
individual summer range NDVI values or individual winter range western juniper canopy cover.
The most competitive models from each stage were then combined and added to the modeling
output. This modeling approach results in the same model selection outcome as an all-possiblecombinations modeling approach but includes fewer models with uninformative parameters
(Arnold 2010, Doherty et al. 2012). I included the most general model including separate
estimates of survival for each month and year and the model with no effects for comparison at all
modeling stages.
Results
Over the 30-month study (Mar 2015 to Aug 2017), 111 adult female mule deer had
adequate location data for inclusion in annual survival models (minimum 1 month of location
data, average duration 20 months). Due to radio malfunction (n = 1) and mortalities that occurred
within the first 14 days of capture (n = 9), I left-censored those 10 deer from the survival
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analyses (Chatchpole et al. 2008). During the study, 17 deer died from predation, 3 died of
disease or injury, 2 died from vehicle collision, 2 died from illegal harvest, and 22 had unknown
causes of death. Fifty-seven deer had loss of signal or collar failure and were right censored from
the analyses.
Of the 43 candidate models (Table 3.2), 4 were within 2 AICc units and accounted for
over one third of the model weight. Two competitive (≤ 2 ΔAICc) models included a temporal
effect of the fawning season, however, the covariate was not informative as the betas overlapped
zero in both models (Burnham and Anderson 2002). From the top model, adult female survival
in this study was best predicted by percent of individual winter range use in areas burned 1620yrs prior and percent of individual summer range burned 11-15yrs prior to use. Survival was
negatively influenced by amount of 16-20yr-old burns within an individual’s winter range (DecFeb) (𝛽̂ 16-20W = −0.181 SE = 0.071, 95% CI = −0.321 to −0.014; Figure 3.2a). Survival was
positively influenced by the amount of 11-15yr-old burns within an individual’s summer range
(Jun-Aug) (𝛽̂ 11-15S = 0.194 SE = 0.001, 95% CI = 0.193 to 0.195; Figure 3.2b). Monthly survival
was highest during summer (0.969, SE = 0.002), followed by spring (0.956, SE = 0.005), then
fall (0.925. SE = 0.004) and was lowest during the winter (0.922, SE = 0.004). I calculated the
annual survival from the best model as the product of spring (Mar-May), summer (Jun-Aug), and
winter (Dec-Feb) survival (Figure 3.3), which was approximately 0.79.
Migratory behavior, juniper cover, summer NDVI, and other aged burns (1-5yr, 6-10yr,
15-20yr) were not meaningful predictor variables in the top model. Model coefficients of all
predictor variables and annual survival rates from migratory and resident deer from the most
general model can be found in Appendix A. Using estimates from this model, I calculated
migratory annual survival (0.78) and resident annual survival (0.73).
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Discussion
Burned areas where wildfire occurred 16-20 years prior had a negative influence on adult
female mule deer survival on sagebrush steppe-dominated winter range. Winter forage for mule
deer is relatively scarce in sagebrush steppe ecosystems as woody plants are sparse in these
systems (Nicholson et al. 2006). This scarcity can be compounded in areas where high intensity
or repeated wildfires have occurred (Bunting et al. 1985; Ellsworth et al 2020). Mule deer rely
heavily on shrub species for winter forage, particularly antelope bitterbrush (Burrell 1982, Hobbs
1989) due to the elevated nutritional content of the current year’s growth (Dietz et al. 1976).
However, old decadent stands of antelope bitterbrush are highly vulnerable to mortality due to
wildfire and require 15-20 years to reestablish in a semi-arid environment (Driver and Wilson
1980). Changes in diet, particularly loss of valuable nutritious forage, can adversely affect winter
survival (Hobbs 1989). Shrubs do not only provide vital forage during the winter, they also
provide cover. Shrub cover is a critical component to winter survival because it influences
microclimate, predation risk, and snow depth (Mysterud and Ostbye 1999). The loss of shrubs on
the winter range can make deer more susceptible to predation and thermal protection from wind
and precipitation, ultimately lowering their survival (Reeve and Lindzey 1991). The negative
effect of the loss of shrubs species from wildfire may be compounded when the landscape is
already degraded, as is the case for this study area, which has a history of overgrazing, juniper
expansion, and invasion of annual grasses. In burned areas where shrub species have not been
able to reestablish, the capacity of the winter range to support mule deer populations is reduced
and can ultimately decrease adult female survival.
Conversely, areas that burned 11-15 years prior had a positive influence on adult female
survival on summer ranges. The mule deer summer range occurred mostly on higher elevation
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dry forests for migratory deer or in riparian areas for resident deer (Schuyler et al. 2020a) which
respond to fire much differently than sagebrush steppe. The initial postfire response (< 5 years)
of understory vegetation is increased herbaceous vegetation (grasses and forbs) cover and density
(Kerns et al 2011). However, many valuable forage shrubs in dry forests, including Rosa spp.,
Ribes spp., and Ceanothus velutinus, will slowly regenerate the subsequent growing seasons. Tall
shrub communities associated with riparian areas, such as Salix sp. and Alnus spp., respond to
fire with abundant resprouting in years following a fire (Halofsky and Hibbs et al. 2009,
Kaczynski and Cooper 2015). Regenerating plant growth stimulated by fire is more palatable and
higher in nutrients than older plant tissue (Leigh et al. 1991). Areas that have burned over a
decade prior have a regenerating shrub layer, which offers more nutrition (higher forage quality
and quantity) to positively influence adult female survival (Wallmo 1981). Invigorated plant
growth also provides valuable hiding and thermal cover on summer ranges (Loft et al. 1987).
Summer thermoregulation is critical for mule deer survival (Peek et al. 2002) and the increased
shrub cover found in burned areas may help animals avoid thermal stress by providing refuge
from solar heat (Sargeant et al. 1994). Predation can be a major limiting factor to mule deer
populations (Smith and LeCount 1979). As a result, burned areas with increased shrub cover that
provide hiding cover may also have a positive influence on survival. Burned areas where wildfire
occurred 11-15 years prior not only positively influenced survival for this population but these
areas also had a significantly higher probability of being selected by this population of deer
(Schuyler et al. 2020a), highlighting the importance postfire response across elevational
gradients and ecosystems.
The probability for adult female annual survival was 0.79, which is lower than survival
rates reported for adult female mule deer in other individual populations (0.86, Bleich et al.
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2006; 0.81, Bender et al. 2007; 0.91, Bishop et al. 2009; 0.89, Monteith et al. 2010; 0.89 Hurley
et al. 2011), including the weighted mean annual survival rate from a meta-analysis that
estimated adult female survival over the past 30 years across the geographic range (0.84,
CV=0.06; Forrester and Wittmer 2013). The mule deer population in this study has been
decreasing for decades (ODFW 2019). This study provides an estimate of the magnitude and
potential source of the population’s current rate of decline (Bishop et al. 2005). Seasonal survival
rates were highest in the summer and lowest in the winter, which is consistent with observations
for mule deer in British Columbia, CA (Robinson et al. 2002). Lower survival in the winter is
likely explained by lower forage quantity and quality when energy expenditures from thermal
regulation and locomotion through snow are high (Hobbs 1989). Although females in this study
had little to no direct hunting pressure, the similarly low survival rate during the fall is likely due
the negative effect of human disturbance associated with both rifle and bow hunting seasons
(Schuyler et al. 2019). The increase in survival rate during the spring and summer is likely
explained by the increase in foraging opportunities that likely led to better body condition
(Monteith et al. 2014, Schuyler et al. 2020b).
Counter to my prediction, movement behavior (resident or migratory), juniper canopy
cover, and summer understory vegetation (NDVI) did not influence survival. Other studies have
found differences in survival due to movement behavior (Nicholson et al. 1997, Schuyler et al.
2019), but I found no support for migration behavior influencing survival, likely because the
time frame of this study (2.5years) was much shorter than the lifespan of a deer (10 years), which
may not be long enough to detect differences between the two groups. Alternatively, given the
low annual survival for this population, it appears neither movement strategy was more
advantageous and could suggest that differences in the condition of the summer ranges are
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negligible (i.e., shared winter range and both summer ranges are all in poor condition). More
research is needed to investigate potential negative effects occurring to the entire population of
deer in this study, such as habitat loss and degradation or predation.
While I did not find a negative effect of juniper canopy, increases in western juniper tree
density and canopy has been well documented as having a negative effect on understory plant
communities by outcompeting shrub and herbaceous species (Miller 2005, Coultrap et al. 2008,
Dittel et al. 2018). Juniper encroachment has coincided with mule deer population declines
(Aldon 1993) and has also been found to negatively influence fawn survival rates due to lack of
winter forage (Bergman et al. 2014). In addition, this study area had a number of burned areas on
the winter range which could provide better foraging opportunities in the adjacent patches to the
dense juniper stands. Future research using juniper canopy cover in tandem with understory
vegetation measurements (i.e., shrub cover, plant community composition) and adult body
condition would aid in elucidating the effect of juniper expansion on adult survival.
Although NDVI has been a useful predictor of vegetation productivity in other ungulate
demographics (Pettorelli et al. 2011) these studies used longer-term datasets (min 5 years), and
body measurements to determine how plant biomass and growth influenced population dynamics
(Hurley et al. 2014, Stoner et al. 2016, Caltrider and Bender 2018). NDVI may also be better
suited to predicting reproductive parameters or fawn survival because these demographics are
more sensitive to changes in forage availability than adult female survival (Gaillard et al. 1998).
While I did not find any support for the effect of understory vegetation on late summer or winter
survival, using NDVI as an index of vegetation productivity coupled with physiological
measurements could be informative for studies with larger temporal scales.
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Few studies have examined how wildfire influences mule deer population dynamics
(Updike et al. 1990, Holl and Bleich 2010, Gogan et al. 2019) and to date none had studied the
long-terms effects of wildfire (+10yrs post fire). I found that fire can impact mule deer
populations both positively and negatively depending on season and time since fire. Much focus
is placed on the initial post-fire response, however, this study supports the idea that later post-fire
response is also important to consider when examining how habitat changes influence mule deer
populations dynamics.
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Table 3.1 Sequential modeling approach used to develop model set for known-fate survival
analysis of female mule deer (Odocoileus hemionus) in the Blue Mountains, Oregon, 2015-2017.
S is the survival rate estimate.
Covariate Model Name
Description and predicted effects
category
Temporal S (YR×Mon)
Survival (S) is fully time-dependent varying by month
effects
(Mon) and year.
S (YR+Mon)
S varies by month with an additive effect of year.
S (Mon)

