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III.

Abstract

Mule (Odocoileus hemionus) and black-tailed deer (O. h. columbianus) have exhibited marked
population fluctuations throughout their range over the past century. The relative contributions of
predation, forage availability, and weather to observed population changes remain unclear and
controversial. I evaluated the effects of both predation and forage on the survival of mule and
black-tailed deer though a literature review and extensive field research in the Mendocino
National Forest from 2009-2013. I reviewed 48 studies on mule deer survival and predation from
the past 30 years and quantified age-specific vital rates, population growth rates () and causes
of mortality. I also evaluated the effect of environmental variables on variation in vital rates and
the contribution of age-specific survival to population growth. Age-specific survival () was the
most frequently studied population parameter. Mule deer have lower and more variable fawn
survival than other ungulate species (summer=0.44, CV=0.42; annual=0.29, CV=0.67). Adult
female survival conversely appeared to be high and stable throughout the geographical range of
the species (annual=0.84, CV=0.06). Observed low fawn survival appears to be compensated for
by high fecundity rates. Predation was the primary proximate cause of mortality for all age
classes, and was an important source of summer fawn mortality and of mortality in multi-prey,
multi-predator systems. However, predator removal studies suggest that predation is
compensatory, particularly at high deer densities, and that nutrition and weather shape population
dynamics. I propose three models to explain local population dynamics of mule deer: a)
populations are limited by forage availability and weather; b) adult females are limited by forage
availability, fawns are limited by forage availability and predation, and population growth is
constrained by fecundity and fawn predation; and c) large changes in the abundance of predators
or alternative prey change predation risk and destabilize population dynamics. From 2009 to
viii

2013, I led field crews that captured and monitored 135 black-tailed deer fawns in coastal
California to study possible interactions between forage and predation on survival. I estimated
seasonal and annual survival rates, assessed the cause of all mortalities (n=95), measured
available forage, estimated relative abundances of predators on summer range (i.e., fawning
areas) each year, and used remote sensing to quantify habitat on winter range. I then used
cumulative incidence and proportional hazards functions to evaluate how environmental
covariates were related to fawn survival. Summer survival rates averaged 0.40 across all years
(SE=0.05) and the mean annual survival rate was 0.25 (SE=0.04). I found that most fawn
mortality resulted from predation during summer, mainly by black bears (Ursus americanus) and
coyotes (Canis latrans), and spatial differences in summer survival persisted until recruitment.
Black bear predation, the single largest cause of mortality, was unrelated to forage availability.
Observed spatial variation in mortality risk due to other causes was linked to the availability of
oak forage but not predator abundance. Additionally, characteristics of deer including adult
female condition and fawn birthweight, did not provide evidence for purely bottom-up limitation.
Rather my results provided evidence that both bottom-up and top-down effects were influencing
fawn survival in this declining population, and that predator identity and the timing of mortality
affected these interactions. I also tracked 57 adult female black-tailed deer using GPS collars and
radio-telemetry to determine seasonal movements and home ranges and monitor survival and
cause of mortality. I used the seasonal home range as a measure of site familiarity and modeled
how mortality risk varied with use of familiar areas, forage availability, age class, and
elevational overlap with simultaneously collared pumas using Cox proportional hazards models.
Adult female survival was low in our study area (0.70 vs. 0.84 species average), and predation
was the largest cause of mortality. The use of familiar areas was the best predictor of mortality
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risk, and deer that had a 40% chance of leaving the home range in a given week were 4 times
more likely to die. Puma predation was the largest cause of mortality and deer whose average
weekly elevation was farther from the average elevation of pumas were less likely to die. While
forage availability was not related to mortality risk, adult females with lower forage availability
were more likely to leave their home range in both summer and winter. I found fitness benefits of
using familiar areas and bottom-up effects on the use of familiar areas as a refuge from predation.
The benefits of site familiarity are likely widespread in ungulates, especially when there are
stable home ranges, complex habitats, and unclear cues of predation risk. My results provide
evidence that both bottom-up and top-down effects were influencing black-tailed deer survival in
this declining population, and that predator identity, the timing of mortality, and individual
behavior affected these interactions.
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IV.

Introduction

It may seem strange that in the 21st century graduate theses are still being written about the shy
and graceful black-tailed deer (Odocoileus hemionus columbianus). We know most of what is to
be known about the natural history of the species (Wallmo 1981), yet state wildlife agencies and
private foundations continue to demand and fund more research on the species. The continuing
demand is both a testament to the mysteries that remain in even well-studied species (e.g.
unexplained population fluctuations) (Ballard et al. 2001, Conover and deVos 2003), and to the
rich and storied history of people and deer in North America.
That history is almost as old as the history of people on this continent. The first people
that crossed from Asia into North America found a rich and diverse community of mammals that
included the ancestral form of the black-tailed deer, at the time quietly living in obscurity as an
uncommon herbivore in an ecosystem dominated by mega fauna (Geist 1998). The arrival of
humans either caused or coincided with extinctions of most of the large mammals through a
combination of climate change, overhunting, and the use of large-scale fires by the newly arrived
hunter-gatherers (Martin 1967, Grayson and Meltzer 2003). The ancestral Odocoileus species
took advantage of the new ecological landscape and rapidly expanded to become one of the most
important game animals for indigenous people, rivaled only by the large salmon runs that filled
the coastal streams and rivers (Wallmo 1981, Geist 1998).
The importance of black-tailed deer, and the newly evolved mule deer (Odocoileus
hemionus hemionus) (Geist 1998), as game animals had a profound effect on the landscapes of
the western USA. Indigenous people burned large areas to create ideal forage for deer, elk
(Cervus canadensis), and other game, as well as to maintain preferred plant species and to
facilitate easy travel (Williams 2000, Kimmerer and Lake 2001, Anderson 2005). Many of the
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open habitats that colonizing Europeans saw as wilderness naturally teeming with game were in
fact created and maintained by indigenous fire (Williams 2000), particularly in what would
become the state of California (Anderson 2005).
The strong relationship between people and deer continued with the European colonists
that arrived in North America and hunted the abundant deer for subsistence (Wallmo 1981).
Unfortunately, by the 1800’s the establishment of cities with a large demand for meat and hides
gave rise to the widespread practice of market hunting, or killing wild game to sell. Market
hunters decimated deer populations across the country (as well as bison and passenger pigeons)
to feed the burgeoning urban populations (Hornaday 1913), including deer in California
(Longhurst et al. 1952). The shocking decline of wildlife led to the passage of several laws that
underpin the North American model of wildlife management (Hornaday 1913, Geist 1988), and
catalyzed the beginning of a scientific approach to wildlife management. By the middle of the
20th century deer populations had expanded and a new science was born (Leopold 1933, Leopold
et al. 1947).
The science of wildlife management owes much to the relationship between people and
deer, but the relationship with predators was very different. Early wildlife managers advocated
the widespread eradication of predators in order to enhance game populations (Hornaday 1913),
although this view was quickly challenged (Elton 1927, Leopold 1933). The controversy about
the role of predation in ungulate ecology ran deep and endures today (Ballard et al. 2001, Ripple
et al. 2014). The intensity of this debate can only be understood in the context of the longstanding relationship between people and deer, and what deer and deer hunting represent to the
public (Nelson 1998). It is my hope that my research is of some use in this debate and for

xii

understanding the role, and possible importance, of predators in the tangled web of ungulate
ecology.
A Brief History of Ungulate Ecology
The debate around the role of predators and food in the population fluctuations of
ungulates is mainly focused on what factors ultimately set the size of an ungulate population
(Sinclair and Pech 1996, Sinclair 2003). The terms limiting and regulating have been used in this
debate in many different ways, and here I follow Sinclair and Pech (1996) and refer to the factors
that set the equilibrium density of animals as limiting factors and the processes that return a
population to the equilibrium point as regulation. Limiting factors can be both density dependent
and density independent while regulating processes are always density dependent (Sinclair and
Pech 1996).
The father of animal ecology, Charles Elton, speculated that removing wolves would
unleash large herds of deer that would decimate the vegetation of their range (Elton 1927), an
idea formalized and promoted by Aldo Leopold (Leopold 1943). Elton and Leopold did not
necessarily think that deer were held far below the populations that forage could support, but that
once predators were removed density dependent feedbacks would be insufficient to reduce the
deer population before they had over browsed the area (Elton 1927, Leopold 1943). The famous
“the world is green” hypothesis followed that posited that since the world around us was filled
with vegetation, predators must be holding herbivores in check (Hairston et al. 1960). Evidence
for and against this theory accumulated, and through vigorous debate a tentative consensus
emerged that interactions between both bottom-up and top-down forces shape the dynamics of a
given herbivore population (Hunter and Price 1992, Sinclair et al. 2003, Hopcraft et al. 2010).
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Long-term research in ungulates has shown that the effects of predation and forage
change depending on ungulate body size, the diversity of the predator community, and how
underlying environmental gradients (e.g. soil nutrients and rainfall) affect forage quality and
quantity (McNaughton et al. 1989, Radloff and Du Toit 2004, Hopcraft et al. 2010). Body size is
one of the most important variables in the interactions of forage and predation (Sinclair et al.
2003, Hopcraft et al. 2010). Smaller ungulates require higher quality forage because of their
smaller digestive systems (Clauss and Hummel 2005) and are vulnerable to more predators than
larger ungulates (Radloff and Du Toit 2004). Predation pressure on small-bodied prey is also
higher in communities where large predators select all sizes of prey (size-nested predation)
versus communities where predators select only a certain size class (size-partitioned predation)
(Radloff and Du Toit 2004). Finally, differences in soil nutrients and rainfall affect both the
quantity and quality of forage (Hopcraft et al. 2010).
Predation and forage also affect ungulates differently depending on their age class.
Ungulates are characterized by high and constant adult survival and variable fawn survival
(Gaillard et al. 1998). Adult survival has a higher elasticity than fawn survival, but because adult
survival is typically stable the variability in fawn survival has more influence on ungulate
dynamics (Gaillard et al. 1998, 2000). Fawns are also vulnerable to a larger number of predators
than adults (Linnell et al. 1995) while forage availability has strong affects on fawns through
both maternal nutrition and fawn body growth during their first summer (Parker et al. 2009).
Understanding ungulate ecology requires placing top-down and bottom-up effects and
interactions in the context of age-specific survival. Predation, forage availability, and weather
affect separate age-classes of ungulates differently and may interact to produce synergistic
effects (Pierce et al. 2012, Monteith et al. 2014). This thesis is an attempt to examine the effects
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of both predation and forage availability in the context of age-structured survival for the blacktailed deer population of the Mendocino National Forest.
Study Area and Species Assemblage
The Mendocino National Forest lies within the California coastal mountains north of
Clear Lake and south of the Trinity River, and is characterized by rugged terrain, sharp elevation
gradients, and a diversity of habitat types. Plant communities change from oak savannah
(Quercus spp.) and dense chaparral at low elevations, to pine (Pinus spp.) forests at midelevations, and a mix of true fir forests (Abies spp.) and scattered dry and wet meadows on the
ridge tops. Each habitat type is a mosaic of open areas and dense young forests created by past
grazing, logging, or wildfire.
The area supports a large population of black-tailed deer and has been one of the premier
public access hunting areas in the state of California. This population is also one of the oldest
and least interbred populations of black-tailed deer, likely because the area was a glacial refugia
and is isolated from mule deer populations (Latch et al. 2009). Black-tailed deer are the only
resident ungulate, although there are nearby populations of tule elk (Cervus canadensis
nannodes). The area supports a diversity of predators, including mountain lions (Puma concolor),
black bears (Ursus americanus), bobcats (Lynx rufus), coyotes (Canis latrans), gray foxes
(Urocyon cinereoargenteus), and fishers (Martes pennanti). There were also abundant
populations of other prey species including black-tailed jackrabbits (Lepus californicus),
California ground squirrels (Otospermophilus beecheyi), and Microtus and Peromyscus rodent
species.
Hunters and wildlife managers are concerned that this population of black-tailed deer has
been declining for decades, pointing to declining harvest rates since the 1980’s (Booth et al.
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1982). The black-tailed deer population has been historically high in the area, and was identified
as an overpopulated deer range in the 1940’s (Leopold et al. 1947) and the 1970’s (Longhurst et
al. 1976) before the current decline. The latest population decline is unexplained by managers
but has triggered another round of controversy over the role of predators, specifically mountain
lions, in limiting deer populations (Ballard et al. 2001).
Chapter Summaries
Chapter 1 summarizes what is known about mule and black-tailed deer survival and
population dynamics, including the effects of predation and forage availability. I summarize
information on age-specific vital rates, cause of mortality, and population growth. My primary
objectives in this chapter are to place mule and black-tailed deer vital rates and the effects of
predation within the general patterns of ungulate population dynamics. In chapter 2, I analyze the
effects of predator abundance and forage availability on the temporal and spatial patterns of fawn
survival. I also compare the fawn survival patterns with characteristics of the deer population
that typically indicate predation or forage limitation. Lastly, in chapter 3 I explore the effects of
site familiarity on the survival of adult females, including how use of familiar areas affected
predation risk and how forage availability affected the probability of deer leaving their seasonal
home range and using higher risk areas.
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Chapter 1: A review of the population dynamics of mule deer and black-tailed deer
(Odocoileus hemionus) in North America

Tavis D. FORRESTER Department of Wildlife, Fish, and Conservation Biology, University of
California, One Shields Avenue, Davis, California 95616, USA.
Heiko U. WITTMER Department of Wildlife, Fish, and Conservation Biology, University of
California, One Shields Avenue, Davis, California 95616, USA. (Currently School of Biological
Sciences, Victoria University of Wellington, PO Box 600, Wellington 6140, New Zealand)

ABSTRACT
1 Mule deer and black-tailed deer Odocoileus hemionus have exhibited marked population
fluctuations throughout their range over the past century. The relative contributions of
predation, forage availability, and weather to observed population changes remain
unclear and controversial.
2 We reviewed 48 studies on Odocoileus hemionus survival and predation from the past
30 years and quantified age-specific vital rates, population growth rates () and causes
of mortality. We also evaluated the effect of environmental variables on variation in
vital rates and the contribution of age-specific survival to population growth.
3 Age-specific survival () was the most frequently studied population parameter.
Odocoileus hemionus have lower and more variable fawn survival than other ungulate
species (summer=0.44, CV=0.42; annual=0.29, CV=0.67). Adult female survival conversely
appeared to be high and stable throughout the geographical range of the species
(annual=0.84, CV=0.06). Observed low fawn survival appears to be compensated for by
1

high fecundity rates.
4 Predation was the primary proximate cause of mortality for all age classes, and was an
important source of summer fawn mortality and of mortality in multi-prey, multipredator systems. However, predator removal studies suggest that predation is
compensatory, particularly at high deer densities, and that nutrition and weather shape
population dynamics.
5 We propose three models to explain local population dynamics of Odocoileus hemionus:
a) populations are limited by forage availability and weather; b) adult females are
limited by forage availability, fawns are limited by forage availability and predation, and
population growth is constrained by fecundity and fawn predation; and c) large changes
in the abundance of predators or alternative prey change predation risk and destabilize
population dynamics.
6 Future research should be focused on: the effects of age-specific survival on population
growth; possible interactions between predation, forage availability, and weather; and
the importance of multiple predator and prey species in shaping the population
dynamics of Odocoileus hemionus.
Key words: bottom-up top-down, predation-forage interactions, weather effects, alternate
prey, carrying capacity