S varies between all monthly intervals within a year.

S (.)

S is fixed through time (i.e., monthly interval estimates are
equal).
S varies by year.
S varies by season (spring: Mar-May; summer: Jun-Aug;
fall: Sept-Nov; winter: Dec-Feb)
S differs between migratory and resident deer
S varies as a function of burned summer range (1-5yrs
prior) during summer months (Jun-Aug).
S varies as a function of burned summer range (6-10yrs
prior) during summer months (Jun-Aug).
S varies as a function of burned summer range (11-15yrs
prior) during summer months (Jun-Aug).
S varies as a function of burned summer range (16-20yrs
prior) during summer months (Jun-Aug).
S varies as a function of burned winter range (1-5yrs
prior) during winter months (Dec-Mar).
S varies as a function of burned winter range (6-10yrs
prior) during winter and early spring months (Dec-Mar).
S varies as a function of burned winter range (11-15yrs
prior) during winter and early spring months (Dec-Mar).
S varies as a function of burned winter range (16-20yrs
prior) during winter and early spring months (Dec-Mar).
S varies as a function of NDVI for summer months (JunAug)
S varies as a function of NDVI for late summer months
(July-Sept)
S varies as a function of percent of western juniper canopy
cover during winter months (Dec-Feb)

S (YR)
S (Season)
Movement S (Mig)
Wildfire
S (1-5S)
(Summer)
S (6-10S)
S (11-15S)
S (16-20S)
Wildfire
(Winter)

S (1-5W)
S (6-10W)
S (11-15W)
S (16-20W)

Habitat

NDVI1
NDVI2
JUOC
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Table 3.2 Model selection results for the top 10 of 43 a priori models investigating survival
probability (S) of radio collared mule deer in the Blue Mountains, Oregon, USA, 2015–2017,
relative to time effects, wildfire covariates, and vegetation covariates. Models are ranked
according to Akaike’s Information Criterion adjusted for small sample sizes (AICc). Difference
in AICc (∆AICc), Akaike weight (wi), number of parameters (K), and deviance are also listed for
each model. Model set includes the intercept-only (null) model of constant survival over time,
S(.), and the most general model with survival variation by month and year, S(Yr*Mon).
*Denotes top model selected.
Model
AICc
ΔAICc wi
K
Deviance
S(16-20Win + Spr)
440.8424
0 0.11528
3 434.8308
S(16-20Win +11-15S + Spr)
441.0089 0.1665 0.10607
4 432.9896
S(16-20Win)
441.3619 0.5195 0.08891
2 437.3561
S(16-20Win +11-15Sum)*
441.7797 0.9373 0.07215
3 435.7681
S(Spr)
443.0096 2.1672 0.03901
2 439.0038
S(11-15Sum + Spr)
443.1342 2.2918 0.03665
3 437.1226
S(.)
443.3646 2.5222 0.03266
1 441.3627
S(1-5Win + 16-20W}
443.3667 2.5243 0.03263
3 437.3552
S(11-15Sum (Jun-Aug)}
443.7393 2.8969 0.02708
2 439.7335
S(16-20Sum (Jun-Aug)}
444.1177 3.2753 0.02241
2 440.1119
S(Yr*Mon)
462.0909
0
0
30 401.1805
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Figure 3.1 Location and core study area of 111 adult female mule used in known fate survival
analysis in Blue Mountains, Oregon, USA, March 2015-August 2017.

70

Winter Survival Rate

a)
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

2

4

6

8

10

12

14

15

17

19

% Burned Within Inividual's Winter Range

Summer Survival Rate

b)

1.000
0.995
0.990
0.985
0.980
0.975
0.970
0

1

2

3

4

5

6

7

8

9

10 11 12 13 14 15 16 17 18 19

% Burned Within Individual's Summer Range

Figure 3.2 Influence of fire on mule deer survival. The percentage of deer location points that fell
within a burned polygon on adult seasonal survival rates for a) winter (16-20 yrs prior) and b)
summer (11-15yrs prior) ranges, including 95% confidence interval for female radio-marked
mule deer (Odocoileus hemionus) in the Blue Mountains Oregon, 2015-2017.

71
0.98

Seasonal Survival Rate

0.97
0.96
0.95
0.94
0.93
0.92
0.91
Spring
(Apr-May)

Summer
(Jun-Aug)

Fall
(Sept-Nov)

Winter
(Dec-Feb)

Figure 3.3 Seasonal survival rate estimates (S) and 95% CI for adult female radio collared mule
deer (Odocoileus hemionus) in the Blue Mountains Oregon, USA, 2015-2017.
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4 – FORAGE QUALITY AND QUANTITY IN MIGRATORY AND RESIDENT MULE
DEER SUMMER RANGES
Abstract
Migration influences individual fitness, thus understanding the mechanisms that drive a
partially migratory population has important conservation and ecological implications. The
quality and quantity of forage available to reproductive female ungulates during the summer can
influence body condition and lactation, ultimately influencing herd production. I examined the
differences in forage quality and quantity between migratory (n = 19) and resident (n = 17)
summer home ranges for a population of mule deer (Odocoileus hemionus) in the John Day
Basin of NE Oregon, USA. During 2018, I collected vegetation measurements 3 times
throughout the summer (mid-May, mid-June, mid-July) to determine changes in dry-matter
digestibility (DMD; %) at three different phenological stages (emergent, mature, and cured) for
three forage classes (grass, shrub, forbs). On the second visit, at the peak of the growing season, I
collected biomass and cover data to determine differences in forage quantity for the forage
classes between the summer ranges. In mid-June, 2019, I re-visited a subsample of sites
(migratory [n = 5]; resident [n = 5]) to collect DMD, biomass, and cover data to estimate
interannual (2 year) variation. Migratory deer had access to overall higher quality forage at
higher elevation summer ranges. Forbs had the highest forage quality. Forage quality declined
across the study area as moisture declined and vegetation senesced. Shrub forage quality was
higher (DMD = 54.1%) on resident ranges than migratory ranges (49.7%; p = 0.001). Grasses
had higher biomass (26.1 mg/ha) and cover (50.1 %), than forbs (19.2 mg/ha; 34.7% cover) or
shrubs (20.6 mg/ha; 6.7% cover). This study illustrated nutritional drivers that can support a
population with divergent movement behavior in which migratory deer had access to higher
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quality forage throughout the summer, yet resident summer ranges had higher quality shrub
species. This study demonstrates the need to conserve shrub communities at lower elevations
and maintain forb diversity at higher elevations.
Introduction
Populations in which many, but not all, individuals migrate are referred to as partially
migratory (Chapman et al. 2011). Partial migration is documented in some populations of several
ungulate species across North America, including mule deer (Odocoileus hemionus), elk (Cervus
elaphus), pronghorn (Antilocapra americana), and moose (Alces alces) (e.g., Nicholson et al.
1997, Barker et al. 2019, White et al. 2007, Ball et al. 2001). Migration behavior in ungulates
represents a trade-off between potential benefits of moving to higher quality habitat, which can
ultimately increase reproductive success, and the risk of predation during the migration process
(White 1983, Nicholson et al. 1997). Individuals that do not move to a different summer range,
but remain on the same range year-round, forego the potential for better quality habitat and gains
in biomass but conserve energy and reduce movement-associated risks (Hebblewhite and Merrill
2009).
Ungulate migration is driven by the seasonal pursuit of higher quality forage (i.e. higher
dry matter digestibility; White 1983). Beginning in the spring, individuals follow phenological
gradients or “green waves” (i.e. following herbaceous vegetation moisture [Moeslund et al.
2013]) to maximize forage quantity and quality throughout the growing season (Fryxell 1991,
Hebblewhite et al. 2008, Hebblewhite and Merrill 2009). Forage quality is highest in new plant
growth and declines as the plant matures due to the conversion from easily digestible, nutritious
plant cells to dry, fibrous plant material (Van Soest 1982). One proposed mechanism for partial
migration in ungulate populations is the forage maturation hypothesis (FMH), which predicts
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that migratory ungulates will follow phenological gradients to maximize energy intake (Fryxell
and Sinclair 1988). Individuals will migrate to areas that offer a balance between forage quality
and quantity. Energy intake is not solely a function of forage quality and quantity but also a
function of rumination (Fryxell 1991, Hebblewhite and Merrill 2008). For every high quality
bite, less rumination is needed to deliver nutrition to the body. The animal then spends more time
foraging, which can improve body condition and ultimately increase fitness (White 1983). In
addition, the individual must select an area with adequate forage quantity to sustain its
physiological functions.
Summer forage, particularly late-summer forage, is critical in supporting reproductively
viable ungulate populations (Merrill and Boyce 1991, Rolandsen et al. 2017, Cook et al. 2018).
Summer forage is essential for adult females as it provides nutrition and enables them to meet
their energetic demands of lactation for fawns, to build body fat reserves, and then to maintain
the next pregnancy through the winter (Cook et al. 2004). Lactation can have significant costs to
an individual because if the required nutrition to produce milk is not consumed, a deer will
metabolize its own body reserves to maintain offspring growth (Landete-Castillejos et al. 2003).
In the fall, females may not enter estrus if they are in poor body condition (i.e., low weight and
body fat). Collectively, nutritional limitations on females during summer-autumn can limit
overall herd production (Cook et al. 2004, Proffitt et al. 2016). Migrants and residents forage in
different areas during summer which may influence an individual’s access to adequate quantity
(biomass) and quality (digestibility) of forage (Rolandsen et al. 2017, Baker et al. 2018),
ultimately influencing fecundity or survival rates (Cook et al. 2004, Proffitt et al. 2016). Thus,
comparing the quality and quantity of forage available on migrant and resident summer ranges
can provide insight into the mechanism for a partial migratory population of mule deer.
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Forage quality is determined by digestibility, protein content, minerals, and tannins
(Short 1981, Van Soest 1982). Digestibility is determined by the ratio between the cell walls and
the cell content, thus the less cellulose a cell has the easier it is digested, resulting in higher
nutrition (Van Soest 1982). Plant digestibility is highest when they first emerge and then
gradually declines due to the thickening of the cell walls as the plant matures (Robbins 1983).
Compared to other ruminants, mule deer are selective feeders. Their anatomical features, such as
small mouth, rumen, and gut length relative to body size, result in forage selection to achieve
relatively small volumes of a high quality, easily digestible diet (Wallmo 1981). This nutritional
niche requires mule deer to be selective browsers, rather than grazers. Mule deer primarily
consume forbs and shrubs throughout the year, only selecting for grasses when they first emerge
(Wallmo 1980, Holecheck 1984). When forbs are green and succulent, they are the most
preferred forage for mule deer (Snider and Asplund 1974, Mackie et al. 2003). Shrubs become a
critical component to their diet as forbs and grasses senesce and when the ground is covered in
snow (Blaisdell et al. 1982). Due to their specialized forage requirements, mule deer also must
have a highly varied diet to accommodate their nutritional needs (Geist 1981). Variability in
summer diets is compounded in a mixed migration population due to the differences in foraging
sites. For example, in sagebrush steppe ecosystems, antelope bitterbrush (Purshia tridentata), big
sagebrush (Artemisia tridentata), yarrow (Achilles millefolium), Sandberg bluegrass (Poa
sandbergii), and bluebunch wheatgrass (Pseudoroegneria spicata) are major components of a