INTRODUCTION
Population dynamics of ungulates are complex, and how predation and resource
2

availability affect observed growth rates has long been a focus of much debate (Peek 1980,
Gaillard et al. 2000, Sinclair & Krebs 2002). The effect of predation on ungulate dynamics is
particularly controversial (Gaillard et al. 1998, 2000), especially in North America where
ungulates are important game animals still coexisting with native predators, and where
managers face demands to maintain high population densities (Connolly 1978). While early
studies of ungulate populations were based on competing hypotheses of bottom-up effects
caused by food limitation versus top-down effects from predation (Connolly 1978, Peek
1980), it is now acknowledged that both bottom-up and top-down mechanisms
simultaneously affect ungulate dynamics and often interact (Sinclair & Krebs 2002, Sinclair
2003). The interactions between forage and predation are also likely to be mediated by
environmental conditions such as weather (Hopcraft et al. 2010). Finally, ungulate body
size and the diversity of both predator and prey communities are also critical factors. For
example, ungulate size simultaneously affects predation risk and nutritional demands
(Hopcraft et al. 2010), and small-bodied ungulates in Africa tend to have more predators
and higher predation rates than do larger ungulates (Sinclair et al. 2003).
To understand mechanisms underlying observed demographic variation caused by
predation, resources, and environmental conditions requires identifying temporal changes
in age-specific vital rates caused by these factors, as well as the relative contributions of
vital rates to population growth (Gaillard et al. 1998, 2000, 2010). Ungulate populations
typically are characterized by high and stable survival rates of prime aged females,
moderately variable fecundity rates, widely variable fawn survival, and lower survival and
fecundity in senescent adults (Gaillard et al. 1998, 2000). In addition, population models
have shown that population growth is affected by both variability and elasticity of vital
3

rates, and variable fawn survival typically has a larger effect on population change than
stable adult survival (Gaillard et al. 1998). However, because of the high elasticity of adult
survival, small changes in adult survival can have large effects on population growth.
Senescent adults generally have lower survival and fecundity, but the degree of variation in
and causes of the reductions are poorly understood (Loison et al. 1999) although declines
in body mass with age are the most likely explanation for observed reductions (Nussey et al.
2011).
Despite these recent theoretical advances, observed temporal variations in many
ungulate populations remain unpredictable and poorly understood. For example, mule
deer Odocoileus hemionus, including Columbian black-tailed deer Odocoileus hemionus
columbianus and Sitka black-tailed deer Odocoileus hemionus sitkensis (hereafter referred
to together as mule deer, or as black-tailed deer if referring to individual subspecies
commonly called black-tailed deer), have exhibited large population fluctuations
throughout their range in the last century (Connolly 1978, Wallmo 1981, Unsworth et al.
1999). These mid-sized members of the deer family indigenous to western North America
occur in ecosystems ranging from deserts to coastal rain forests. Efforts to explain
observed population fluctuations have focused on habitat conditions, although the effect of
predation has received considerable attention and generated the most controversy
(Connolly 1978, Ballard et al. 2001). The focus on habitat and predation across a range of
environmental variables has resulted in a large array of differing explanations for observed
population fluctuations, including habitat changes caused by changing weather and land
use, as well as suspected high predation rates (Connolly 1978, 1981, Ballard et al. 2001).
Uncertainty concerning the relative contributions of predation, forage, and
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environmental conditions to mule deer population fluctuations has caused challenges for
the management of the species (Heffelfinger & Messmer 2003). We reviewed studies on
mule deer survival and predation published in the past 30 years, and quantified agespecific vital rates, population growth rates () and causes of mortality. We highlight data
needed to predict mule deer population dynamics more accurately and thus improve both
management and conservation. We used this information to test the following hypotheses:
1) age-specific vital rates for mule deer, specifically high and stable adult survival and low
and variable fawn survival, are similar to those reported for other ungulates; 2) predation
is the dominant cause of mule deer fawn mortality in summer but is replaced by poor
nutrition in winter; 3) predation and poor nutrition are equal causes of mortality in adult
females; 4) age-specific interactions between predation and nutrition drive mule deer
dynamics.

METHODS
Although there are currently 10 recognized subspecies of mule deer, we follow Wilson and
Reeder (2005) and use mule deer to refer to all 10 collectively (i.e. to Odocoileus hemionus).
Where appropriate, we separately refer to the black-tailed deer subspecies Odocoileus
hemionus columbianus and Odocoileus hemionus sitkensis as black-tailed deer. The
separation of black-tailed deer is supported by phylogenetic analyses of mitochondrial DNA
(Latch et al. 2009) and differences in various life history traits and behaviour between the
two groups (Wallmo 1981).
We used Web of Knowledge and Google Scholar to search all major wildlife and
ecological journals using the search terms ‘mule deer’, ‘black-tailed deer’ and ‘Odocoileus
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hemionus’ combined with the keywords ‘predation’ and ‘survival’, in both topics and titles.
We also searched references of published articles to find additional publications, including
government reports and unpublished theses. We included all studies in which survival
rates (), fecundity, cause-specific mortality, population growth rate, kill rates or prey
nutritional condition were reported (Figure 1, Table 1). Following earlier authors (Ballard
et al. 2001) we excluded predator diet studies, as these do not provide sufficient data to
evaluate the effect of predation on prey populations.

Definitions
We define additive mortality as an increase in one mortality factor that increases the total
mortality rate, while compensatory mortality occurs when an increase in a mortality factor
does not cause changes in the overall mortality rate (Bartmann et al. 1992a). We also
attempted to determine the importance of different causes of mortality by comparing
proximate, or immediate, causes of mortality with ultimate causes of mortality, the factors
likely to be driving observed mortalities. Following these definitions, predation was
considered the proximate cause of mortality if deer that were killed were in poor body
condition, while nutrition was considered the ultimate cause.
Following Sinclair (1989) and Messier (1991) we refer to regulation as the densitydependent processes that move a population toward equilibrium, and limitation as any
factor that causes a reduction in population growth rate. We define fecundity as the
average number of young per female per year; high snowfall as occurring in a winter with
snowfall greater than the upper tail of the 99% confidence interval of a 15-year mean; and
summer drought as occurring in a summer with rainfall lower than the 99% confidence
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interval of the 15-year mean. We chose the 15-year timeframe due to data availability.

Survival
We searched the literature for age-specific survival estimates. We included studies in which
survival rates were reported from marked animals as well as those in which estimates
were based on herd composition surveys. We included results from observational studies
and from non-manipulated populations in experimental studies for summaries of survival
estimates. We did not include male survival since mule deer have a polygynous mating
system and fluctuations in male survival do not affect population dynamics nearly as much
as fluctuations in female survival (Wallmo 1981, Gaillard et al. 1998). Furthermore, mule
deer sexes segregate outside the mating season (Bowyer 2004). Thus winter and summer
competition for food and ensuing changes to female body condition are primarily results of
intraspecific competition among females.
We summarized annual adult female survival using a weighted mean approach with
sample size as the weighting variable (Cooper et al. 2009). We reported variation within
studies as standard errors (SE), thus incorporating sample size in the error estimate, and,
after testing whether data were normally distributed, used the mean SE from all studies to
calculate confidence intervals for weighted means.
We summarized fawn survival independent of sex in three different categories:
summer survival (0-6 months of age), winter survival (6-12 months), and first year survival
(0-12 months). These categories allowed us to evaluate proximate causes of mortality
during biologically critical periods (Wallmo 1981, Gaillard et al. 2000). Most researchers
reported survival in one or more of these categories. When average monthly survival rates
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were reported instead, we used a Kaplan-Meier estimator (Pollock et al 1989) to adjust
these rates to match the most appropriate of our three fawn survival categories. We only
included first year survival rates from studies in which fawns were followed for their entire
first year of life. We report weighted means and SE for each category using the same
methods as for adult survival. If rates were reported in a single study from more than one
category (e.g. summer and first year survival) we used both for summary purposes.
To determine potential bias in reported rates we used simple linear regression to
quantify the effect of small sample sizes on age-specific survival estimates. In addition, we
calculated the coefficient of variation (CV) in age-specific survival rates to determine
variability among mule deer populations and provide comparisons to values reported for
other ungulate species by Gaillard et al. (2000).

Ecoregional variation in survival
We distinguished studies by ecoregions designated by the Mule Deer Working Group of the
Western Association of Fish and Wildlife Agencies, to investigate possible regional
variation in survival obscured by our general summary. Although these regions contain
variable habitats, the broad similarities in environmental conditions, land use histories,
and management concerns within ecoregions provide a useful framework for spatial
comparison. Ecoregions include: Southwest Deserts, California Woodland Chaparral,
Colorado Plateau Shrublands and Forests (CO Plateau), Northern Forests, Coastal Forests,
Intermountain West, and the Great Plains (Figure 2; Heffelfinger et al. 2006, Sommer et al.
2007, Watkins et al. 2007, Hayden et al. 2008, Nelson et al. 2008, Cox et al. 2009, Fox et al.
2009).
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Other vital rates
We report the weighted mean fecundity of non-captive mule deer, using sample size as the
weighting variable and the mean SE as a measure of variance. Effects of senescence on
survival and fecundity have been reported for other ungulates (Loison et al. 1999) and we
searched for evidence of senescence effects on survival and fecundity in mule deer. We
found insufficient data on effects of senescence on adult female survival to provide a
quantitative summary, but we summarize reported qualitative evidence.

Factors affecting survival
We summarized the proportion of mortalities due to predation, malnutrition/disease,
other causes (e.g. accidents, vehicle collisions), and unknown causes from each study in
which cause-specific mortality for both fawns and adult females was reported. We pooled
malnutrition and disease because several researchers did not distinguish between the two.
We then tested whether predation or malnutrition/disease mortalities were evenly
distributed in adult female and summer and winter fawn populations, and for differences
between annual fawn and adult female survival, using a chi-square goodness of fit test. We
assigned other and unknown causes of mortality a value of 10% in the expected
distributions based on results from previous reviews (Connolly 1978, Ballard et al. 2001)
and data we collected for this review. We then assigned half of the remaining expected
distribution to predation and malnutrition/disease mortality (40% each) and tested the
actual distribution from each survival category against these values. We used these
expected values to provide realistic analyses of proximate causes of mortality due to
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predation and malnutrition/disease while accounting for variation due to other and
unknown causes of mortality.
We summarized results of studies of experimental predator removal and food
supplementation, and observational studies conducted during large changes in predator
numbers or alternative prey populations, and compare these results to the proximate
causes of mortality reported in observational studies. We qualitatively summarized these
results because marked animals were followed, and cause-specific mortality reported, in
only three studies.
We evaluated the potential effect of weather on survival by testing both regional
and local weather effects. The mean value of the southern oscillation index is correlated
with regional weather patterns in the western United States (Stenseth et al. 2003). We used
simple linear regression to compare the summer (June-September), winter (DecemberMarch), and annual mean southern oscillation index values with all reported fawn summer,
winter and annual adult female survival, and to evaluate the relationship between regional
weather and mule deer survival. We also compared annual adult female and fawn
overwinter survival during winters with high snowfall to survival during normal winters in
the same study areas using local weather data. We obtained weather data, for all studies in
which extreme weather was reported, from National Oceanic and Atmospheric
Administration weather stations. We did not examine the effects of summer drought,
because survival during drought years was quantified in few studies. We report the effect
size of winter weather on survival, the reduction in survival during high snowfall winters
Eh, as: E hf = fi - favg where i is the study-specific survival for high snowfall winters, and

avg is the mean survival during normal weather in that study. We then calculated the
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weighted mean effect size for each category using study sample size as the weighting
variable. We determined confidence intervals of effect size, after confirming survival data
were normally distributed, using the mean SE of survival estimates from each study. We
tested if the effect size of high snowfall winters was different from zero using a one-sample
mean comparison test. To examine any potential lag effects of high snowfall, we also tested
the difference between survival the year after a high snowfall winter and average survival.
We examined effect size for bias across studies by regressing calculated effect size against
sample size and the length of the study in years (Cooper et al. 2009). If periodic high
snowfall winters have a biological effect, then longer and larger sample sizes should show
increased effects, but if winter weather effects are due to sampling error, then longer and
larger sample studies should show a reduced effect size. All statistical tests were conducted
in Stata (Statcorp 2011).

Population growth rates
We report population growth rates from studies in which it was estimated. For studies in
which changes in deer densities over multiple years were reported, we estimated λ in two
ways: as the slope of the regression of the log transformed counts, and as the tth root of the
1

æ N öt
ratio of the initial and the final count, l = ç t ÷ where Nt equals population size in the last
è N0 ø
year of the study, N0 equals population size in the first year of the study and t is the
duration of the study in years (Largo et al. 2008). When these estimates were different we
took the average of the two values. We also report results from studies in which the
contribution of adult and fawn survival to λ was calculated.
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RESULTS
We review a total of 48 studies containing information on survival, fecundity, or causes of
mortality of mule deer (Table 1), from throughout the geographical range of mule deer in
North America (Figure 1), although there appeared to be a reporting bias by ecoregion
(Figure 2). This may indicate a bias in data available in the public domain rather than a true
bias in the amount of research conducted in these areas. Most reported research took place
in the CO Plateau and the Intermountain West ecoregions; most reported black-tailed deer
research was conducted on Vancouver Island (Figure 2). The Southwest Deserts and
Northern Forests (particularly in Canada) ecoregions are underrepresented. Data on the
dynamics of mule deer in the desert areas of Nevada, Utah, and Wyoming as well as in
Mexico are virtually unavailable. There was no detectable variation in adult female survival
among ecoregions where survival was reported (Coastal Forests, CO Plateau,
Intermountain West, Northern Forests, Southwest Deserts; 2=1.46, degrees of freedom
(df) =4, p=0.834). Annual fawn survival was insufficiently reported to test for ecoregional
variation.

Survival and factors affecting survival
Fawn survival was the most frequently studied parameter of mule deer ecology (n=22,
Table 1). However, not all data were based on encounter histories of individuals fitted with
telemetry devices (summer: n=10 of 11 studies; winter: n=12 of 12; first year: n=5 of 7).
The weighted mean summer fawn survival was 0.44 (CV=0.42), winter survival was 0.61
(CV=0.31), and first year survival was 0.29 (CV=0.67; Table 2).
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Sample size did not explain a large proportion of variance in reported summer or
winter fawn survival (R2=0.06 and R2=0.08, respectively). However, a large proportion of
variance in first year fawn survival was explained by sample size (R2=0.85): first year
survival was low in studies with large sample sizes. Estimates of first year fawn survival
may have been biased low due to the small number of studies from which data were
available.
Proximate causes of mortality for fawns were recorded in 16 studies (summer: n=8,
winter: n=7, first year: n=4). Predation and malnutrition/disease were the most common
causes of mortality, and both were different than expected by chance (summer: 2=17.63,
df=3, p<0.001; winter: 2=9.16, df=3, p=0.01; first year: 2=12.53, df=3, p=0.006; Figure 3,
Table 2). Predation was a more frequent, and malnutrition/disease a less frequent cause of
mortality than expected for all fawn survival categories, although this difference was
smallest in the first year survival category. A diverse suite of species was reported to prey
on fawns. Primary fawn predators included coyotes Canis latrans (n=6), mountain lions
Puma concolor or bobcats Lynx rufus (n=3), wolves Canis lupus (n=2), and black bears Ursus
americanus (n=1). The weighted mean proportions of predation and malnutrition/disease
mortality were not different between the summer and winter survival categories
(predation: 2=0, df=1, p=1; malnutrition/disease: 2=1.59, df=1, p=0.21).
Adult female survival was the second most frequently studied parameter of mule
deer ecology in the studies we reviewed (n=21, Table 1); the weighted mean adult female
annual survival was 0.84 (CV=0.06). Adult female survival estimates were remarkably
constant throughout the entire mule deer range and over the 30 plus years of mule deer
research we summarized. Sample sizes and study durations explained little of the reported
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variation in adult female survival (R2=0.09 and R2=0.01, respectively) and did not appear to
bias reported survival estimates.
Causes of adult female mortality were reported in 12 studies (Table 3). Predation
was the largest reported proximate cause of mortality and was larger than expected by
chance (2=19.6, df=3, p<0.001; Figure 3). The percentage of mortality caused by predation
in adult females was highly variable and ranged from 22% to 66% (Table 3, Figure 3). All
other causes of mortality made up smaller percentages of total mortality which did not
differ significantly from each other (2=0.46, df=2, p=0.80; Table 3). Mountain lions were
the main reported predator of adult female mule deer, although wolves were an important
predator in British Columbia, Canada (Hatter 1988).
Weather effects on mule deer survival depended on age class. High winter snowfall
effect sizes for adult females were heavily correlated with sample size and study length
(R2=0.42 and R2=0.33, respectively): larger studies that ran for more years showed reduced
effect sizes. Consequently we did not report adult effect sizes since it is highly likely that
results are biased. Effect sizes of winter fawn survival showed no relationship with sample
size (R2<0.01) or study length (R2=0.11). Regional weather patterns, as indicated by
southern oscillation index values, were not related to summer (R2<0.01) or winter fawn
survival (R2=0.07). However, local snowfall had a large impact on overwinter fawn survival.
The weighted mean effect size of high snowfall on winter fawn survival was -0.29 (SE
=0.06) and was significantly different from 0 (one sample t7=-11.33, p<0.001). Fawn
survival was reduced by up to 42% during high snowfall winters (Figure 4). To evaluate
whether high snowfall enhanced subsequent summer forage, we compared fawn winter
survival the year after high snowfall winters with average winter survival for the same area.
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We found that the weighted mean effect size was not significantly different from zero (one
sample t7=1.17, p=0.28).