mule deer diet (Willms and McLean 1974), compared to buckbush (Ceanothus cuneatus),
creeping Oregon grape (Berberis repens), whortleberry (Vaccinium myrtillus), huckleberry
(Vaccinium spp.), serviceberry (Amelanchier spp.), wild strawberry (Fragaria spp.), dandelion
(Taraxacum spp.), and balsamroot (Balsamorhiza spp.), which comprise the diet of deer in dry
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forest ecosystems (Huffman and Moore 2003, Hosten et al. 2007, Watkins et al. 2007). Due to
the species’ diverse dietary requirements, summer ranges that support the highest diversity of
plant species offer the best nutritional conditions (Holecheck 1984).
The mixed migratory patterns of the female deer that overwinter in the John Day Basin of
NE Oregon, USA offer a unique opportunity to evaluate influences of available nutrition on
summer ranges and may provide insight into the mechanisms for differences in migration
behavior. The objectives of this research were 1) to determine if forage quality (dry matter
digestibility), quantity (biomass), and percent cover differed between resident and migratory deer
summer ranges; 2) to quantify how forage quality varied over the growing season on each range
type; and 3) estimate magnitude of the interannual variation in forage quality and quantity. I
hypothesized that forage quality would be highest during active plant growth, resulting in higher
quality forage at low elevations early in the summer on the resident ranges and higher quality
forage at higher elevations on the migratory ranges later in the summer (Robinson and Merril
2013, Barker et al. 2019). I also expected that migrators’ summer ranges would have higher
forage quantity due to the prolonged access to emergent vegetation (Hebblewhite et al. 2008).
Finally, I hypothesized that annual forage quality and quantity would vary with differences in
rainfall between years, particularly on the resident ranges due to the limited water availability
(Marshal et al. 2005).
Methods
Study Area
The study area occurred in the eastern region of the John Day Basin, Oregon, USA,
encompassing approximately 409,721 ha of low-elevation sagebrush (Artemisia tridentata)
steppe and high-elevation dry mixed conifer and ponderosa pine forests of Blue Mountain
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Range. The lower elevation shrublands were primary wintering areas for mule deer (Odocoileus
hemionus). Human land uses at low-elevations consisted of privately-owned irrigated agriculture
and ranching, with low-density rural development (primarily located along the John Day River).
Land use at higher elevations included logging and livestock grazing allotments on federal land.
There was strong variation in climate and water availability across the 616 m - 2,756 m elevation
gradient. Average annual temperatures ranged from -2 ⁰C to 33 ⁰C and average precipitation
ranged from 30cm at lower elevations to 78 cm at higher elevations (PRISM Climate Group
2020). Low elevation plant comminutes included: sagebrush (Artemisia tridentata sp.), antelope
bitterbrush (Purshia tridentata), snowbrush (Ceanothus velutinus), rabbitbrush (Ericameria
nauseosa and Chrysothamnus viscidiflorus), western juniper (Juniperus occidentalis), fescue
(Festuca spp.), wheatgrass (Agropyron spp.), and bluebunch wheatgrass (Pseudoroegneria
spicata). The lower elevations of the study area have also experienced an invasion of annual
grasses, including cheatgrass (Bromus tectorum), meduasahead (Taeniatherum caput-medusae),
and North Africa grass (Ventenata dubia). Higher elevation plant communities contained
Ponderosa pine (Pinus ponderosa), Douglas fir (Pseudotsuga menziesii), quaking aspen (Populus
tremuloides), grand fir (Abies grandis), lodgepole pine (Pinus contorta), arrowleaf balsamroot
(Balsamorhiza sagittata), silky lupine (Lupinus argenteus), pine grass (Calamogrostis
candensis), whortleberry (Vaccinium myrtillus), huckleberry (Vaccinium scooarium),
serviceberry (Amelanchier alnifolia) and elk sedge (Carex geyeri).
Defining Summer Ranges
I used spatial location data from a population of mule deer that were captured and radio
collared in March 2015 by the Oregon Department of Fish and Wildlife (ODFW) to delineate
migratory (n = 94) and resident summer ranges (n = 34). The deer were considered one
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population because they shared the same winter range, which occurred on or within 90 square
kilometers of the Phillip W. Schneider Wildlife Area (PWSWA) and utilized the same ecoregion
(Commission for Environmental Cooperation 1997). The PWSWA was considered critical winter
range habitat for a population of 5,500 mule deer and is managed by ODFW. During this study,
the population of deer that winter on or nearby PWSWA exhibited partial migration: 75% of the
population migrated to higher elevations in the spring and the remaining 25% did not leave the
winter range. A deer was considered migratory when its seasonal range was distinctly separate
did not overlap (Brown 1992) the winter range, and the distance between seasonal range edges
was >10km (migration distance ranged from 27-186 km). I determined the extent of each
summer range by mapping the GPS locations for the migratory and resident deer separately and
creating a minimum convex polygon (MCP) that included all summer locations for each group
(Mohr 1947, Chetkiewicz and Boyce 2009, Coe et al. 2018; Figure 4.1). I then randomly selected
deer from each movement group (migratory n = 19, resident n = 17) to collect summer range
vegetation data.
Vegetation Sampling
During the summer of 2018, I compared forage biomass, percent cover, and dry matter
digestibility for three forage classes (shrub, grass, and forb) between individual migratory and
resident mule deer summer ranges (Figure 4.1). Individual summer ranges for randomly selected
deer were determined by using a 95% kernel home range distribution which accounts for density
of locations and more accurately defines the center of a home range compared to other methods,
such as the centroid of a minimum convex polygon (Worton 1989). Each sampling site was
located at the centroid. In 2019, I revisited a subset of 10 sites (n = 5 migratory, n = 5 resident)
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to see how plant biomass, cover, and dry matter digestibility to estimate the magnitude of
variation between a years.
In 2018, I visited each site 3 times throughout the summer (mid-May, mid-June, midJuly) to determine changes in dry-matter digestibility (DMD) at three different phenological
stages (emergent, mature, and cured). I established one transect at each of the 36 sites. Each
transect was 30 m long beginning at the home range centroid and the direction of the transect
was randomly generated. During each visit, I took composite samples of the three forage types
(forbs, grasses, shrubs) from 3 2x2m plots along the right side of transect (at the beginning,
middle, and end) for each site visit. On returning visits, I offset the sample plots by 5 m to the
right to avoid bias from prior collections. I only collected plant parts that would be consumed by
a deer (e.g., immature stems and leaves, mature leaves, stems, flowers; Spalinger et al. 1986,
Hanley 1997). For shrubs, I collected leaves and current year’s growth from all shrubs rooted in
the 4 m2 area of the plot. For forbs and grasses, I clipped plants down to 2 cm above soil surface
from four 0.0625 m2 subplots within the four m2 plots, only taking the current year’s growth and
leaving any dead standing herbaceous material. In 2019, I repeated the same procedure once,
during mid-June, to determine annual variation of DMD. All samples were dried at 50°C in a
drying oven for 48 h and analyzed for percent in vitro dry-matter digestibility (DMD) at Wildlife
Habitat Nutrition Lab (Washington State University, Pullman, Washington, USA) for each
forage group for the three site visits for all 36 sites.
During the second visit at each site (June 2018), I also estimated maximum forage
biomass (Catchpole and Wheeler 1992) and percent cover for all three forage classes to capture
peak understory vegetation production (Bates et al. 2006). At each site, I clipped all leaves and