Other vital rates and senescence
Fecundity estimates were only reported in six studies: the weighted mean was 1.70
(SE=0.12) fawns per female. Captive feeding studies have shown that fecundity appears to
be positively associated with nutritional status of does (Robinette et al. 1973, Tollefson et
al. 2010) and this has been confirmed in some non-captive populations (e.g. Monteith et al.
2010).
Almost all researchers reported survival for adults grouped into a single age class,
and evidence of senescence on female survival was reported in only four studies (Table 3).
In these studies, lower survival in females over eight years old was attributed to both
increased susceptibility to predation and malnutrition/disease (White et al. 1987, Bishop
et al. 2009, Hurley et al. 2011).

Population growth
Population growth rates were reported in only eight studies, and the weighted mean value
of λ was 0.99 (SE=0.04). In five of these studies, effects of variation in age-specific survival
on λ were also estimated. In four studies, fawn survival and recruitment were the largest
contributors to changes in λ (Hatter & Janz 1994, White & Bartmann 1998, Lomas & Bender
2007, Bishop et al. 2009); in one study, adult survival had the largest effect on λ (Robinson
et al. 2002). Hatter and Janz (1994) and Bishop et al. (2009) also found that adult survival
was an important secondary factor in changes in population growth.
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Experimental studies
We found six studies (five on predator control, one on predator reintroduction) in which
vital rates of mule deer were reported following human-caused changes in predator
densities (Table 4). In three of the five predator control studies, coyotes were removed, in
one, coyotes and mountain lions were removed, and in one, wolves were removed. Results
of predator control studies remain variable, but were more conclusive than results of
earlier research (Ballard et al. 2001). Coyote removal generally had no effect. In one study
slight increases in deer density occurred following efforts to control coyotes, but
immigration into the treatment area, rather than an increase in fawn survival, was
suspected (Harrington & Conover 2007). Overall, evidence showed that both coyote and
mountain lion predation was compensatory rather than additive (Table 4).
The only conclusive evidence of additive predation was found on Vancouver Island,
British Columbia, as a result of increasing wolf populations (Hatter & Janz 1994; Table 4).
Wolf removal on Vancouver Island led to increased adult female mule deer survival, fawn
to doe ratios, and population growth rate (Hatter & Janz 1994). However, an observational
study in Montana, USA, during wolf recolonization showed that higher wolf populations
actually resulted in lower predation risk for mule deer (Atwood et al. 2007, 2009), and the
overall impact of wolves on mule deer remains unresolved. The reduced predation was
probably due to a preference of wolves for elk Cervus elaphus, and changes in spatial
overlap between elk and mule deer in the area after wolf recolonization.
Supplemental feeding during winter over large areas resulted in decreased
mortality due to all causes, including predation, even though there was no evidence that
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predators were preying on mule deer in poor condition in control areas (Bishop et al.
2009).

DISCUSSION
Mule deer population dynamics match the general pattern of variable fawn survival and
recruitment together with high and stable adult survival reported for other ungulates
(Gaillard et al. 1998, 2000). However, results from our review indicate that mule deer may
experience comparatively lower (mule deer=0.44 vs. other ungulates=0.64) and more
variable (mule deer CV=0.42 vs. other ungulates CV=0.27) summer fawn survival (Gaillard
et al. 2000). Higher observed fecundity rates (1.70 in mule deer vs. 0.82 for all ungulates)
apparently enable mule deer to compensate for reduced summer fawn survival over longer
time scales. As expected, observed variation in adult female survival (CV=0.06) is
considerably lower than variation in fawn survival, and is close to the mean variation in
adult survival for all ungulates (CV=0.09). Thus our results indicate that mule deer may
depend more than other ungulates on high fecundity and on high and stable survival of
adult females to prevent long-term population declines.
The contribution of environmental variables to vital rates is affected by population density
(Kie et al. 2003), and it is important to note that most studies we reviewed seemingly
occurred at high density relative to nutritional carrying capacity (K). This assessment is
supported by general poor or average body condition of adults, an increase in survival after
density reduction (i.e. Bartmann et al. 1992a), compensatory predation (Table 4), and low
reporting of high litter sizes (Kie et al. 2003). Therefore, our conclusions predominantly
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relate to high-density populations, since both predation and nutrition have different effects
at different populations densities. In particular, predation at low ungulate densities can be
density dependent or even inversely density dependent. At higher densities, predation is
often limited by handling time and predator territoriality, and so becomes density
independent (e.g. Messier 1991, Bartmann et al. 1992a, Sinclair 2003, McLellan et al. 2010).
Our review confirms that the proximate and ultimate causes of mule deer mortality are
often different, and that assessing proximate causes of mortality alone results in a poor
predictor of mule deer dynamics. Predation was the largest proximate cause of mortality
both adults and fawns in all studies, including in fawns during winter. However, there was
little evidence that predation mortality was additive, or that predation drove mule deer
declines. Most predator removal studies showed that predation was compensatory (Table
4); one provided the first evidence of compensatory predation on adult mule deer by
mountain lions (Hurley et al. 2011). The single large-scale nutritional supplementation
study provided evidence for an increase in survival of both fawns and adults due to feeding
(Bishop et al. 2009). These findings indicate that nutritional condition is likely to be the
largest ultimate cause of mortality for adult females and fawns, with the exception of early
summer fawn mortality (see below). This matches our hypothesis for fawn mortality but is
different than we expected for adults. Nutrition seems generally more important for
setting equilibrium population levels than predation, although predation appears to be the
mortality source that keeps populations near equilibrium density.
Nutrition further influences mule deer dynamics since fecundity and fawn birth weight are
driven by nutritional status (Parker et al. 2009). Mule deer seem to depend on higher
fecundity to stabilize populations, and populations are likely to be sensitive to changes in
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available nutrition and have a higher intrinsic growth rate than populations of most other
ungulates in good nutritional condition, because of the ability of mule deer to give birth to
twins and triplets (Anderson 1981). Mule deer are highly selective feeders that depend on
forage quality more than quantity (Wallmo 1981), and so annual weather effects on
vegetation quality should affect year-to-year mule deer dynamics (Parker et al. 2009).
However, while we found evidence of high winter snowfall lowering winter fawn survival,
we found no evidence of precipitation affecting survival in the following year, indicating
that increases in forage in summers following high snowfall years did not compensate for
lower survival in high snowfall winters. We also found that high snowfall only had a small
effect on adult female survival, contrary to predictions for high-density populations of deer
with relatively poor body condition (Kie et al. 2003). Fecundity was too sparsely reported
to examine nutritional effects on birth rates in non-captive populations.
The two notable exceptions to the pattern of compensatory predation mortality were
summer fawn mortality and predation in multi-predator, multi-prey systems. Predation is
the largest proximate cause of summer fawn mortality, and it is unlikely that early fawn
predation is linked to maternal or fawn body condition, since mule deer fawns employ a
hiding strategy to escape predators during the first 2-4 weeks following birth (Wallmo
1981). Even fawns with higher birth weights discovered by predators while hiding would
thus be unable to escape. Most mule deer populations also coexist with a larger suite of
fawn predators (including mountain lions, bobcats, bears, and coyotes) than adult
predators. However, the true effect of summer fawn predation on mule deer dynamics is
currently hard to identify because few researchers have followed fawns for their entire
first year of life (n=5 studies).
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Predation also plays a larger role in declines of mule deer in multi-prey, multipredator systems that have experienced large and recent changes in predator or
alternative prey populations (Hatter & Janz 1994, Robinson et al. 2002, Cooley et al. 2008).
Population declines in two mule deer populations in Washington, USA, and British
Columbia were strongly linked to apparent competition with increasing white-tailed deer
Odocoileus virginianus, mediated by mountain lion predation on adult females (Robinson et
al. 2002, Cooley et al. 2008). Increasing wolf populations in Vancouver Island also caused a
decline in a high-density black-tailed deer population, and the predator removal study that
was conducted was successful in increasing deer populations (Hatter and Janz 1994). Fawn
predation, especially during summer, is also sensitive to availability of alternative prey
species. Prey switching, both annually and seasonally, has been observed for coyotes at
high densities of microtine rodents, lagomorphs, or ground squirrels, and may result in
reduced fawn predation rates (Hamlin et al. 1984, Lingle 2000). In one study, coyote
removal only led to increased fawn survival when populations of alternative prey were
high (Hurley et al. 2011). In some areas where white-tailed deer and mule deer overlapped,
coyotes preyed more heavily on white-tailed deer fawns in summer, probably because
white-tailed deer fawns are born earlier (Whittaker & Lindzey 1999) and because mule
deer mothers show more defensive behaviour (Lingle et al. 2005).
The importance of mortality from predation, nutrition, and weather depends on
both mule deer age class and on the community of predator and prey species, but at this
time there is not enough data to evaluate whether these interactions are driving dynamics,
and further investigation is needed. Some modelling suggests that predation may
exacerbate population declines caused by unfavourable weather (Laundre et al. 2006). In
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this case nutrition and weather were the ultimate causes of mortality, and managers should
be cautious when assessing populations, because finding additive mortality in a declining
deer population is not proof that predation is driving the decline. Weather is likely to
interact with predation through behavioural mechanisms. Ungulates in poor body
condition take greater risks to forage (Sinclair & Arcese 1995) and prey selection of many
predators can be influenced by prey body condition (e.g. Sinclair & Arcese 1995, Krumm et
al. 2010) although results depend on predator species (Hornocker 1970, McLellan et al.
2012). Other mechanisms may also be operating, since nutritional supplementation
lowered predation mortality even though predators were not selecting nutritionally
stressed adults in control populations (Bishop et al. 2009).
The reliance of mule deer populations on high and stable adult survival rates shows
that suppression of both fawn and adult survival simultaneously from predation and other
mortality sources can lead to marked and sustained population declines. Such patterns may
contribute to the declines of other ungulates including bighorn sheep Ovis canadensis
(Johnson et al. 2010). The fact that the predator and prey community can have a large effect
on mule deer survival rates shows that community ecology greatly influences appropriate
interventions for mule deer management. Although evidence for predators holding deer
populations far below K is scarce, we did find evidence that mule deer populations may be
held slightly below K in communities with changing predators and alternative prey. The
concept of a ‘community carrying capacity’ may have a high heuristic value to guide
managers to make interventions (i.e. allowing hunters to shoot a proportion of invading
white-tailed deer, in order to stabilize mule deer populations) and manage for multispecies objectives, but the role of predation in multi-prey, multi-predator systems at
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varying deer population densities needs further investigation.
The role of disease appears to be minor in most mule deer declines, but has affected
mule deer locally in several ecoregions (e.g. adenovirus outbreak in California; Woods et al.
1996). Examples of disease interacting with other mortality factors are: hair loss syndrome
increasing predation risk and death from malnutrition of black-tailed deer fawns in
Washington (McCoy & Murphie 2011), and chronic wasting disease increasing risk of
predation by mountain lions in Colorado (Krumm et al. 2010).
Competition between ungulates may also affect dynamics, but links between vital
rates and these interactions are currently unclear.

Feedback patterns driving mule deer population dynamics
We identify three feedback patterns which are likely to drive mule deer population
dynamics, depending on the ecological context of the deer population:

1) In high-density populations near K, nutrition, interacting with weather, determines
population equilibrium density. Predation is primarily compensatory and, together with
malnutrition/disease, acts as a regulating force.

This pattern is most likely in food webs that are relatively stable in terms of predator
species and alternative prey levels. Long-term population cycles will be mainly driven by
changes in nutrition because of weather and habitat change, and compensatory predation
and malnutrition/disease will regulate populations around this shifting equilibrium point.
Extreme weather events may destabilize dynamics by causing large and abrupt changes in
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survival that linger through cohort effects (Forchhammer et al. 2001, Coulson et al. 2006).

2) In systems with diverse predator communities, or large populations of alternative prey
or predators, fawns are limited by predation and nutrition interactions, adult females are
limited by nutrition, and population growth is constrained by both fawn predation and
nutritional effects on fecundity.

In this scenario, fawn survival and recruitment are affected both by nutrition (mainly
acting through birth weight) and by summer fawn predation, while adult survival is mostly
affected by nutritional status and possibly senescence effects, depending on population age
structure. Maternal nutritional condition affects both the birth weight of fawns and
fecundity, resulting in complex interactions between nutrition and predation, which
determine recruitment and population rate of increase. These interactions and the
importance of predation change depending on predator diversity and the density of the
deer population. More evidence is needed to determine the importance of predation of
fawns, in particular by bears (e.g. Monteith et al. 2010).

3) Anthropogenic changes to habitat lead to lower nutritional capacity and/or large
changes in predator and/or alternative prey species, which modify mule deer carrying
capacity and predation risk, and is likely to destabilize mule deer population dynamics.

This pattern is likely to occur where human activities alter the landscape in a way that
lowers nutritional carrying capacity (i.e. by development) or changes species interactions
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within food webs (e.g. by expanding agriculture resulting in invasion by white-tailed deer).
Mule deer are particularly susceptible to any alteration resulting in lower survival of adults
(Robinson et al. 2002). Both food web and community composition and the spatial
distribution of species are likely to be important in this scenario. In today’s rapidly
changing world, this pattern will become more important in future.

Recommendations for research
In today’s rapidly changing socio-ecological landscapes, there is an increasing need for
scientific knowledge to guide wildlife management. We therefore recommend research in
several areas, to improve our understanding of mule deer population dynamics:

1) Interactions between predation, forage, and weather need to be studied, and it is highly
unlikely that we will develop a predictive understanding of mule deer dynamics without
understanding these interactions. The relationship between nutrition, fecundity, and
predation risk is particularly interesting because of the high growth potential of mule deer
populations.
2) Fecundity in free ranging populations is under-reported, and is needed to estimate
population growth rates. In most studies we reviewed (20 out of 28), λ was not reported,
lowering our ability to measure effects of environmental variables on vital rates and
population growth quantitatively.
3) Much insight into general ungulate dynamics has come from long-term studies of
marked individuals, and long-term mule deer research projects with marked individuals
would probably yield substantial insights into population dynamics.
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4) We need to understand the effects of senescence on survival and fecundity in mule deer.
These effects may influence management, particularly in populations in which female and
young male deer are not hunted (i.e. in populations without antlerless harvests). In these
populations, adult female age distribution is likely to be skewed toward older adults.
Effects of senescence on survival and fecundity could be investigated by a formal metaanalysis and better data reporting.
5) Collaborations between resource management agencies and universities would result in
increased reporting of data and opportunities for future meta-analyses. Much of the mule
deer literature is restricted to government reports, so there are likely to be large amounts
of research we were not able to access. Collaborations would help to address this problem.
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Table 1.1 - The 48 studies of mule deer (Odocoileus hemionus) population dynamics reviewed,
and the vital rates and causes of deer mortality presented in each.
Vital rates reported

Study
Atwood et al. 2007

Adult
survival

Fawn
survival

Fecundity

Cause of mortality
λ
(growth
rate)

Cause of
mortality

Other data
on
predation


Atwood et al. 2009



Bartmann et al. 1992a+



Bender et al. 2007



Bishop et al. 2005





Bishop et al. 2009





Bleich & Taylor 1998



Bleich et al. 2006






























Bowyer et al. 1998



Brown 2009



Cooley et al. 2008



Darimont et al. 2007



Farmer et al. 2006



Hamlin et al. 1984













Harrington & Conover
2007



Hatter 1988
Hatter & Janz 1994












Hornocker 1970
Hurley et al. 2011




Johnstone-Yellin et al.
2009
















Krumm et al. 2010



Laundre et al. 2006



Lawrence et al. 2004







Lingle 2000



Lingle 2002



Lingle et al. 2005



Lingle et al. 2008



Lomas & Bender 2007
Lukacs et al. 2009
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Matthews & Coggins 1997





McConnell & Dalke 1960
McCorquodale 1999



McCoy & Murphie 2011
McNay & Voller 1995








Miller et al. 2008




Monteith et al. 2010



Nicholson et al. 1997







Peek et al. 2002



Pierce et al. 2000



Pierce et al. 2004



Pojar & Bowden 2004
Robinson et al. 2002











Smith & Lecount 1979



Unsworth et al. 1999



White & Bartmann 1998



White et al. 1987



Whittaker & Lindzey 1999
Zager et al. 2007
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Table 1.2 - Mule deer fawn survival rates (in three categories: summer, winter and first year) and
causes of mortality. Weighted means and 95% confidence intervals are shown for each category.
Fawn survival
rates
Study
Bishop et al. 2009*
Bleich et al. 2006*
Hamlin et al. 1984
Hatter 1988*
Hurley et al. 2011*
Johnstone-Yellin et al. 2009
Lomas and Bender 2007*
McCoy and Murphie 2011*
Monteith et al. 2010
Pojar and Bowden 2004
Whittaker and Lindzey 1999
Weighted mean
95% Confidence interval

Sample
size
241
R
91
28
250
30
100
228
114
230
83

Cause of mortality as a percentage (%)of total
mortality
Malnutrition/
Predation
disease
Other Unknown
NR
NR
NR
NR
NR
NR
NR
NR
90
0
10
0
64
21
14
0
64
22
7
7
56
6
6
31
27
34
6
33
NR
NR
NR
NR
60
12
17
11
44
38
9
10
79
0
6
15
58
21
9
12
53-63
14-28
8-10
7-10

Summer
0.482
0.28‡
0.608
0.616
0.452
0.266
0.210
0.514
0.337
0.501
0.341
0.440
0.33-0.55
Winter
Bartmann et al. 1992b
241
0.300
25
Bartmann et al. 1992c
247
0.250
72
Bishop et al. 2005
295
0.526
44
Bishop et al. 2009*
241
0.684
65
Bleich et al. 2006*
109
0.859
NR
Farmer et al. 2006*
19
0.714
NR
Hurley et al. 2011*
301
0.561
67
Lawrence et al. 2004
72
0.795
35
Lukacs et al. 2009
2030
0.721
NR
Unsworth et al. 1999
72†
0.44
45
White and Bartmann 1998
330†
0.610
NR
White et al. 1987
426‡
0.473
NR
Weighted mean
0.610
58
95% Confidence interval
0.51-0.71
51-65
First Year
Bishop et al. 2009*
241
0.330
NR
Farmer et al. 2006*
19
0.51
22
Hatter 1988*
28
0.39
35
McCoy and Murphie 2011*
228
0.33
74
Robinson et al. 2002
R
0.21‡
NR
Smith and Lecount 1979
R
0.39‡
NR
White et al. 1987
426
0.224
48
Weighted mean
0.287
55
95% Confidence interval
0.187-0.387
49-61
* = survival was reported in multiple survival categories
† =not reported; calculated from general information in study
‡ =calculated from recruitment measures
R=calculated from recruitment measures such as composition counts
NR= not reported
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66
19
30
27
NR
NR
16
26
NR
39
NR
NR
30
25-35

9
9
26
8
NR
NR
3
26
NR
16
NR
NR
12
8-16

0
0
0
0
NR
NR
14
13
NR
0
NR
NR
0
0

NR
67
15
19
NR
NR
45
36
33-39

NR
11
12
2
NR
NR
2
3
2.4-3.6

NR
0
38
4
NR
NR
5
6
5.5-6.5

Table 1.3 - Annual adult female mule deer survival rates and causes of mortality, with weighted
means and 95% confidence intervals.

Study
Bartmann et al. 1992

Region
CO Plateau

Survival
0.86

Bender et al. 2007

CO Plateau

0.81

Intermountain
West
CO Plateau

0.81

Bishop et al. 2005
Bishop et al. 2009

0.91 (S)

Cause of mortality as a percentage (%) of total
mortality
Malnutrition
Predation
/disease
Other Unknown
NR

NR

NR

NR

13

61

9

17

23

7

36

34

35

16

35

16

63

9

4

24

NR

NR

NR

NR

0.75

Farmer et al. 2006

Intermountain
West
Intermountain
West and
Northern Forest
Coastal Forest

0.80

45

25

30

0

Hatter & Janz 1994

Coastal Forest

0.84

NR

NR

NR

NR

Intermountain
West and
Northern Forest
SW Desert

0.89 (S)
73

6

6

15

0.86 (S)

32

41

18

9

CO Plateau

0.84

38

13

25

25

Northern Forest

0.85

12

28

48

12

Intermountain
West
Coastal Forest

0.80

61

6

22

11

73

6

6

15

0.89

NR

NR

NR

NR

Nicholson et al. 1997

Intermountain
West
SW Desert

0.81

NR

NR

NR

NR

Robinson et al. 2002

Northern Forest

0.72

62

10

10

19

CO Plateau,
Intermountain
West, Northern
Forest
CO Plateau

0.85
NR

NR

NR

NR

NR

NR

NR

NR

CO Plateau

0.83 (S)

11

37

17

34

Unknown

0.85

NR

NR

NR

NR

0.84

44

17

21

18

22-66

11-23

14-28

12-24

Bleich & Taylor 1998
Bleich et al. 2006

Hurley et al. 2011
Lawrence et al. 2004
Lukacs et al. 2009
Matthews & Coggins
1997
McCorquodale 1999
McNay & Voller 1995
Monteith et al. 2010

Unsworth et al. 1999
White & Bartmann
1998
White et al. 1987
Zager et al. 2007
Weighted mean

0.86

0.74

0.87

95% confidence
0.75-0.94
interval
S= senescence effects on survival are reported
NR=not reported.
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Table 1.4 - Results from experimental studies of mule deer population dynamics, showing
effects of changes in predators and nutrition.

Predator
Wolf
recolonization

Study type

7

3

140

680

Compensatory

Unknown

None

 Predation risk

Short term
population change

Study

Coyote

Temporal
Predation
scale
Spatial scale additive or
(years)
(km2)
compensatory?

Atwood et al. 2007
Predator
removal

Predator
species

Bartmann et al.
1992

 Survival
4

Coyote

2

2

1900

10518

Additive

Possibly additive

Possibly
compensatory

 Fawn survival
(only in certain
conditions)

 Population

 Mortality - all
types

Predator
removal

Coyote

2400

Compensatory

Compensatory

Mountain lion,
coyote, bear

Brown 2009
Predator
removal

20

14700

7700

Nutritional
Bishop et al. 2009 supplement

Harrington &
Conover 2007

Wolf

6

Compensatory

Predator
removal

 Fawn:doe ratio

 Survival

≅ Fawn:doe ratio

 Density

None

Predator
Hatter & Janz 1994 removal

Coyote

14700

Predator
removal

6

Hurley et al. 2011

Mountain lion
Hurley et al. 2011

Long term
population
change

Unknown

Not measured

Not measured

Not measured

Not measured

Stable at
higher level

No change in
growth rate

No change in
growth rate
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Figure 1.1 - The geographical ranges of mule deer (Odocoileus hemionus) (light and dark grey
areas) and black-tailed deer (O. h. columbianus) and (O. h. sitkensis) (dark grey area only) in
western North America (Mackie et al. 2003). The 48 studies included in the review are shown as
grey squares (mule deer) and black triangles (black-tailed deer).
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Figure 1.2 - Mule deer habitat ecoregions: Southwest Deserts, California Woodland Chaparral,
Colorado Plateau Shrublands and Forests (CO Plateau), Northern Forests, Coastal Forests,
Intermountain West, and Great Plains. Locations of studies are shown, as in Figure 1.
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Figure 1.3 - Proximate causes of mule deer mortality (predation, malnutrition/disease, other and
unknown) as percentages of reported total mortality for all age classes (error bars represent 95%
confidence intervals; winter and summer mortality is calculated over 6 months, first year and
annual rates are per year).
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Annual adult female

Figure 1.4 - Effect of high snowfall on winter fawn survival rates, as quantified in six studies,
plus the weighted mean effect size (error bars represent 95% confidence intervals).
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VI.

Chapter 2: Forage availability modifies predation risk of black-tailed deer fawns

Tavis D. Forrester and Heiko U. Wittmer
Wildlife, Fish, and Conservation Biology, University of California, One Shields Ave., Davis, CA
95616, USA. (TDF, HUW)
Victoria University of Wellington, School of Biological Sciences, PO Box 600, Wellington 6140,
New Zealand. (HUW)
Smithsonian Conservation Biology Institute, National Zoological Park, Front Royal, VA 22630,
USA. (TDF)

Understanding how top-down and bottom-up effects influence population dynamics of ungulates
is essential for effective management and conservation, and there is an emerging consensus that
forage and environmental productivity interact with predation to influence survival. From 2009
to 2013, we captured and monitored 135 black-tailed deer (Odocoileus hemionus columbianus)
fawns in coastal California to study possible interactions between forage and predation on
survival. We estimated seasonal and annual survival rates, assessed the cause of all mortalities
(n=93), measured available forage, estimated relative abundances of predators on summer range
(i.e., fawning areas) each year, and used remote sensing to quantify habitat on winter range. We
then used cumulative incidence and proportional hazards functions to evaluate how
environmental covariates were related to fawn survival. Summer survival rates averaged 0.40
across all years (SE=0.05) and the mean annual survival rate was 0.26 (SE=0.04). We found that
most fawn mortality resulted from predation during summer, mainly by black bears (Ursus
americanus) and coyotes (Canis latrans), and spatial differences in summer survival persisted
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until recruitment. Black bear predation, the single largest cause of mortality, appeared unrelated
to forage availability. Observed spatial variation in mortality risk due to other causes was linked
to the availability of oak forage but not predator abundance. Additionally, characteristics of deer
including adult female condition and fawn birthweight, did not provide evidence for purely
bottom-up limitation. Rather our results provided evidence that both bottom-up and top-down
effects were influencing fawn survival in this declining population, and that predator identity and
the timing of mortality affected these interactions.