non-woody stems for all shrub species within the 4 m2 plot and clipped grasses and forbs ≥ 2 cm
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above the ground, only taking growth from current growing season, within the four 0.0625 m2
subplots (Buechner 1952). These samples were dried at 50°C in a drying oven for 48 h and dry
weight was recorded. To measure percent cover of forbs and grasses, I used a line intercept
method (Canfield 1941) and recorded each species of plant that intersected the transect every 0.5
m and then divided by 60 (30m transect; Elzinga et al 1998). I calculated shrub cover by tallying
the total distance where live shrub canopies intersected the transect (allowing 10 cm between
living parts to be counted as same shrub), then divided by total transect length. Each species’
cover estimate was independent, allowing >100% total cover at any transect (Canfield 1941). I
repeated these same procedures in 2019, during mid-June, to determine annual variation in
biomass and percent cover. I created a vegetation production index, called forage bulk density,
by dividing the biomass of each forage class by its respective percent cover.
Statistical Analysis
In all models, I tested for differences in biomass (g/m2), (forage quantity), percent cover,
forage bulk density (biomass/percent cover), DMD (forage quality) between movement behavior
groups (migratory or non-migratory) using linear mixed effect models. In these models, the
response variables were biomass, percent cover, or DMD. Fixed explanatory variables were
forage class, movement group, year, phenological stage (DMD model only), and all two-way
interactions. All models included a random site variable to account for cross-variability. To
check distribution assumptions of the linear model, I looked for patterns in the Pearson residuals
by plotting them against fitted values and all predictors included in the model (Zuur et al. 2009).
Distributions were checked for normality by plotting their quantiles against each other (Q-Q
plot) (Zuur et al. 2009). Because forage biomass data were not normally distributed and
exhibited a heavy-tailed distribution, I used the boxcox function in the MASS package in R 3.01
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(Venables and Ripley 2002, R Core Development Team 2009) to transform the data. All other
analyses were performed in R 3.01 using lme function in the nlme package (Pinheiro et al. 2020).
I created two forage productivity indexes to describe the nutrition per unit area at two
different scales: 1) summer range: the area of an individual deer’s summer range (FPI1) and 2)
plant cover: percent cover of available forages at each site (FPI2), as provided by all forage
classes’ quantity (biomass) and quality (DMD). The forage productivity indexes were calculated
using the following formulas:
1) FPI1 = ((1+qnforb)*qlforb)) + ((1+qngrass)*qlgrass)) + ((1+qnshrub)*qlshrub))
area
2) FPI2 = ((1+qnforb)*qlforb)) + ((1+qngrass)*qlgrass)) + ((1+qnshrub)*qlshrub))
%forb
%grass
%shrub
where qn is the biomass (g/m2) of matured plants, ql is the average IVDMD (%) for each
phenological stage by forage class, % is the percent cover of matured plants for each forage
class, and area is the area of an individual summer range (km2). The higher the index value the
higher the nutrition per unit area for that summer range. The qn term has the addition of a 1 due
to the occasions when no biomass was collected for a forage class at a site. I then compared the
differences in mean FPI1 and FPI2 between migratory and resident summer ranges using twosample t-tests with unequal variance assumptions (Welch’s t-test).
Results
On both migratory and non-migratory summer ranges, total forage quality (DMD) across
all sampling dates were similar between forbs (x̅ = 49.4 %, Table 4.1) and shrubs (x̅ = 48.7%,
Table 4.1), and they were higher than grasses (x̅ = 40.0%, Table 4.1) (forage class factor; P=
<0.001, Tables 4.1- 4.2). Total forage quality was highest for all forage types when plants first
emerged and decreased at each subsequent phenological stage (x̅ = 50.8% emergent, x̅ = 46.1%
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mature, x̅ = 41.2%, phenological type factor, P= <0.001, Table 4.2, Figure 4.3), however forbs
had the highest DMD when they were matured (forage class*phenological stage interaction; P=
0.026). Overall, migratory summer ranges had higher forage quality than resident ranges (range
type factor; P=0.018, Table 4.2, Figure 4.3), however, shrubs on resident ranges had higher
DMD than migratory ranges (range type*forage class interaction; P= <0.001, Table 4.2, Figure
4.3). Forage quality was overall higher in 2019 than in 2018 (year factor; P=0.001, Table 4.2,
Figure 4.3).
Of the three forage classes, grasses had the highest percent cover (x̅ = 40%, migratory;
60% for resident, Table 4.1, Figure 4.2) and highest biomass (x̅ = 19.95 g/m2 for migratory and
32.2 g/m2 for resident, Table 4.1, Figure 4.2) on both summer ranges (forage class factor; P=
<0.001, Table 4.3). Grasses also had the highest forage bulk density on both summer ranges
(forage class factor; P= <0.014, Table 4.3, Figure 4.2). Shrubs had the lowest percent cover (x̅ =
8%, migratory and 5% for resident, Table 4.1, Figure 4.2) on both summer ranges (forage class
factor; P= <0.001, Table 4.3) and shrub cover was significantly lower on resident ranges than
migratory ranges (range type*forage class factor; P= 0.028, Table 4.3). Shrub biomass (x̅ = 18.4
g/m2 for migratory and 22.5 g/m2 for resident, Table 4.1, Figure 4.2) was not significantly
different between summer ranges. The forage bulk density index for shrubs was higher on
resident than migratory ranges (range type*forage class factor; P= 0.07, Figure 4.2, Table 4.3),
indicating that forage on shrubs was more concentrated per cubic area. Forb mean percent cover
(42%, migratory; 29% for resident, Table 4.1, Figure 4.2), biomass (14.9 g/m2, migratory; 23.4
g/m2, resident, Table 4.1, Figure 4.2), and forage bulk density (Figure 4.2, Table 4.3) was not
significantly different between summer ranges. Annual variation was not statistically
significantly different for biomass, percent cover, or forage bulk density for any of the forage
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class (Table 4.3). Forage quality was higher in 2019 than 2018 (year factor; P= <0.001, Table
4.2, Figure 4.3). There was no difference in biomass, percent cover, or forage bulk density
between years (Table 4.3, Figure 4.2). There was no difference in the forage productivity indices
between migratory and resident summer ranges at the summer range scale (FPI1: t = 0.527, df =
32.819, 95% CI = -489.572 – 831.397, P = 0.602, Figure 4) or plant cover scale (FPI2: t= -0.230,
df=32.392, 95% CI=-372.691 – 296.948, P = 0.819, Figure 4.4).
Discussion
My results show differences in forage availability between migratory and resident
summer ranges. As hypothesized, higher elevation migratory summer ranges had higher quality
available forage throughout the summer, likely due to the prolonged access to newly emerging
plants early in the winter range and then progressing into the summer range (Mysterud et al.
2001), increased water availability, and later plant senescence at higher elevations (Moeslund et
al. 2013). Higher forage quality on migratory summer ranges has been observed in other partial
migratory ungulate populations as well (Hebblewhite and Merrill 2009). These observations
support the theory that the physiological cost of migration is outweighed by the consumption of
higher quality forage (Bischof et al. 2012). However, from an evolutionary standpoint, both
strategies must be beneficial to the species’ success at times for partial migration to exist (Kaitala
et al. 1993). For example, a study of a partial migratory population in Montana observed a rise in
resident elk numbers due to an increase in nutrition provided by irrigated agricultural areas at
lower elevations (Barker et al. 2019). This study only captured forage availability for two
growing seasons, but it is likely that given a longer timeframe, we would also observe summers
in which it is more advantageous to remain on the same range year-round than it is to migrate.