Key words: age specific survival, black bear, coyote, fawn survival, predator hunting mode,
seasonal survival, ungulate
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A primary challenge in ecology is determining how top-down and bottom-up effects influence
fitness and population dynamics in complex communities (Sinclair and Krebs 2002; Sinclair
2003; Owen-Smith and Mills 2008). Understanding the dynamical consequences of bottom-up
and top-down effects is of particular interest in ungulates because they are dominant herbivores
within ecological communities (Augustine and McNaughton 1998), help maintain predator
diversity (Schmitz 2008), and are important components of trophic cascades (Ripple et al. 2014).
Body size is one of the most important variables determining the relative contributions of
predation and forage to survival in ungulates (Sinclair et al. 2003; Hopcraft et al. 2010). Smaller
ungulates require higher quality forage because of their smaller digestive systems (Clauss and
Hummel 2005) and are vulnerable to a larger number of predators than larger ungulates (Radloff
and Du Toit 2004). Small ungulates (~3-25 kg) are thus thought to be primarily regulated by
predation, large ungulates (>300 kg) by forage availability, and mid-sized (25-300 kg) ungulates
by interactions between predation and forage quantity and quality (McNaughton et al. 1989;
Hopcraft et al. 2010).
Juveniles of many ungulates are also vulnerable to a larger number of predators than
adults (Linnell et al. 1995). In complex communities with multiple predators, juveniles may be
preyed upon by up to 4 times as many predators as adults (Linnell et al. 1995), and even in
simple communities there is often at least one predator killing juveniles (Moorter et al. 2009).
Predation is thus the primary source of juvenile mortality in many ungulates, and predominantly
occurs over the first summer when they are most vulnerable (Gaillard et al. 2000). The
magnitude of the effect of predation on juvenile ungulates, however, also depends on prey
selection and hunting mode of predators. For example, predation pressure on small bodied prey
is higher in communities where large predators select all sizes of prey (size-nested predation)
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versus where predators select only a certain size class (size-partitioned predation) (Radloff and
Du Toit 2004). When size-nested predation occurs, seasonal and inter-annual shifts in prey
selection by large predators can also change predation pressure on a given species (Owen-Smith
and Mills 2008). The hunting mode of predators affects predation pressure through both species
and individual differences. Different predator species may focus more or less on juvenile prey
(Gervasi et al. 2012) or even target different ages of juveniles (e.g. neonates versus fawns
following their mothers) (Griffin et al. 2011). Individual predators systematically searching for
juveniles instead of opportunistically preying upon them will also have greater effects (BastilleRousseau et al. 2011).
Juvenile nutrition, in contrast to vulnerability to predators, is heavily affected by maternal
condition (Parker et al. 2009). The highest nutritional demands of the year for female ungulates
occur during late pregnancy and lactation (Clutton-Brock et al. 1989) and available nutrition
during this time determines juvenile nutrition (White 1992). During lactation, females thus
require forage that has high amounts of both energy and protein to support the rapid growth of
fawns and to replenish body fat and mass (Parker et al. 2009).
Understanding contributions of predation and nutrition to juvenile survival is magnified
by the importance of juveniles in determining future population growth of ungulates. Compared
to adult survival, juvenile survival is lower and more variable in ungulates (Gaillard et al. 1998).
Because of the observed higher variability among years in juvenile survival, it is typically
survival of juveniles that determine the trajectory of population growth despite the generally
higher elasticity of adult survival (Gaillard et al. 1998).
Unexpected population fluctuations of mule deer (Odocoileus hemionus), and blacktailed deer (O. h. columbianus), over the last several decades have highlighted the uncertainty
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surrounding the role of predation and forage in juvenile survival and population dynamics
(Ballard et al. 2001). The recovery of carnivores across the western USA, along with the current
decline of mule and black-tailed deer in the same area, has brought increased attention to the
importance of predation (Ballard et al. 2001; Forrester and Wittmer 2013). Forage availability is
also important and has been linked to recruitment (Gilbert and Raedeke 2004) and fine-scale
habitat selection of juveniles (Bowyer et al. 1998). Possible interactions between forage
availability and predation risk of juveniles, however, have rarely been considered (Farmer et al.
2006). This is likely a consequence of predation and forage often being portrayed as a sharp
dichotomy, where some populations are held far below a nutritional carrying capacity (K) by
predation, some are regulated near K by forage availability, and others are in some short
transition between the two states where both predation and forage impact populations (Ballard et
al. 2001; Pierce et al. 2012). However, recent theoretical advances suggest that mid-sized
ungulates, such as mule and black-tailed deer, should be experiencing interacting predation and
forage effects (Hopcraft et al. 2010; Forrester and Wittmer 2013).
Although survival and cause-specific mortalities vary seasonally in both mule and blacktailed deer, only 5 studies have followed tagged juveniles (i.e. fawns) from birth to recruitment,
and no year-round studies have directly linked available forage to survival (Forrester and
Wittmer 2013). Here we investigated fawn survival from birth to recruitment in black-tailed deer
in northern California and tested hypotheses about the relative importance and interactions of
top-down and bottom-up effects. Specifically, we addressed the following competing hypotheses
related to risk of death and bottom-up and top-down effects: 1) If top-down effects dominate
fawn survival, most mortalities will be from predation, forage availability will have no influence
on mortality risk, and characteristics of deer will show no signs of a nutritionally limited
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population (i.e. good adult body condition, high fawn birth weights, high pregnancy and
fecundity rates); 2) If bottom-up effects dominate survival, malnutrition will cause mortality,
forage availability will explain mortality risk and risk of predation, and characteristics of deer
will be consistent with nutritional limitation (i.e. poor adult body condition, low fawn birth
weights, low pregnancy and fecundity rates); or 3) If top-down and bottom-up effects are both
influencing survival, predation will be the dominant cause of mortality with some malnutrition,
forage availability will modify the risk of mortality and possibly predation, and characteristics of
deer will show a mix of top-down and bottom-up signs. We also investigated the more specific
hypotheses that 4) Predation mortality risk will be linked to predator abundance; and 5) Forage
availability will influence the risk of predation similarly regardless of predator species. We
addressed the first 3 hypotheses for both the summer and winter periods, while the last 2 were
only addressed during summer.
MATERIALS AND METHODS
Study Area.— Our study area covered ~1000 km2 in the northwestern California Coast
Range, and was composed of 2 major ridges that divided the area into 3 watersheds (named M1
and FH7 for the forest roads traversing them; Figure 1). The terrain was rugged with sharp
gradients in elevation, ranging from 500 m in valley bottoms to >2000 m on ridgetops. The
climate is considered Mediterranean and >85% of all precipitation occurred from October
through April. Snow cover was generally limited to elevations >1000 meters and was irregular,
particularly during m ild winters.
Vegetation communities in the area were diverse due to elevational gradients, soil
diversity, and land management practices. Plant communities at low elevations were a mix of
oak woodlands (Quercus spp.), dense chaparral, and grasslands, while mid elevations were
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mainly mixed-coniferous forests dominated by pine (Pinus spp.) and Douglas-fir (Pseudotsuga
menziesii). High elevation areas supported a mix of true fir forests (Abies spp.), patches of shrub
cover (mainly Ceanothus spp.) and included scattered dry and wet meadows. Past land
management, including logging and grazing, left a mosaic dominated by even-aged conifers,
with occasional mature timber stands, and grasslands dominated by exotic species. Important
deer forage included Ceanothus, herbaceous vegetation, oak leaves, and oak mast in the fall.
Black-tailed deer wintered in valleys and moved to high quality habitats at high
elevations during summer (hereafter termed fawning areas). Deer shared the study area with a
diverse predator-prey community and common predators included American black bears (Ursus
americanus), coyotes (Canis latrans), bobcats (Lynx rufus), and pumas (Puma concolor). Blacktailed deer were the only resident ungulate and pumas were the principal predator of adult deer
(Marescot et al., in press). Smaller prey species included lagomorphs (e.g., black-tailed
jackrabbit Lepus californicus) and rodents (e.g., California ground squirrel Otospermophilus
beecheyi).
Fawn Capture and Monitoring.— All handling procedures were approved by an
Institutional Animal Care and Use Committee at the University of California, Davis (Protocols
15341 and 16886) and adhered to guidelines established by the American Society of
Mammalogists (Sikes and Gannon 2011). We captured fawns from mid-June to mid-July of each
year by driving along unpaved forest roads during daylight, by using spotlights to locate fawns at
night, and by scanning meadows and forest habitat with binoculars for post-parturition does to
find hidden fawns. We captured fawns by hand or with handheld nets wearing new latex gloves
for each capture to avoid scent contamination. Upon capture, fawns were weighed, sexed, and
then fitted with a small colored and numbered plastic ID tag in 1 ear and a very high frequency
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(VHF) motion-sensitive transmitter (Sirtrack, Havelock North, New Zealand) in the other ear.
Battery life of transmitters was 1 year. We estimated fawn age in the field using status of the
umbilical cord, standing/walking coordination, and hoof growth line measurements (Sams et al.
1996). Fawn ages were estimated as a range of days and we used the median value as the age for
analysis. Fawns were released near the capture site immediately after processing, which averaged
approx. 10 minutes.
Fawn Monitoring and Mortality Investigation.— We monitored the status of fawns daily
from June through mid-September and every 7-14 days from either the ground or air during the
rest of the year. VHF transmitters switched to mortality signal after remaining stationary for 4
hours, facilitating assessment of mortality causes. Fawn mortalities during summer were
investigated almost immediately following detection of a mortality signal (AVG=1.1 days,
SE=0.25), while inclement weather and limited accessibility delayed investigations in winter
(AVG=24.2 days, SE=8.1). Cause of mortality was determined during site investigations using
systematic criteria including disposition of the carcass, predator sign, evidence of caching, bite
marks, and blood (Atkinson and Janz 1994). If no obvious evidence of predation was found, a
necropsy was performed. Deaths were considered capture related if they were a direct result of
handling.
Life history characteristics.— As a part of a larger research project we also captured 60
adult female black-tailed deer and collected fetal and pregnancy rates as detailed in Marescot et
al. (in press). During captures we also assessed body condition using a modified rump fat body
condition scores (rBCS range from 1-5, Gerhart et al. 1996; Cook et al. 2010), which we
analyzed using one-way analysis of variance (ANOVA). Helicopter based distance-sampling
surveys (Buckland et al. 2001) provided approximate deer density estimates at the onset of our
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study (D. Casady, unpublished data). We compared fawn weights at 2 days old, the youngest age
group we captured in sufficient numbers (n=13), to fawn weights at 2 days old (n=17) born to
captive does with ad libitum access to food (Cowan and Wood 1955; Parker and Wong 1987)
using an unequal variance t-test. We delineated fawning areas and winter ranges using 95%
minimum convex polygons from GPS locations of adults. We considered areas to be spatially
separated if location data indicated gaps greater than twice the size of the average diameter of an
adult home range and where geographic features created barriers to movement (Forrester 2014).
Vegetation Surveys.— We surveyed all fawning areas to quantify percent cover of deer
forage types and to estimate biomass of shrubs, forbs, and grasses. Surveys were conducted
along 100 m line transects with random starting points that we located on grids covering each
fawning area with 1x1 km spacing. Shrub cover and species composition was estimated using
line-intercept surveys on each transect (Bonham 1989) and shrub forage biomass was estimated
using twig counts on three 1x3 m quadrats per transect (Shafer 1963). Herbaceous biomass was
estimated using the comparative yield (CY) and dry weight ranking (DWR) methods using 10
0.25 m2 quadrats per transect (Haydock and Shaw 1975; Jones and Hargreaves 1979). We
identified shrubs to species, classified all small flowering plants as forbs, and categorized grasses
as annual or perennial. We conducted 157 line transect surveys, conducted CY and DWR
surveys on 1770 quadrats, and counted all twigs equal or smaller to typical deer browse diameter
on 471 quadrats. We measured 100-200 browsed twigs to obtain the mean species-specific
browse diameter for important deer browse, including Ceanothus, Prunus, Arctostaphylos, and
Quercus species (see Appendix 1 for species list). We estimated habitat specific forage amounts
for Classification and Assessment with Landsat of Visible Ecological Groupings (CALVEG)
cover types (Schwind and Gordon 2001); conifer, hardwood, mixed conifer and hardwood, shrub,
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and herbaceous. Habitat weighted estimates of forage were created by estimating the amount of
forage for each habitat type per fawning area (forage g/m2 x habitat area), summing these values
from all habitat types, and then dividing by the total area. Herbaceous biomass was variable
among years so herbaceous forage values were calculated for each year, while shrub biomass
was less variable and average shrub browse was calculated for all years combined.
We created a forage availability index for winter range by estimating the percent area of
CALVEG vegetation types containing high-quality forage. High quality vegetation types were
determined using past research (Dasmann and Taber 1956; Wallmo 1981; Livezey 1991) and
included oak woodland, herbaceous meadows, and high quality shrub types (e.g., montane mixed
chaparral). Winter ranges (n=4, Figure 1) were delineated as minimum convex polygons from
GPS locations of adult deer (see above). Fawns spend their first winter exclusively with their
mother (Wallmo 1981), and although we did not collar mother and offspring pairs we confirmed
that winter fawn locations fell within wintering ranges.
Deer Diet Analysis.— We collected deer pellets in fawning areas on transects that
followed deer trails with randomly located starting points distributed across available habitat
types. Diet composition was analyzed using microhistological analysis (Holechek et al. 1982;
Leslie et al. 1983) and diet quality was indexed using fecal nitrogen and diaminopimelic acid
(DAPA) (Hodgman et al. 1996). We used previous work (Dasmann and Taber 1956; Wallmo
1981; Kie et al. 1984) and our dietary analysis to determine the most important shrubs for deer in
our study area and estimated nutritional quality for these species, including crude protein, in vitro
dry matter digestibility, and tannin analysis (Appendix 1). All diet analyses were performed by
the Wildlife Habitat and Nutrition Laboratory at Washington State University. Differences in
diet among fawning areas were assessed using one-way ANOVA.
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Weather and Winter Range Elevation.— We acquired daily precipitation and temperature
data from 4 United States Geological Survey (USGS) weather stations and winter and April
snowpack depth from 2 California State monitoring areas located in the study area. We created a
winter severity index for each deer that was the number of days on winter range below freezing
(0 °C) to a given week. We accounted for difference in elevation among winter ranges and
weather stations by adjusting the temperature of the weather station nearest the winter range by
the standard environmental lapse rate of 6.49 °C per 1000 m. We measured total winter
precipitation as precipitation from November-February and spring precipitation as all
precipitation from March-June. We used the average monthly adult female elevation in each
winter range as a proxy for the monthly average elevation of fawns. We assumed that this
average value was biologically realistic because of the small individual variation in monthly
elevation within each winter range (average SE=43 m).
Relative Abundance of Predators.— We estimated the occupancy and abundance of
predators in summer fawning areas using heat and motion-triggered cameras (Bushnell Trophy
Cam, Bushnell, Overland Park, KS and Cuddeback Capture IR, Cuddeback, Green Bay, WI). We
randomly sampled fawning areas by placing a 12-14 km2 grid with 1 km2 cells over the 4
fawning areas and randomly selecting grid cell centers to place cameras. We placed cameras at
areas of animal activity (trails, closed roads, springs, scrapes, etc.) within 100 m of randomly
selected points (Rowcliffe et al. 2008). We used the average summer home range size (1 km2) of
adult female black-tailed deer (Bunnell and Harestad 1983; McCorquodale 1999) as a grid cell
because this allowed us to estimate the probability of predator use of the average female deer
home range per fawning area (MacKenzie et al. 2005). Cameras were deployed for 3 month
periods beginning in mid-June of each year and ending in September. We deployed 8-10 cameras
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in each of the 4 sampling grids for a total of 32-35 cameras per deployment, and a total of 275
camera deployments and 8,980 trap nights over 3 summers.
We used Program PRESENCE to model both probability of use of a deer home range and
detection probability for each major fawn predator, but excluded pumas due to insufficient
detections. Detection probabilities of fawn predators were not different among fawning areas,
and probability of use often approached 1. Because detection probability was the same among
fawning areas we used the monthly detection rate of predators (# predator detections/camera
days * 30) to model the effect of predator relative abundance on variation in summer fawn
mortality risk. We estimated predator relative abundance for 3 critical life history periods of
black-tailed deer fawns; the neonate period (mid-June to mid-July), the hiding period (mid-July
to mid-August), and following their mother (mid-August to mid-September) (Wallmo 1981).
Modeling Fawn Mortality Risk.— We defined summer separately for each fawn as the
period from capture until their last location on summer range and winter as the time from the
first relocation on winter range until recruitment as a yearling. The date of mortality signal was
used as the date of death or the date between the last live location and the first mortality signal if
there was a gap of >3 days. We tested for differences in survival among years and between
fawning and winter ranges, the M1 and FH7 ridges, sex, twin status, and seasons using the logrank test of Kaplan-Meier survival rates (Cleves et al. 2010). We tested for differences in age and
weight at capture among years using one-way ANOVA or using Kruskal-Wallis rank tests for
non-normal variables.
We used cumulative incidence functions (CIFs) to estimate cause-specific fawn mortality
and survival rates by month throughout the first year of life (Heisey and Patterson 2006).
Cumulative incidence functions model each mortality source while accounting for the probability
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of dying from all other possible causes of mortality (Heisey and Patterson 2006). These functions
are based on proportional hazards models (Cox 1972) and model the probability of a mortality
from cause i occurring before time t.
(Equation 1)

CIF𝑖 (𝑡) = 𝑃(𝑇 ≤ 𝑡 and failure from cause 𝑖).

We modeled fawn mortality risk with Cox proportional hazards because seasonal hazard
functions could not be fit using parametric functions. We used the standard Cox proportional
hazards formula
(Equation 2)

ℎ(𝑡|𝑿𝑗 ) = ℎ0 (𝑡)𝑒𝑥𝑝(𝑿𝑗 𝛽𝑥 ),

where t is time as specified in the model (e.g., days since birth), ℎ(𝑡|𝑿𝑗 ) is the hazard rate for the
jth deer at time t, ℎ0 (𝑡)is the baseline hazard, and the regression coefficients 𝛽𝑥 are estimated
from the risk covariates 𝑿𝑗 for the jth deer (Cox 1972; Therneau and Grambsch 2000). The 𝛽𝑥
are used to estimate hazard ratios that are a measure of the risk of death similar to an odds ratio.
The hazard ratios are the exponential functions of the β’s from equation 1 and a hazard ratio
(HR) of less than or greater than 1 represents a smaller or greater risk of death respectively. We
considered a HR significantly different than 1 if the 95% confidence interval did not overlap 1.
Because we captured fawns soon after birth we modeled survival as a function of age in
days (Fieberg and DelGiudice 2009). We used a delayed entry design where we estimated risk
beginning at birth but fawns entered the analysis at the day of capture for summer survival and
the day of arrival on winter range for winter survival. We censored animals from analysis after
death, after the last day on summer range (max value = 104 days of age), or after recruitment to a
yearling (Hosmer et al. 2011).
We modeled the risk of summer and winter fawn mortality separately because seasonal
ranges were spatially separated and fawns were at risk from a smaller number of predator species
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during winter. Covariates of mortality risk during summer included biomass of oak and
herbaceous forage, relative predator abundance, previous winter precipitation, spring
precipitation, as well as sex, age and weight at capture, and twin status of fawns. Covariates of
mortality risk during winter included amount of oak and shrub habitat types on winter range,
cumulative winter precipitation, cumulative days below freezing, average weekly elevation, and
a predation risk index that was the difference between average weekly elevation of deer and
pumas (based on GPS locations of 7 collared pumas, data presented in Allen et al. 2014). We
used pairwise correlation coefficients to assess if covariates were correlated (correlation >0.5).
We evaluated all possible model subsets from remaining covariates (Whittingham et al. 2006;
Arnold 2010) and used Akaike Information Criterion adjusted for small sample sizes (AICc) to
rank models (Burnham and Anderson 2002). We considered a model to be strongly supported if
the AICc score was <4 AICc from the next model (Burnham and Anderson 2002). We used
Akaike weights (wi) to calculate the relative importance of all covariates and model averaging
methods to calculate average hazard ratios, standard errors, and confidence intervals from all
models if no model was strongly supported (Burnham and Anderson 2002; Johnson and Omland
2004).
We tested

possible linear and non-linear interactions using fractional polynomials (Royston