For instance, in years when the snowpack melt is delayed, it would be advantageous to be a
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resident because migratory animals would be limited temporally and spatially to emerging
forage, being temporarily held in less suitable foraging areas until the snow melted. However,
spring snowpack has been declining in this region, thus future conditions that favor resident
strategies are less likely to occur (Mote et al. 2018). The resident summer range in this study area
is degraded due to recent wildfires, invasion of annual grasses, and historic overgrazing (Oregon
Department Fish and Wildlife 2006), therefore the differences in quality between the two
summer ranges may be more pronounced here than what we might see in better quality
sagebrush steppe-dominated summer ranges.
Forbs are an essential dietary component for deer, particularly in early summer (Short
1971, Gonzalez-Hernandez and Silva-Pando 1999). The findings from this research exemplify
the importance of forbs because they offered the highest quality forage on both summer ranges,
particularly during peak biomass. Differences in mule deer herd productivity have been
attributed to forb quality and quantity on summer ranges (Pederson and Harper 1978). The
availability of a variety of forbs improves mule deer nutrition because the asynchrony of
emerging plants will prolong the period in which green, nutritious forage is available (Tollefson
et al. 2010). Summer ranges that support a high forb richness and abundance are also beneficial
for many other species such as native bees (Williams et al. 2015), small mammals (Arlettaz et al.
2010), birds, and butterflies (Trathnigg and Phillips 2015).
Although the overall forage quality (dry matter digestibility) of all forages was lower on
resident summer ranges, shrub forage quality was higher on resident ranges than migratory
summer ranges. The mean forage bulk density for shrubs was also higher on resident ranges,
meaning that there was more mass per cubic area when compared to grasses and forbs. In other
words, shrub forage provides a denser concentration of nutrition than other forage classes per
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unit area. A study in the Canadian Rocky Mountains, also found that resident elk selected areas
with higher shrub biomass and digestible dry matter, emphasizing the importance of shrub
communities as a source of quality forage for wildlife at lower elevations (Hebblewhite et al.
2008). Many of the resident sites in the study had large, homogenous stands of older bitterbrush
(Appendix B). Bitterbrush is one of the most nutritious forage species for mule deer, particularly
during the winter (Bishop et al. 2001, Pierce et al. 2004) but is also valuable during late summer
when herbaceous forage has senesced (Austin et al. 1984). High quality shrub forage on resident
ranges may offer one explanation as to why this population of mule deer can support a partial
migration strategy. This insight also provides a valuable tool for conservation in sagebrush
steppe systems by emphasizing the importance of shrub communities for wildlife nutrition.
Overall, grasses had the highest biomass, cover, and forage bulk density but had the
lowest quality forage on both migratory and resident summer ranges. Grasses have been
reported to show relatively low forage quality compared to shrubs and forbs by several authors
(Kufeld et al. 1973, Severson et al. 1983, Hanely et al. 1992). Additionally, much of the John
Day Basin has been invaded by cheatgrass (Bromus tectorum), meduasahead (Taeniatherum
caput-medusae), and North Africa grass (Ventenata dubia) (Dahl and Tisdale 1975, Bansal and
Sheley 2016, Jones et al. 2018). Thus, the large amount of biomass and high forage bulk density
is likely a reflection of the presence of these invasive species. Exotic annual grasses, such as
cheatgrass, provide some short-term forage for mule deer when they are first emerging or when
there is a fall emergence but has little to no forage value during the rest of the year (Watkins et
al. 2007). However, exotic grasses such as North Africa grass and meduashead are high in silica
which makes them unpalatable and low in digestibility (Fryer 2017). Both migratory and
resident ranges are negatively impacted by the invasion of annual grasses because they
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outcompete native perennial bunchgrasses and forbs, reducing species diversity and ultimately
lowering overall forage quality across the landscape (Reid et al. 2008, Litt and Pearson 2013).
Forage quality was higher in 2019 than in 2018. This is likely due to differences in spring
rainfall that occurred between the two years. The average rainfall from March to May was 56
mm in 2019, compared to 41 mm during those same months in 2018 (Figure 4.5). Rainfall has a
positive linear relationship to dry matter digestibility, particularly in arid environments (Marshal
et al. 2005), so I expect that the above average precipitation in 2019 was a main driver of higher
forage quality that year. I did not find any differences in biomass between years, however this is
likely the result of low sample sizes. I collected 3x as many samples for forage quality (N = 354)
as I did for forage quantity (N = 144). The future climate for much of the western United States
is predicted to have hotter, drier summers (Chambers and Pellant 2008). For this reason, it may
be important to incorporate environmental conditions, such as drought, when projecting available
forage on the landscape.
Previous studies have demonstrated that ungulates can adopt selection strategies at more
than one scale (Johnson et al. 2006, Boyce et al. 2003, Hebblewhite et al. 2008). The scale of
selection for an animal may be at the plant, patch, vegetation community, or landscape level.
Understanding how forage productivity differs at two different scales for migratory and resident
deer can help draw generalizations about what could be driving the divergent movement
behavior for this population. Although I did not find statistically significant differences in the
forage productivity indexes at the summer range or forage class scale, it is interesting to note
how the range of index values were inversely related. When forage productivity was measured
that the scale of an individual’s summer range (FPI1), there was a higher interquartile range of
values for migratory ranges than for resident ranges. Conversely, when the forage productivity
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was measured at the percent cover of the plants (FPI2), there was a higher interquartile range of
values for the resident summer ranges than the migratory ranges. This inverse relationship has
been documented in other partial migratory populations where residents displayed stronger
selection at the plant level to compensate for the lower availability of higher quality forage
compared to migrants (Wilmshurst et al. 1999) or migrants make forage decisions at larger scales
due to the abundance of high quality forages within their summer range (Hebblewhite et al.
2008). Dussault et al. (2005) similarly reported resident moose were more selective at finer
spatial scales due to lower availability of quality forage.
The partially migratory strategy in ungulates must confer some evolutionary advantage.
This study indicates that differences in forage availability between summer ranges may partially
explain the mechanism for this strategy in mule deer. This study supports the forage maturation
hypothesis in that migratory deer had access to high quality forage. However, the nutritional
compensation for not migrating is likely provided by the shrub species at lower elevations.
Future research is needed to determine how major environmental changes affect the foraging
trade-offs of migration behavior across large spatial and temporal scales, particularly as the
climate continues to change rapidly.
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Table 4.1 Mean and standard error (SE) for forage quality (DMD), quantity (biomass; g/m2) and
cover (%) of forage classes (grass, shrub, and forb) for migratory and resident mule deer summer
ranges in the John Day Basin, Oregon, USA.