and Sauerbrei 2004). We tested the assumption of proportional hazards for covariates in the
model using graphical methods and Shoenfeld residual plots (Grambsch and Therneau 1994). If
the proportional hazard assumption was violated, we assessed covariate fit and form using
Martingale residuals and transformed variables or stratified the model by the appropriate variable
(Hosmer et al. 2011). If variables that changed over time violated the proportional hazard
assumption we split our dataset at the failure times and interacted the variables with a time
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function (Hosmer et al. 2011). We chose the appropriate time function by fitting a locally
weighted scatterplot smoothed (lowess) graph of the martingale residuals against the covariates
interacted with various time functions, and used the function that created the most linear plot
(Therneau and Grambsch 2000; Cleves et al. 2010). We assessed model fit by plotting the
cumulative hazard function against the Cox-Snell residuals and testing for a 1:1 fit (Therneau
and Grambsch 2000). We assessed if outliers unduly affected the model by graphing DFBETA
residuals (Cleves et al. 2010) and likelihood displacement values (Collett 2003) against analysis
time.
We modeled the cause specific risk of bear and coyote predation using cumulative
incidence functions (CIFs) with the semi-parametric method formulated by Fine and Gray (1999).
This method models the CIF for cause i as the cumulative sub-hazard function for that cause
alone, and covariate effects for cause i can be interpreted similarly to a Cox proportional hazards
model. We tested assumptions of the CIF models with the same methods as the Cox proportional
hazards models, selected models using AICc, and used model averaging if we did not find one
best model (Burnham and Anderson 2002). All statistical tests were performed in STATA ver.
12.1 (StataCorp, College Station, TX).
RESULTS
Fawn Capture and Monitoring.— We captured 137 fawns (72 females, 64 males, 1
unknown) during the summers of 2009-2012. Two fawns were censored due to tag failure (n=1)
and capture related mortality (n=1). The mean capture date was June 27 (SEamong years=6.40 days,
Range 6 June-19 July), the mean age at capture was 4.8 days (SE=0.18, Range of 0-10) and mean
capture weight was 3.7 kg (SE=0.08, Range 2-7). Mean capture date differed significantly among
2
years (ANOVA, F3,134=17.24, p<0.001), but mean capture age (Kruskal-Wallis, 𝑋df=3
=6.873,
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p=0.076) and capture weight (ANOVA, F3,134=0.80, p=0.493) were not different. Mean capture
age also did not differ between ridges (t-test, t134=0.13, p=0.89). We categorized 42 fawns as
twins and 93 as singles but did not capture both fawns of all sets of twins. Fawn weights at 2
days old were 14% lower than captive fawns, a significant difference (t28=1.989, p=0.021).
Summer Diet and Fawning Area Vegetation.— Deer diet composition and forage quality
results are reported in detail in Appendix 1. Diet was averaged between years and was mostly
composed of shrubs (Cherry Hill=88%, Coyote Rock=83.1%, Cold Spring=85.8%, Plaskett
Meadows=53.6%), while forbs contributed only a small proportion (Cherry Hill=2.1%, Coyote
Rock=3.9%, Cold Spring=4.8%, Plaskett Meadows=11.5%). Oak leaves composed most of the
diet in summer in all areas except for Plaskett Meadows (Cherry Hill=76.1%, Coyote
Rock=65.4%, Cold Spring=73.6%, Plaskett Meadows=21.8%).
Population life history characteristics.— The average adult female rBCS score was 2.8
(SE=0.37), and there were no differences in body condition among fawning areas (one-way
ANOVA, F3,54=0.91, p=0.44). Pregnancy rates averaged 0.87 (SE=0.05) and average fecundity
was 1.9 fawns per doe (Marescot et al., in press). Black-tailed deer density was approximately 20
deer/km2 at the beginning of the study (D. Casady, unpublished data).
Temporal Patterns in Fawn Survival.— A total of 95 fawns died during our study,
including 74 during summer. Summer survival rates for fawns averaged 0.42 across all years
(SEamong years=0.05) and the mean annual survival rate was 0.26 (SE=0.04). Summer (Min=0.14;
2009, Max=0.51; 2011) and annual (Min=0.09; 2009, Max=0.37; 2011) fawn survival fluctuated
greatly among years (Table 1), but the differences were not significant (Log Rank (LR) test,
2
𝑋df=3
=5.24, p=0.15). Winter survival of fawns averaged 0.62 across all years (SEamong years=0.06).

61

Predation was the primary source of fawn mortality (Figure 2), and black bear predation
was the largest single source of mortality (Table 1). The majority (61%) of total mortality and of
predation mortality (69%) occurred within 30 days of birth. During summer, there were low
numbers of mortalities assessed as unknown predators (5.0% of summer mortality) or unknown
2
cause (7.7% of summer mortality). Summer survival did not differ by sex (LR test, 𝑋df=1
=0.17,

p=0.68), but trended lower for twins (ϕ=0.33, SE=0.08) compared to single fawns (ϕ=0.46,
2
SE=0.06) (LR test, 𝑋df=3
=1.93, p=0.16). Only 22% of annual mortality occurred on winter range,

and most known causes were attributed to predation. No winter mortalities were attributed to
malnutrition but we could not assess the cause of mortality in most instances (unknown
mortalities=16 of 21 total). Female fawns were more likely to die in the winter than males (LR
2
test, 𝑋df=1
=5.25, p=0.02), but there was no difference in single or twin survival (LR test, χ2=0.19,

p=0.66). Despite seasonal differences there were no annual differences in survival between sexes
2
2
(LR test, 𝑋df=1
=0.36, p=0.56) or between single and twin fawns (LR test, 𝑋df=1
=1.59, p=0.21).

Spatial Patterns in Fawn Survival.— Summer survival trended lower in the 2 fawning
areas on the FH7 ridge (ϕ=0.36, SE=0.06) than the M1 ridge (ϕ=0.49, SE=0.07) (LR test,
2
𝑋df=1
=2.89, p=0.089). Although winter survival did not differ for fawns from different fawning
2
areas (LR test, 𝑋df=1
=0.71, p=0.399), differences in summer survival were large enough that

there was some evidence for a difference in annual survival between ridges (Figure 3, LR test,
2
𝑋df=1
=3.30, p=0.06). There were no strong differences in survival among the 4 distinct wintering
2
areas (LR test, 𝑋df=3
=7.08, p=0.07).

Summer Mortality Risk.— We limited the Cox proportional hazards analysis to the 3
cohorts captured from 2010-2012 (n=121, mortalitysummer=63) since we did not collect covariate
information for the 2009 cohort. We pooled data across years after confirming that summer
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2
survival differences among years were not significant (LR test, 𝑋df=2
=0.32, p=0.854). Capture

weight and age were correlated (>0.5 correlation coefficient) and capture weight was retained for
the model because it was more accurately measured in the field. Correlation coefficients were < 0.5 between herbaceous forage and both overall shrub cover and Ceanothus species. We retained
herbaceous forage for modeling because herbaceous forage is critical summer forage for mule
deer (Wickstrom et al. 1984; White 1992), and dropped Ceanothus since these species did not
contribute much to summer diets (see Appendix I). We also dropped percent cover because it
was measured as vegetation composition and not specifically as deer cover. All remaining
environmental covariates met proportional hazards assumptions, and capture weight was
modeled as a linearly increasing and time varying covariate since it increased with age.
There was no clear best model for summer mortality risk so we summed Aikake weights
(wi) and estimated model averaged parameters to determine the importance of covariates.
Capture weight and the amount of oak forage within fawning areas explained the most variation
in mortality and were negatively related to mortality risk (Table 2). Herbaceous forage and twin
status also explained variation in mortality; twins were 54% more likely to die than single fawns
and increasing herbaceous forage showed a trend toward decreased mortality risk. Predator
abundance, fawn sex, and spring and winter precipitation were not well supported in mortality
risk models (Table 2).
Predation risk from bears during summer was not strongly explained by any covariates,
but relative bear abundance had the strongest support (wi=0.64). No predator abundance or
forage covariates showed a significant effect on predation risk (Table 3). Predation risk from
coyotes during summer was lower in areas with more oak forage (Table 3). No other covariate
significantly affected coyote predation risk. The coyote predation risk CIF was higher on the

63

2
FH7 ridge compared to the M1 ridge (LR test, 𝑋df=1
=7.50, p=0.006) while the bear predation
2
risk CIF was not different (LR test, 𝑋df=1
=1.04, p=0.307).

Winter Mortality Risk.— We pooled data since there was no significant difference in
2
winter survival among years (LR test, 𝑋df=2
=4.34, p=0.114). All covariates in winter hazards

models met proportional hazards assumptions. There was no single best model for winter
mortality risk, so we report model averaged parameters and summed AICc weights for covariates
from all subsets of models (Arnold 2010). Sex of fawns was the strongest predictor of mortality,
and the amount of shrub habitat and predation risk index were also related to mortality risk,
although not significantly (Table 4). Winter severity, precipitation, and the amount of oak habitat
in winter home ranges were not related to mortality. We did not model predation-specific
mortality risk in winter due to the high number of unknown mortalities.
DISCUSSION
Top-down effects dominated mortality of black-tailed deer fawns in our study area, particularly
during the first 30 days of their life. Predation during that time was primarily driven by black
bears, and there was no apparent sign that differences in forage or habitat moderated predation
risk from bears. Forage and habitat availability became more important over subsequent months,
and differences in forage and habitat availability during summer explained observed spatial
variation in mortality and predation risk from coyotes among fawning areas. Overall, we thus
found that an interaction of top-down and bottom-up forces affected annual survival probabilities
of fawns in black-tailed deer, and that fawns of this mid-sized ungulate were subjected to intense
top-down pressures because of their vulnerability to a large number of size-partitioned predators
(Radloff and Du Toit 2004).
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Almost all bear predation in our study was concentrated on fawns <30 days old, a pattern
also found in other ungulates (Vreeland et al. 2004; Gustine et al. 2006; Griffin et al. 2011). The
risk of being killed by a bear was unrelated to both the availability of forage and the relative
abundance of bears in fawning areas, as well as individual differences among fawns in capture
weight, sex, or twin status. Forage availability was likely of no importance because fawns at this
young age have not yet accrued benefits of better forage (White 1992), are still relying on hiding
from predators (Geist 1981), and are likely unable to evade predators once detected. Differences
in hunting methods of individual bears may have contributed to the lack of correlation between
bear abundance and fawn mortality. The hunting strategies of black bears in other areas have
been found to vary significantly, with most individuals encountering fawns opportunistically and
only a few actively searching for fawns (Zager and Beecham 2006; Bastille-Rousseau et al.
2011). This suggests that the number of bears actively searching for fawns in identified fawning
areas may have influenced predation risk to a greater degree than overall bear abundance.
Mortality risks from other causes were modified by bottom-up effects, and the variation
in the predation risk from coyotes and overall risk of mortality was lower in areas with more oak
forage. Several mechanisms could be responsible for this observed pattern. Older fawns in better
condition may have been able to escape coyotes more easily or mothers in better condition may
have been able to defend against coyotes more effectively (Lingle et al. 2005, 2008). Oak forage
was likely linked to better summer condition because it made up the majority of the summer diet
and was used in much higher proportion than its availability. Furthermore, oak leaves had lower
tannins and higher protein content than Ceanothus spp., the next most common shrub observed
in the diets of deer in our study area. Protein is critical for early growth of fawns and is just as
important for summer nutrition as digestible energy (Parker et al. 2009). There seemed to be no
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carryover effects of nutrition from the preceding winter since there was no detectable difference
in body condition of adult females across the study area at the beginning of the summer. Other
mechanisms for the observed link between oak forage and lower coyote predation could be an
increased escape ability in open habitats (Geist 1981), or coyotes switching to alternate prey in
habitats dominated by oaks (Hamlin et al. 1984; Hurley et al. 2011).
The interaction between predation and forage was strongest in summer, but may have
occurred during winter as well. During winter, fawns were vulnerable to fewer predator species
and known predation was mainly due to pumas. The amount of dense brush in wintering areas
and overlap with the average monthly elevation of pumas increased mortality risk, a result
consistent with prey vulnerability to ambush predators in complex habitat (Miller et al. 2014).
The amount of oak habitat had no effect despite the importance of oak in summer and the
possible benefits of oak as thermal cover for black-tailed deer in winter (Bowyer and Kie 2009).
However, we also observed sex-specific mortality risks of fawns during winter. Sex specific
differences in fawn mortality have been previously observed in mule deer (Bartmann et al. 1992;
Unsworth et al. 1999; but see Lomas and Bender 2007), but our ability to associate
environmental variables with sex specific mortality was limited by our low precision in assessing
the cause of death during winter. Winter precipitation and severity apparently held little
explanatory power during this time of the year.
Determining the dynamical consequences of predation requires assessing the relationship
of a population to its carrying capacity K and then estimating the proportion of the “doomed
surplus” of fawns killed by predators (i.e., compensatory mortality) (Errington 1946; Bowyer et
al. 2005). We used established indices of population level processes (Bowyer et al. 2005; Pierce
et al. 2012) to determine the degree of resource limitation present in our strongly declining

66

black-tailed deer population (λ=0.82±0.13; Marescot et al., in press). Evidence for the population
being food limited included low fawn weights which at approx. 2 days old were significantly
lower than those of captive fawns from does with ad libitum access to food (Bowyer et al. 2005;
Pierce et al. 2012). Estimates of vital rates, however, did not match results typically observed in
food-limited populations (Gaillard et al. 1998) including pregnancy and fetal rates which were
higher (Marescot et al., in press) than averages reported for mule and black-tailed deer across
their distribution (Forrester and Wittmer 2013). Since estimates for average fetal rates reported in
Forrester and Wittmer (2013) were mostly from high-density populations with an average λ=0.99,
they should provide a benchmark for equilibrium populations. Finally, body condition of adult
females in the study area in early summer was approaching a level of “good” (mean rBCS=2.8
on a 1-5 scale). Fat reserves in early summer, however, should be near the low point for the year
(White 1992; Parker et al. 2009), and a good body condition does not provide evidence for
nutritional limitation (Pierce et al. 2012).
Our findings were consistent with the interplay of top-down and bottom-up effects
expected in a mid-sized ungulate such as black-tailed deer (Hopcraft et al. 2010). Future work on
fawn mortality in mule and black-tailed deer should focus on manipulative experiments to
determine mechanisms in the relationships between the quantity and quality of forage and
predation, particularly since better deer habitat may support alternate prey that sustain high
predator populations (Monteith et al. 2014) but may also encourage prey switching (Hamlin et al.
1984). Meta-analysis similar to work in other ungulate communities (e.g., Hopcraft et al. 2010;
Griffin et al. 2011) will also be vital to gaining deeper insight into the role of predation in fawn
survival across a range of predator diversity and abundances.
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Table 2.1 – Cause specific mortality rates, total mortality, and survival rates calculate from
cumulative incidence functions (CIF) for black-tailed deer fawns in Mendocino National Forest
from 2009-2013.
Summer
Cause of Mortality

Month 1

Month 2

Month 6

Month 9

Annual Mortality

Mortality
Bear

0.19

0.20

0.21

0.21

0.21

0.21

Coyote

0.09

0.13

0.14

0.14

0.14

0.14

All Feline Predation

0.02

0.04

0.05

0.06

0.06

0.06

Unknown Predation

0.02

0.03

0.03

0.03

0.04

0.05

Malnutrition

0.10

0.10

0.10

0.10

0.10

0.10

Unknown Cause

0.04

0.04

0.07

0.11

0.15

0.19

Total Mortality

0.46

0.54

0.60

0.65

0.70

0.75

Survival

0.54

0.46

0.40

0.35

0.30

0.25
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Table 2.2 - Model averaged Cox proportional hazard ratios for summer hazards models
including standard errors and confidence intervals with summed Akaike model weights (wi) from
all subsets of models. Hazard ratios >1 or <1 indicate an increase or decrease in mortality risk
respectively, and covariates significantly explain mortality risk if the model averaged 95%
confidence intervals do not overlap 1. The hazard ratio for the twin covariate is the risk of
mortality of twins compared to single fawns and the sex hazard ratio is the risk of being a male
fawn compared to female fawns.
Summed Model

Model Avg.

Model Avg.

Model Avg.

Weights ( wi)

Hazard Ratios

SE

95% CI

Capture Weight

0.98

0.98

0.01

0.97 – 0.99

Oak Forage Biomass

0.97

0.86

0.05

0.77 – 0.95

Twin Status

0.76

1.54

0.22

1.00 – 2.39

Herbaceous Forage Biomass

0.62

0.92

0.06

0.82 – 1.03

All Predators Relative Abundance

0.37

0.94

0.08

0.81 – 1.09

Sex

0.33

1.07

0.10

0.89 – 1.30

April Precipitation

0.29

0.96

0.08

0.81 – 1.13

Winter Precipitation

0.27

1.00

0.01

0.99 – 1.01

Summer Mortality Risk Covariates
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Table 2.3 - Summed Akaike model weights (wi) from all subsets of models and model averaged
sub-hazard ratios (SHR), covariate standard errors (SE), and confidence intervals (CI) calculated
from cumulative incidence function (CIF) models for the summer predation risk of black-tailed
deer fawns from black bear and coyote. Sub-hazard ratios indicate an increase or decrease in
predation risk if they are >1 or <1 respectively, and covariates significantly affect predation risk
if the model averaged 95% confidence interval do not overlap 1. The sub-hazard ratio for twin
status is the risk of predation of twins compared to single fawns and the sex sub-hazard ratio is
the risk of being a male fawn compared to female fawns.
Black Bear Models
Covariates

Coyote Models

wi

SHR

SE

95% CI

wi

SHR

SE

95% CI

Coyote Relative Abundance

0.54

0.86

0.25

0.53 – 1.41

0.29

0.96

0.23

0.63 – 1.47

Bear Relative Abundance

0.64

0.89

0.15

0.66 – 1.20

0.36

0.88

0.17

0.66 – 1.16

Herbaceous Forage Biomass

0.27

0.99

0.03

0.93 – 1.05

0.40

0.94

0.02

0.84 – 1.07

Oak Forage Biomass

0.32

0.98

0.03

0.93 – 1.03

0.89

0.77

0.13

0.60 – 0.98

Capture Weight

0.33

0.94

0.07

0.82 – 1.06

0.48

0.80

0.19

0.56 – 1.13

Twin Status

0.35

1.15

0.14

0.88 – 1.51

0.33

1.17

0.22

0.80 – 1.73

Sex

0.35

0.87

0.14

0.67 – 1.13

0.29

1.12

0.19

0.80 – 1.56
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Table 2.4 – Winter mortality results from all possible subsets of Cox proportional hazards
models, including the summed Akaike model weights (wi) and model averaged hazard ratios,
covariate standard errors (SE), and confidence intervals (CI). Hazard ratios values greater than
one or less than one indicated an increase or decrease in mortality risk respectively, and
covariates significantly explain mortality risk if the model averaged 95% confidence interval
does not cross 1. Sex shows the risk of being male compare to being female, total browse shows
the change in mortality risk for each hectare of shrub habitat in the winter range, puma risk is the
change in risk for every 100 meter difference between puma and deer average winter elevation,
winter severity is the number of days below freezing, precipitation is cumulative precipitation,
total oak shows the change in mortality risk for each additional hectare of oak habitat on winter
range, and twin status is the risk of being a twin compared to a single fawn.