Variable
DMD
Emergent
Grass
Shrub
Forb
Mature
Grass
Shrub
Forb
Cured
Grass
Shrub
Forb
Percent Cover
Grass
Shrub
Forb
Biomass
Grass
Shrub
Forb

Migratory Summer Range

Resident Summer Range

2018
Mean SE

2019
Mean SE

2018
Mean SE

2019
Mean SE

47.5
52.6
53.8

1.45
1.33
1.25

-

-

43.8
55.3
51.6

1.24
1.51
1.73

-

-

38.9
42.6
46.2

0.93
0.85
1.28

47.1
58.2
64.3

1.54
5.63
4.87

36.7
47.0
46.9

1.21
1.72
1.65

42.1
67.2
63.9

3.01
2.01
2.23

35.6
45.4
43.9

0.62
1.28
1.21

-

-

34.3
46.8
41.1

1.19
1.20
1.27

-

-

37.2
13.4
33.4

4.15
2.82
5.78

42.7
3.43
51.0

4.70
2.30
8.50

53.4
6.58
28.0

6.74
1.54
5.38

67.0
4.05
30.3

11.31
2.73
10.24

28.5
22.6
15

5.69
4.50
2.71

11.4
14.1
14.8

2.68
10.15
0.52

15.7
32.5
16.8

4.51
9.70
3.18

48.7
12.4
30.0

18.92
10.46
12.66
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Table 4.2 Predictors of forage quality (dry matter digestibility) in relation to forage type (forb,
grass, shrub), migration behavior (migratory or resident), and phenological stage (emergent,
mature, cured) for mule deer ranges in the John Day Basin, Oregon, USA in 2018-19. The
intercept for forage is grass, migratory for movement, emergent for phenological stage. Site is a
random effect.
Predictors

Estimates

CI

p

(Intercept)

47.46

45.13 – 49.79

<0.001

Resident Range

-3.58

-6.43 – -0.74

0.014

Forbs

6.37

3.41 – 9.33

<0.001

Shrubs

5.28

2.32 – 8.24

<0.001

Matured Forage

-10.54

-13.41 – -7.67

<0.001

Cured Forage

-10.86

-13.85 – -7.87

<0.001

Shrubs * Cured Forage

2.90

-0.81 – 6.61

0.125

Shrubs * Matured Forage

1.10

-2.41 – 4.60

0.539

Forbs* Matured Forage

4.00

0.50 – 7.50

0.025

Forbs * Cured Forage

0.56

-3.16 – 4.27

0.769

Cured Forage* Resident Range

0.23

-2.80 – 3.26

0.882

Shrubs * Resident Range

6.08

3.18 – 8.99

<0.001

Matured Forage * Resident Range

2.23

-0.64 – 5.10

0.128

Forbs * Resident Range

1.35

-1.55 – 4.26

0.361

Year (2019)

13.86

11.49 – 16.22

<0.001
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Table 4.3 Predictors of biomass (g/m2), cover (%), and bulk forage density ((g/m2)/%) in relation to forage type (forb, grass, shrub),
and migration behavior (migratory or resident) for mule deer ranges in the John Day Basin, Oregon, USA. The intercept for forage is
forb and migratory for movement. Site is a random effect.
Predictors

Estimates

Biomass
CI

p

Estimates

Cover
CI

p

Bulk forage density
Estimates
CI

p

4.05

3.22 – 4.89

<0.001

37.42

29.40 – 45.45

<0.001

3.32

0.67 – 5.97

0.014

Forbs

-0.44

-1.54 – 0.66

0.433

-1.25

-12.04 – 9.54

0.820

-2.12

-5.78 – 1.55

0.257

Shrubs

-0.15

-1.25 – 0.95

0.787

-26.99

-37.77 – -16.20

<0.001

1.59

-2.08 – 5.25

0.396

Resident Range

-0.56

-1.75 – 0.63

0.359

18.09

6.70 – 29.47

0.002

-2.31

-6.06 – 1.44

0.227

Shrubs * Resident
Range

0.70

-0.89 – 2.29

0.389

-26.70

-42.30 – -11.11

0.001

4.90

-0.40 – 10.20

0.070

Forbs * Resident
Range

0.80

-0.80 – 2.39

0.327

-23.52

-39.12 – -7.93

0.003

2.41

-2.89 – 7.71

0.373

-0.17

-1.00 – 0.66

0.692

4.14

-3.83 – 12.12

0.309

-2.07

-4.69 – 0.55

0.122

(Intercept)

Year (2019)
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Figure 4.1 Map of the study area in John Day Basin, OR USA from 2018-19. Orange squares and
dotted line are migratory summer range perimeter and field sites (n = 19) and blue triangles and
solid line are resident summer range perimeter and field sites (n = 17).
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a)

b)

c)

Figure 4.2 Comparison of (a) biomass (g/m2), (b) understory cover (%), and (c) bulk forage density ([g/m2]/%) for forage classes
during mature phenological stage from migratory and resident summer ranges in John Day Basin, OR USA during 2018-19.
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a)

b)

Figure 4.3 Forage quality (DMD, %) for three phenological stages of plants in three forage
classes (forb, shrub, grass) for migratory (a) and resident summer ranges (b) in John Day Basin,
OR USA during 2018-19.
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(a)

(b)