Winter mortality risk covariate

wi

Hazard Ratios

SE

95% CI

Sex

0.91

0.27

0.56

0.09 – 0.80

Total Browse

0.78

1.14

0.07

0.99 – 1.31

Puma Risk

0.66

1.44

0.24

0.90 – 2.30

Winter Severity

0.38

1.00

0.0001

1.00 – 1.01

Precipitation

0.35

0.98

0.02

0.94 – 1.02

Total Oak

0.29

1.01

0.01

0.98 – 1.03

Twin Status

0.28

0.90

0.18

0.63 – 1.29
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Figure 2.1 - Study area in the context of the state of California, showing the 3 watersheds and 2
main ridges (M1 and FH7). White areas indicate higher elevation while darker areas are lower
elevation. Deer fawning areas are named and shown in dark gray and winter ranges are shown in
white.
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Figure 2.2 - Causes of mortality of black-tailed deer fawns in the Mendocino National Forest
from 2009-2012 separately during the first 3 months of life and combined for the entire year.
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Total Annual

Figure 2.3 - Ridge specific Kaplan-Meier annual survival rates for black-tailed deer fawns in
the Mendocino National Forest from 2009-2013. Confidence intervals (95%) are shown in gray.
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Appendix 2.1 - Deer Diet, Forage Quality, and Common Shrub Species
1) We estimated deer diet based on microhistological analysis of deer pellets (Holechek and
Gross 1982; Leslie et al. 1983) collected in the study area and as described in the Methods. A
local plant list and samples of requested species were sent to the Wildlife Habitat and Nutrition
Lab at Washington State University to aid with identification. The diet composition of blacktailed deer is presented in percent (±SE) for each of the 4 identified fawning areas in Table 1.
Diet composition was similar across fawning areas with the exception of Plaskett Meadows
which had a lower proportion of oak leaves (Kruskal-Wallis, 𝜒 2 = 8.12, 𝑃 = 0.043) and a
higher proportion of other shrub species (Kruskal-Wallis, 𝜒 2 = 7.92, 𝑃 = 0.047) than other
fawning areas.
2) Forage quality of Brewer’s oak (Quercus garryana breweri) and mountain whitethorn
ceanothus (Ceanothus cordulatus), the species most frequently eaten by deer in our study area,
were estimated from plant samples collected from each fawning area. Samples of each species
were collected at a minimum of 4 separate locations per fawning area (varied from 4-6), and
from several different plants at each location. Multiple leaves were harvested from each plant
from twigs smaller than the average deer browse diameter for the species (see Methods). The
combined samples from each fawning area were analyzed for crude protein, gross energy
(calories/gram), in-vitro dry matter digestibility (% IVDM), detergent fiber levels, and tannins
(Martin and Martin 1982). Samples from distinct fawning areas were blended for analysis to
obtain fawning area averages. Since averages did not vary among fawning areas, we calculated
averages for each species across all fawning areas (Table 2). Whitethorn ceanothus had
significantly higher gross energy than Brewer’s oak (𝑡5,7 = 12.20, 𝑃 < 0.001), but lower IVDM
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(𝑡5,7 = −2.45, 𝑃 = 0.028), protein (𝑡5,7 = −2.06, 𝑃 = 0.047), and higher tannin concentrations
(𝑡5,7 = 2.046, 𝑃 = 0.048).
3) We surveyed all fawning areas in 2010 and 2011 to quantify percent cover of deer forage
types and to estimate biomass of shrubs, forbs, and grasses. Herbaceous vegetation was also
surveyed in 2012. We calculated percent cover and forage biomass for each fawning area for use
as covariates in survival models and report the percent coverage of all species in the entire study
area in Table 3.
LITERATURE CITED
Holechek, J. L. and B. D. Gross. 1982. Evaluation of different calculation procedures for
microhistological analysis. Journal of Range Management 35:721–723.
Leslie, D. M., Jr., M. Vavra, E. E. Starkey and R. C. Slater. 1983. Correcting for differential
digestibility in microhistological analyses involving common coastal forages of the Pacific
Northwest. Journal of Range Management 36:730–732.
Martin, J. S. and M. M. Martin. 1982. Tannin assays in ecological studies: lack of correlation
between phenolics, proanthocyanidins and protein-precipitating constituents in mature foliage of
six oak species. Oecologia 54:205–211.
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Table A2.1 – Diet composition (%) of black-tailed deer by fawning area in the Mendocino
National Forest, California during the years of 2010-2013. Both the 3-year average and standard
error (SE) are reported. Fawning area names are followed by the name of the ridge in
parentheses.
Cherry

Coyote

Cold

Plaskett

Hill

Rock

Spring

Meadows

Forage Type

(M1)

SE

(M1)

SE

(FH7)

SE

(FH7)

SE

Quercus spp.

76.1

0.03

65.4

8.03

73.6

7.53

21.8

7.16

Ceanothus spp.

6.5

0.80

1.6

0.15

3.8

0.98

8.5

0.70

Other Shrubs

5.4

0.93

16.1

4.68

8.4

6.54

23.2

3.36

Conifers

1.0

0.67

2.9

0.78

1.4

0.52

5.0

1.80

Forbs

2.1

0.35

3.9

1.28

4.8

2.36

11.5

3.54

Grasses

0.9

0.38

1.0

0.67

2.7

1.19

4.4

1.44

Lichen

6.2

0.44

6.5

2.71

2.8

1.89

14.2

2.79

Other Forage

1.8

0.39

2.6

0.38

2.4

0.61

11.3

1.40
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Table A2.2 – Forage quality of the two most common shrub species in the diet of black-tailed
deer in the Mendocino National Forest, California during 2011-2013. IVDM stands for in-vitro
digestible matter and tannins are reported as the milligrams precipated with a standard assay
divided by the amount of forage, and are a measure of the potential amount of tannin that can
bind with protein and prevent digestion.
Gross

Shrub spp.

% IVDM

% Neutral

% Acid

% Acid

Detergent

Detergent

Detergent

Fiber

Fiber

Lignin

Tannin

% Crude

Energy

Protein

(cal/gm)

17.2

4746

68.4

36.6

21.8

7.5

0.11

11.2

5062

56.9

26.3

18.3

7.0

0.16

Quercus
garryana
breweri
Ceanothus
cordulatus
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Table A2.3 – Most common shrub species from line transect surveys on summer fawning areas
in the Mendocino National Forest, 2010-2011. The barren cover type primarily encompasses the
duff layer underneath dense forest canopy, as well as bare dirt and rock.
Cover Type or Species Name

Scientific Name

Overall Percent Cover

Barren

NA

47.1

Herbaceous

NA

13.1

Whitethorn Ceanothus

Ceanothus cordulatus

8.1

Brewer’s Oak

Quercus garryana breweri

7.1

White Fir

Abies concolor

5.4

Snow Berry spp.

Symphiocarpus spp.

3.3

Red Fir

Abies magnifica

1.9

Live Oak spp.

Quercus agrifolia/
Q. wislizeni/Q. chrysolepis

2.1

Gooseberry/Currant spp.

Ribes spp.

1.4

Whiteleaf Manzanita

Arctostaphylos viscida

1.4

Wild Rose

Rosa spp.

1.1

Fern spp.

Polystichum and Pteridium spp.

0.8

Bitter Cherry/Choke Cherry

Prunus spp.

0.8

Ponderosa Pine

Pinus ponderosa

0.8

Willow spp.

Salix spp.

0.7

89

VII.

Chapter 3: Home sweet home: Fitness consequences of site familiarity in blacktailed deer
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Abstract
Individual animals strive to maximize fitness by gaining access to food while minimizing
predation risk, and spatial knowledge of both forage resources and predation risks has long been
presumed to be advantageous. Actual fitness benefits of site familiarity, however, have rarely
been demonstrated. We placed GPS collars on 57 female black-tailed deer (Odocoileus hemionus
columbianus) in coastal California over 4 years to track seasonal movements, determine home
ranges, and monitor survival and cause of mortality. We used the seasonal home range as a
measure of site familiarity and modeled how mortality risk varied with use of familiar areas,
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forage availability, age class, and elevational overlap with simultaneously collared pumas using
Cox proportional hazards models. The use of familiar areas was the best predictor of mortality
risk, and deer that had a 40% probability of leaving their home range in a given week were 4
times more likely to die than deer that never left their home range. Puma predation was the
largest cause of mortality and deer whose average weekly elevation was above or below the
average elevation of pumas were less likely to die. While forage availability was not related to
mortality risk, deer with lower forage availability were more likely to leave their home range
during both summer and winter. Our results provide a rare example of fitness benefits associated
with site familiarity and the use of familiar areas as a refuge from predation. The benefits of site
familiarity likely are widespread in ungulates, especially when there are stable home ranges,
complex habitats, and few cues of predation risk.

Keywords forage availability, home range, Odocoileus hemionus columbianus, predation,
private information, Puma concolor
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Individuals maximize fitness by optimizing the trade-off between forage intake and the risk of
predation (Sih 1980; Kie 1999). Both access to high quality forage and avoidance of predators
are ultimately linked to the physical space or habitat individuals occupy. Individuals with better
information should thus be expected to have greater fitness (Dall et al. 2005). This supposition
has led to an enduring belief among behavioral ecologists that familiarity with a physical space,
or site familiarity, improves individual fitness (Baker 1978; Greenwood and Harvey 1982;
Stamps 1995; Harwood et al. 2003). Benefits associated with site familiarity have also been
proposed as the mechanism underlying the widespread occurrence of site fidelity in multiple taxa
(Switzer 1993; Wolf et al. 2009). Many species expend great effort to return to previously
occupied seasonal ranges, often migrating over large distances, and such fidelity to a particular
location has been shown to enhance survival and reproductive success (Switzer 1993). Although
it is assumed that the mechanisms of these benefits are related to site familiarity, the actual
fitness consequences of site familiarity have rarely been demonstrated (Piper 2011).
The main proximate mechanism underlying site familiarity is the spatial memory of
resources and physical habitat features (Piper 2011; Spencer 2012), which can occur across
different scales (van Beest et al. 2013). Home ranges (or territories in species defending
exclusive access to an area) are the result of decisions made by individuals at multiple scales,
ranging from the selection of habitats from those available over larger areas (Johnson 1980) to
decisions made during daily movements and foraging bouts (Wolf et al. 2009; van Beest et al.
2013). The home range thus represents an animal’s best solution to optimize energy intake while
simultaneously minimizing the risk of predation. Within home ranges, familiarity has been
linked to advantages such as increased use of high quality forage patches after an initial learning
period (Wolf et al. 2009) and better ability to escape from simulated predators (Clarke et al.
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1993). Fitness consequences associated with site familiarity should also occur at the home range
scale.
Much of our understanding of the advantages associated with site familiarity comes from
studies on birds (Piper 2011). Ungulates should also benefit from site familiarity because many
species show high fidelity to seasonal home ranges (Edge et al. 1985; Purdue et al. 2000;
Wittmer et al. 2006) and are long-lived, both important traits for spatial learning (Piper et al.
2008; Spencer 2012). Ungulates also utilize spatial knowledge at several scales, showing
plasticity in home range size and seasonal movements (Fryxell and Sinclair 1988). Variation in
these behaviors has already been linked to seasonal variation in forage quality (Garrott et al.
1987; Pettorelli et al. 2007) as well as predation risk (Fryxell et al. 1988; Wittmer et al. 2006),
highlighting the potential benefits of site familiarity in ungulates (van Beest et al. 2013).
Black-tailed deer (Odocoileus hemionus columbianus), a subspecies of mule deer, occupy
complex forested habitats in coastal areas of western North America. Both species are known to
move between seasonal ranges, and their fidelity to these ranges is well documented (Geist 1981;
Garrott et al. 1987; McCorquodale 1999). Seasonal home ranges are comparatively small for
their body size, particularly in forested areas with high resource availability (Geist 1981). The
small size of seasonal ranges combined with documented among-year fidelity suggests that site
familiarity should be an important fitness determinant in these species.
Black-tailed deer, like other ungulates, also are well suited for studies of site familiarity since
their body size allows researchers to fit them with GPS collars that provide data required to
understand potential benefits of familiarity including habitat use and selection, movements,
survival probabilities and cause of mortality. Here we report the fitness consequences of site
familiarity determined from a study of black-tailed deer in northern California over 4 years. We
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placed GPS collars on 57 female deer to a) track seasonal movements, b) determine seasonal
home ranges, and c) monitor survival and cause of mortality. We used the seasonal home range
as a measure of site familiarity to examine how predation risk varied in familiar and unfamiliar
areas, while accounting for the effects of forage availability and age class on survival (Loison et
al. 1999; Hopcraft et al. 2010). Specifically, we tested the following predictions of the effects of
site familiarity on the use of space by black-tailed deer: H1) The risk of death will be lower
inside compared to outside seasonal home ranges. H2) If H1 is true then deer with more forage
availability within their home range will be less likely to leave identified home ranges. H3)
Territory size should decrease with age as spatial learning occurs. H4) Older deer will be less
likely to leave their home range due to improved familiarity with the distribution of forage and
predation risk.

Materials and Methods

Study Area

Our ~1000 km2 study area spanned three watersheds and two large ridges in the California
coastal mountains and was located almost completely within the Mendocino National Forest
(Figure 1). Terrain was rugged and steep except on ridge tops. Vegetation at low elevations
included mixed oak woodlands (Quercus spp.), dense chaparral, and grasslands, while midelevations were comprised mainly of mixed coniferous forests dominated by pine (Pinus spp.)
and Douglas-fir (Pseudotsuga menziesii). High elevation plant communities were a mix of true
fir (Abies spp.), shrub species (e.g., Ceanothus spp., Prunus spp.), and scattered dry and wet
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meadows. Important deer forage included herbaceous plants, Ceanothus shrubs, and oak leaves.
Almost all precipitation (mean = 1320 mm) occurred from October through April. Snow was
generally limited to elevations >950 meters and occurred irregularly during dry winters.
The study area supported a diverse predator community that included pumas (Puma
concolor), American black bears (Ursus americanus), coyotes (Canis latrans), and bobcats (Lynx
rufus). Black-tailed deer were the only resident ungulate. Female black-tailed deer spent summer
and winter clustered in habitats with high-quality forage (Figure 1). Summer ranges were located
on ridge tops where females also gave birth, and winter ranges were in drainages at lower
elevations. Deer usually traveled the short distance (typically 5-10 km) between their seasonal
ranges in a single day (unpublished data). Pumas tracked elevational movements of deer,
although GPS location data of simultaneously fitted individuals showed that the mean summer
elevation used by collared deer was higher than that of pumas in our study area (Allen et al.
2014).