Figure 4.4 Forage Productivity Indices for migratory and resident summer ranges in John Day
Basin, OR USA during 2018-19 (a) the summer range scale (FPI1) and (b) forage class scale
(FPI2).
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Figure 4.5 Monthly precipitation (mm) for John Day Basin, USA Oregon for 2018 and 2019.
(PRISM Climate Group 2020).
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5 – CONCLUSION
Mule deer population declines have coincided with the increasingly rapid and widespread
degradation of ecosystems throughout the western United States (Bishop et al. 2009, Tollefson et
al. 2010, Bergman et al. 2015). My work examined relationships between drivers of change, such
as wildfire and juniper expansion and mule deer habitat use, survival, and summer forage. My
findings lend further, more detailed support of habitat degradation as a major limiting factor for
mule deer populations in eastern Oregon.
Annual survival rates of adult females in this population of mule deer are low enough
(0.79) to cause concern. The rate of change in population size () for ungulates is sensitive to
female survival rates and small fluctuations can make the population growth unstable (Gaillard et
al. 2000). Oregon Department Fish and Wildlife has recorded a 42% decline in the region’s mule
deer population over the past 18 years, estimating a population of 300,000 in 2001 to 176,017 in
2019 (Oregon Department Fish and Wildlife, unpublished data). The survival rates I observed
for female deer in this study are lower than what is required (0.82) to maintain a stable
population growth rate (Robinson et al. 2002, Bender et al. 2007, Mulligan 2015). The low adult
female survival rate indicates that there are top-down (predation) and/or bottom-up (limited
nutrition) forces limiting this population (Forrester and Wittmer 2013). For this population of
deer, I found indicators that poor habitat quality could be a major contribution to the decline.
Invasive annual grasses are a threat to the Great Basin because they degraded an
ecosystem’s structure and function, ultimately lowering habitat quality for many wildlife species
(Chambers et al. 2014, Brooks et al. 2016, Coates et al. 2017). Mule deer exhibit strong site
fidelity despite habitat degradation (Webb et al. 2013). My research documented that during the
winter, mule deer used patches that were dominated by invasive annual grasses. Although exotic
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annual grasses can supply some nutrition under certain conditions, such as fall green-up, but
shrub-dominated patches offer much higher nutrition as well as thermal cover. Deer selecting
exotic grass dominated patches more than shrub dominated patches is likely a result of high site
fidelity and indication of habitat degradation. Alternatively, these areas may have also provided
the only emerging forage during the winter if the precipitation was in the form of rain rather than
snow. In addition, invasive annual grasses were common across the summer range while
vegetation sampling in 2018-2019. In fact, the analyses for forage availability, grasses (including
annual and perennial) had significantly higher biomass, percent cover, and bulk density
compared to forbs and shrubs across the summer range. Invasive annual grasses are pervasive
throughout the study area (Henderson et al. 2019, Northwest Fire Science Consortium 2019) and
likely contributed to the significantly high proportion grasses in the analyses. Collectively, the
results from the winter habitat selection and the available forage analyses provided evidence of
poor habitat quality that is linked to invasive annual grasses.
In sagebrush steppe ecosystems, I found that wildfire had a negative effect on the mule
deer population over a decade after the fire occurred. Deer not only exhibited strong avoidance to
areas that have burned 11-20 years prior but also survived at lower rates when their winter range
contained 11-15 year old burns. Although fire is an integral part of sagebrush ecosystems, the
plant communities are not adapted for the increase in frequency and intensity that has occurred
over the past century (Chambers et al. 2008). Repeated wildfires, or multiple interacting
disturbances (i.e., the invasion of annual grasses and juniper expansion) can cause these
communities to cross thresholds into new states which provided lower quality habitat for wildlife
(Stringham et al. 2003, Davies et al. 2012, Bates et al. 2014). These new states often result in the
loss of shrub species, which are critical for mule deer winter survival. My study is the first to
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provide insight on the importance of considering a longer temporal scale when evaluating the
post-fire response from mule deer and indicated that burned areas in sagebrush steppe
ecosystems can be detrimental to mule deer populations.
The expansion of western juniper into grass- and shrub- dominated plant communities
has also contributed to habitat degradation for mule deer in the Great Basin (Bergman et al.
2014). I found that deer avoided areas where juniper canopy cover was > 30%. This is likely due
to the lack of understory vegetation which results in little to no available forage in these areas
(Short et al. 1977). However, I also found that deer selected for areas where juniper cover was <
10% which demonstrates that some juniper on the landscape is preferable for mule deer habitat,
likely due to thermal cover (D'Eon and Serrouya 2005, Anderson et al. 2012, Webb et al. 2013,
Smith et al. 2015). Similarly, a study in Oregon documented an increased use of areas by mule
deer when juniper canopy cover was 1-20% and decreased use once canopy cover was > 20%
(Coe et al. 2018). My study identifies a threshold of juniper canopy cover (10-30%) that can
serve as a target for habitat restoration efforts or management objectives.
Mule deer population growth rates can become destabilized when adult females have
limited nutrition, which reduces fecundity and fawn survival (Forrester and Wittmer 2013). I
demonstrated that the current condition of mule deer habitat in the John Day Basin is of
inadequate quality for supporting a growing population. Like much of the Great Basin, the
spread of invasive grasses, changes in wildfire regimes, and juniper expansion are the biggest
threats to mule deer habitat. Restoration efforts which increase the resilience of mule deer
habitats, such as revegetating quickly following a disturbance and juniper reduction treatments,
are likely the best chance of counteracting mule deer population declines.
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Appendix A. Known-fate model coefficient estimates, standard error, and confidence intervals
for the effects of burned summer range (1-5yrS, 6-10yrS, 11-15yrS, 16-20yrS), late summer
vegetation productivity (NDVI), burned winter range (1-5yrW, 6-10yrW, 11-15yrW, 16-20yrW),
and movement behavior (MB) for adult female mule deer from 2015-2017 in Blue Mountains,
Oregon.
Parameter
Estimates
Standard Error
CI
Intercept
3.848
0.2235881
3.410 – 4.286
1-5yrS
10.846
0.627e-011
10.846 – 10.846
6-10yrS
20.691
0.327e-008
20.691 – 20.691
11-15yrS
5.172
0.122e-010
5.172 – 5.172
16-20yrS
-0.019
0.011
-0.041 – 0.002
NDVI
0.119
0.634
-1.124 – 1.364
1-5yrW
0.071
0.108
-0.141 – 0.282
6-10yrW
-0.005
0.008
-0.022 – 0.011
11-15yrW
68.024
0.4302e-010
68.024 – 68.024
16-20yrW
-0.579
1.012
-2.564 – 1.405
JUOC
0.004
0.0731521
-0.138 – 0.147
MB-resident
-0.288
0.3310586
-0.937 – 0.360
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Appendix B. Most common encountered forage species for migratory and resident summer
ranges in John Day Basin, OR USA during 2018-19. Species are listed in order of greatest to
least cover within groups for each seasonal range
Common Name
Cover (%)
Summer Range Species
Migratory
Forbs
Nodding microseris
9
Microseris nutans
Willowherbs
4
Epilobium sp.
Yarrow
4
Achillea millefolium
Wild buckwheats
2
Erigonum sp.
Wild strawberry
2
Fragaria sp.
Lupine
2
Lupinus sp.
Daisy
2
Leucanthemum sp.
Forget-me-not
2
Myosotis stricta
Grasses

Shrubs

Resident
Forbs

Grasses

Carex sp.
Poa secunda
Pseudoroegneria spicata
Fescue sp.
Bromus tectorum
Bromus marginatus
Elymus elymoides
Ventenata dubia
Vaccinium sp.
Vaccinium myrtillus
Berberis repens
Amelanchier alnifolia

Sedges
Sandberg bluegrass
Bluebunch wheatgrass
Fescue
Cheatgrass
Mountain brome
Squirreltail
North Africa grass
Fruiting shrubs
Whortleberry
Creeping Oregon grape
Saskatoon serviceberry

9
5
4
1
3
1
1
1
17
10
8
5

Viola sp.
Lupinus wyethii
Achillea millefolium
Collinsia parviflora
Sisymbrium altissimum
Erodium cicutarium
Gayophytum sp.
Blepharipappus scaber

Violets
Lupine
Yarrow
Maiden blue eyed mary
Tall tumblemustard
Common stork's-bill
Evening primrose
Rough eyelashweed

2
2
2
2
2
2
2
2

Bromus tectorum
Poa secunda
Taeniatherum caput-medusae
Ventenata dubia
Festuca idahoensis
Bromus japonicus

Cheatgrass
Sandberg bluegrass
Medusahead
North Africa grass
Idaho fescue
Japanese Brome

10
6
4
4
4
4
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Appendix B. Continued
Summer Range Species
Resident
Grasses
Koeleria macrantha
Elymus sp.
Elymus multisetus
Bromus brizaeformis
Shrubs
Artemisia tridentata
Purshia tridentata
Ericameria nauseosa
Chrysothamnus viscidiflorus

Common Name
Praire Junegrass
Wild rye
Big squirreltail
Rattlesnake brome
Big sagebrush
Antelope bitterbrush
Rubber rabbitbrush
Yellow rabbitbrush

Cover (%)
3
3
3
3
9
6
5
4