Adult deer capture, monitoring and mortality assessment

We captured 60 adult female deer on high-elevation summer ranges from 2009-2013 and fitted
them with GPS collars (LotekTM or TelonicsTM) programmed to record locations every 1 to 5
hours. Capture methods were described in Casady and Allen (2013) and all procedures were
approved by an Institutional Animal Care and Use Committee at the University of California,
Davis (Protocols 15341 and 16886). Three individuals died from captured-related mortalities and
were censored from all analyses. GPS collars of 7 individuals failed prior to retrieval of location
data and were thus excluded from our mortality risk analysis (see below). Age of deer was
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determined based on cementum annuli methods and based on observed differences in survival
probabilities were grouped into the following 3 age categories: yearlings (1-2 years old), primeaged adults (2-7 years old), and senescent individuals (>8 years) (Marescot et al. 2015).
We monitored deer status from the ground every 1-4 days from mid-June through midSeptember, and every 7-14 days from the ground or the air during the rest of the year. Collars
were programmed to switch to a mortality signal after 4 hours of inactivity to facilitate mortality
recovery. Mortalities on summer range typically were recovered within 1 week of first detection
(mean=8.2 days, SE=1.8), while investigation of mortalities during winter was often delayed due
to inclement weather and difficulties accessing winter range (mean=147.5 days, SE=19.5). Cause
of mortality was determined during site investigations using systematic criteria including
disposition of the carcass, predator sign, evidence of caching, bite marks, and blood (Atkinson
and Janz 1994).

Home range, vegetation, and weather

Home ranges were estimated at the 95% isopleth using the local convex hull (LoCoH) method
with the “minimum spurious hole covering” rule (Getz and Wilmers 2004; Getz et al. 2007). We
estimated individual home ranges for summer and winter separately based on observed patterns
in space use and excluded locations during distinct elevational movements. We then calculated
the weekly probability of deer leaving their home range by dividing the number of locations
outside the home range by the total number of locations for each week. We chose a weekly
interval because pumas in our study area killed an average of 1.07 deer per week (Allen et al.
2014). We assigned individuals to distinct summer and winter ranges using spatial gaps in the
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GPS data greater than twice the size of the average diameter of an adult home range and
geographic features that created barriers to movement. The extent of these distinct seasonal
ranges was determined using 95% minimum convex polygons (MCPs) from GPS locations of all
collared deer within each seasonal range.
Detailed vegetation data were collected on summer and winter ranges using a
combination of remote sensing and vegetation surveys. All vegetation types were classified
according to the Classification and Assessment with Landsat of Visible Ecological Groupings
(CALVEG), a vegetation classification system developed by the United States Forest Service
that uses infrared satellite imagery and field verification to classify multiple vegetation types in
terms of overall cover type (e.g., conifers, shrubs) and detailed vegetation classes (e.g.,
ponderosa pine Pinus ponderosa) (Brohman et al. 2005). In addition, we quantified the biomass
of important deer forage (including forbs, grasses, shrubs and trees) on summer range using plant
surveys (Forrester 2014). We focused on summer vegetation because of the critical need for
quality nutrition during late pregnancy and lactation (Parker et al. 2009).
We estimated the amount of summer forage available to each deer by calculating the
amount of forage for each CALVEG habitat type within individual home ranges (forage g/m2 x
habitat area), summing these values for all habitat types and then dividing by the total area.
Herbaceous biomass varied among years and therefore was calculated separately for each year.
Shrub biomass varied little among years and its availability was calculated for all years
combined. We also created a forage availability index for summer and winter home ranges by
calculating the area of high-quality forage CALVEG vegetation types in individual home ranges
using ArcGIS. High-quality CALVEG vegetation types included oak woodland, herbaceous, and
shrub species preferred by black-tailed deer (Dasmann and Taber 1956; Wallmo 1981).
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We acquired daily precipitation and temperature data from 4 United States Geological
Survey (USGS) weather stations and snowpack depth from 2 California state snow monitoring
areas located in the study area. We defined a winter severity index as the number of days below
freezing (0°C) from arrival on winter range to each week during the year. We accounted for
difference in elevation between deer home ranges and weather stations by adjusting the
temperature of the weather station nearest the winter range by the standard environmental lapse
rate of 6.49°C per 1000 meters elevation. Our weather variables included winter severity index,
total precipitation to date, previous total winter precipitation, and total April snowpack.

Statistical analysis

We used Kaplan-Meier procedures (Pollock et al. 1989) based on weekly encounter histories to
determine survival rates. We tested for differences in survival among years, age classes, and
seasons, and between individual summer and winter ranges using log-rank tests (Cleves et al.
2010).
We used cumulative incidence functions (CIFs) to calculate the summer, winter, and
annual cause-specific mortality rates of deer, and used the delta method to calculate associated
standard errors (Coviello and Boggess 2004). Cumulative incidence functions model the risk of
death occurring from one of several causes as the probability of the time of death (T) from cause
i occurring before time t:
(Equation 1)

CIF𝑖 (𝑡) = 𝑃(𝑇 ≤ 𝑡 and death from cause 𝑖).

We examined how forage availability, proximity to predators, weather, and individual
deer characteristics affected the risk of mortality and the probability of a deer spending time
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outside its home range using an a priori set of models (Appendix 1). We used the amount of
summer herbaceous and oak forage and the area of herbaceous and oak CALVEG cover types
within a seasonal home range in the “forage” model. We used the distance between the mean
monthly elevation of pumas and deer (Allen et al. 2014) in the “proximity to predators” model.
We created a “weather” model with precipitation and the number of freezing days as time
varying covariates for each weekly encounter date. The “individual deer” model consisted of age
class and the probability a deer was inside or outside the 95% isopleth of its seasonal LoCoH
home range. We also tested for combinations of each of the variables (e.g., forage + proximity to
predators + weather). Prior to our analysis, we ensured covariates were not highly correlated (i.e.,
correlation coefficients <|0.7|).
We modeled the risk of mortality using Cox proportional hazards (Cox 1972; Therneau
and Grambsch 2000), following the standard form:
(Equation 2)

ℎ(𝑡|𝑿𝑗 ) = ℎ0 (𝑡)𝑒𝑥𝑝(𝑿𝑗 𝛽𝑥 ),

where ℎ(𝑡|𝑿𝑗 ) is the hazard rate for the jth deer at time t, ℎ0 (𝑡) is the baseline hazard function,
and the regression coefficients 𝛽𝑥 are estimated from the risk covariates 𝑿𝑗 for the jth deer. The
𝛽𝑥 are used to estimate hazard ratios that are a measure of the risk of death, where the hazard
ratios are the exponential functions of the β’s from equation 1 and a hazard ratio (HR) of less
than or greater than 1 represents a smaller or greater chance of death respectively. We considered
a hazard ratio significantly different than 1 if the 95% confidence interval did not overlap 1. We
used a delayed entry design with left and right censored data with survival time based on
biological years (Fieberg and DelGiudice 2009) beginning on June 1st where deer entered the
analysis at capture and exited upon death or dropping their GPS collar (Hosmer et al. 2011).
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We modeled the probability a deer stepping outside the 95% isopleth of its seasonal home
range with a multiple failure Cox proportional hazards model (Therneau and Grambsch 2000).
Deer were counted as outside of their range if any locations fell outside the home range on the
day selected for the encounter history. In this application of the model the hazard ratio was an
odds ratio that measured the probability of leaving the home range, and the 𝛽𝑥 were used to
estimate the odds ratios for each covariate. We used the same model set described in the survival
analysis above.
We tested the assumption of proportional hazards for covariates in Cox hazards and CIF
models using graphical methods and Shoenfeld residual plots (Grambsch and Therneau 1994). If
time varying variables violated the proportional hazard assumption we interacted the variables
with an appropriate time function (Therneau and Grambsch 2000; Cleves et al. 2010; Hosmer et
al. 2011). We assessed model fit by plotting the cumulative hazard function against the CoxSnell residuals and testing for a 1:1 fit (Therneau and Grambsch 2000).
We selected models using Akaike Information Criterion adjusted for small sample sizes
(AICc) and present models within 4 AICc units of the best model (Burnham and Anderson 2002).
We considered nested models as competitors for best model only if parameters in the model were
significant at the 0.1 level or if parameters were not merely a subset of the competing model
(Burnham and Anderson 2002; Arnold 2010). If multiple non-nested models were within 4
ΔAICc of the best model we report model-averaged parameters (Burnham and Anderson 2002).
We conducted post-hoc analyses to test if lower survival probabilities of senescent deer
could be attributed to differences in home range composition and habitat selection between age
classes. We tested for differences in the amount of forage inside home ranges of prime-aged and
senescent individuals using repeated measures analysis of variance (rANOVA), or Friedman’s
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test for repeated measures if variables could not be transformed to meet normality assumptions,
with age class as the independent variable and amount of specific habitats as dependent variables.
We tested if the amount of forage within a home range was normally distributed with the
Shapiro-Wilk test and used Bartlett’s test to determine if variance was homoscedastic.

Results

Survival rates

A total of 21 deer died during the study. There were no differences in survival between winter
2
and summer ranges (LR test, 𝜒𝑑𝑓=1
=0.15, p=0.70) or among the 9 identified seasonal ranges (LR
2
test, 𝜒𝑑𝑓=8
=9.28, p=0.319). There also was no significant difference in annual survival among
2
years (LR test, 𝜒𝑑𝑓=3
=4.81, p=0.308). Annual survival differed among age classes (LR test,
2
𝜒𝑑𝑓=2
=6.15, p=0.046), with prime-aged females experiencing higher survival (0.78, SE=0.06,

CV=0.10) than both yearlings (0.64, SE=0.16, CV=0.39) and senescent individuals (0.60,
SE=0.15, CV=0.69).
Predation was the primary cause of mortality in all seasons, although delays retrieving
winter mortalities resulted in a high number of unknown mortalities on winter range (Table 1).
All predation mortalities but one were due to pumas. A 2-year-old nutritionally stressed deer was
killed by a black bear.

Mortality risk analysis and mortality location
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We pooled data across years since there were no significant differences in survival. All
environmental covariates met proportional hazard assumptions. Three competing models were
within 4 ΔAICc of the top model so we averaged model parameters. The best predictor of
mortality risk was the probability of leaving an individual home range. Individuals with a 40%
probability of stepping outside their respective home ranges within a given week were 4 times
more likely to die than deer that never left their home range (Table 2). Of the 21 observed
mortalities, 13 occurred outside respective 95% home range isopleths. Distances of mortalities to
nearest home range boundaries averaged 1171 m (SE = 325 m), with 8 mortalities >700 m
outside identified home ranges. Mortality risk was reduced by 3% for each additional hectare of
herbaceous habitat within a home range and by 10% for every 100 m difference in mean monthly
elevations of simultaneously collared pumas. Senescent individuals were 2 times more likely to
die than prime aged deer, although the 95% confidence interval for the hazard ratio slightly
overlapped 1. Mortality risk for deer remained constant for most of the year but declined in
spring (Figure 2). Weather, biomass of summer forage, and amount of oak habitat within
individual home ranges did not predict variation in mortality risk.

Factors influencing leaving individual home ranges

A single model explaining the probability of an individual leaving its home range was strongly
supported (wi=0.93). After controlling for the amount of precipitation and freezing days, both of
which reduced the probability that deer would leave their home ranges, the amount of
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herbaceous forage habitat within home ranges and the biomass of herbaceous and oak forage on
summer range reduced the probability of stepping outside identified ranges (Table 3). Deer were
also 65% more likely to leave their home range during winter despite the significantly larger
range size (ANOVA, 𝐹1,143 =11.95, p=<0.001). Age class had no impact on the likelihood of
leaving home ranges in either summer or winter (Table 3).

Effects of senescence

There was no difference in home range sizes of prime-aged and senescent individuals during
summer (0.62 vs. 0.60 km2, rANOVA, 𝐹2,46 =0.02, p=0.98) or winter (0.89 vs. 0.72 km2,
rANOVA, 𝐹2,43=0.13, p=0.88). The mean seasonal range size for all deer >2 years of age was
0.71 km2 (SE=0.04), with summer home ranges averaging 0.61 km2 (SE=0.05 km2) and winter
home ranges averaging 0.86 km2 (SE=0.07 km2). Yearlings utilized slightly larger summer (0.82
± 0.37 km2) and winter ranges (1.17 ± 0.27 km2) than other age classes. There was no difference
in the amount of forage habitat within home ranges of prime-age and senescent individuals in
either summer (rANOVA, 𝐹2,46=0.01, p=0.99) or winter (rANOVA, 𝐹2,43 =0.24, p=0.78).
Senescent deer (n = 12, 50 ± 1.85 kg) weighed more than prime-aged deer (n = 44, 45 ± 1.04 kg)
in our study area (unequal variance t-test, t54=-2.383, p=0.02).

Discussion

The fitness effects of site familiarity have rarely been demonstrated despite the expected
widespread relevance of the concept (Piper 2011). We found strong fitness benefits of using
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familiar areas in a medium-sized ungulate, the black-tailed deer, that is negatively affected by
predation across much of its distribution (Forrester and Wittmer 2013). The observed fitness
benefits linked to familiarity were lower risks of mortality and predation inside identified
seasonal home ranges. Furthermore, we found a link between bottom-up effects and the
probability of use of familiar spaces. Specifically, deer with access to greater amounts of forage
within seasonal home ranges and access to higher quality summer range were less likely to leave
their home range during weekly monitoring intervals and thus venture into risky areas. Given
that the home range is one of the most widely used metrics to describe the spatial ecology and
habitat requirements of vertebrates (Burt 1943; Kie et al. 2010), these findings have significance
for our understanding of the role of site familiarity and private information on space use and
survival.
One of the presumed benefits of site familiarity is an improved knowledge of the spatial
distribution of both forage quantity and quality. In mid-sized ungulates such as black-tailed deer,
a high concentration of digestible energy (or forage quality) is more important than the amount
of forage (Kie 1999; Parker et al. 2009; Hopcraft et al. 2010). Selecting and ingesting high
quality forage takes more time than searching for forage patches (Kie 1999), and familiarity with
high quality forage patches minimizes the time an individual spends foraging in potentially risky
habitats. The very small size of seasonal home ranges we observed in our study (mean = 0.74
km2) make it highly likely that deer were familiar with the seasonal distribution of forage and
also had sufficient access to high quality forage to operate at such small scales.
Familiarity with very small home ranges also resulted in lower predation risk for deer
within their seasonal home range, and this relationship was consistent among seasons and
various habitat types. The consistency of the effect shows the direct link between familiarity and
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lower risk of predation, but it is unlikely that deer actively avoided predators. Actively avoiding
predation depends on the ability of prey to interpret predator and habitat specific cues of risk
(Lima 2002; Creel and Winnie Jr. 2005; Laundre 2010) as well as the characteristics of predators
and the space in which they interact with prey (Lima 2002). Pumas are the primary predators of
adult deer in our study area and are ambush predators that prefer to hunt in structured habitat
(Holmes and Laundré 2006). Pumas also operate at much larger spatial scales than their ungulate
prey (Logan and Sweanor 2010), and the home ranges of female and male pumas were 375 and
490 times larger (Allen et al. 2014), respectively, than the mean annual range of black-tailed deer
in our study area. Due to this mismatch in spatial scale puma activity would be sporadic within a
deer home range, providing few active cues (e.g., scent markings, regular travel paths, etc.) that
deer could detect and use to avoid them. Thus it is unlikely deer actively avoided predation based
on private information they gathered about pumas inside their home ranges.
It is more likely that the higher survival rates we observed for deer remaining within their
home ranges were simply a consequence of reduced encounter probabilities with pumas.
Minimizing the time spent foraging reduces predation risk as it allows individuals to minimize
movement and return to bedding areas to ruminate and digest their food (Kie 1999). Such an
interpretation would be consistent with predictions from the theory of predator-prey “shell games”
(Mitchell and Lima 2002). Predator-prey shell game theory predicts that the risk of attack from a
predator is determined by the predictability of prey occurrence in a given area, prey vigilance,
and the killing efficiency of the predator (Mitchell and Lima 2002). The optimal strategy of prey
facing predators with a high killing efficiency is to avoid all predator encounters by remaining
stationary (Mitchell and Lima 2002), while the prey response to a low killing efficiency predator
should be large-scale random movements (Lima 2002). Deer are unlikely to survive an attack by
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pumas (Hornocker 1970), and if deer perceive the known area of their home range as safer than
unknown territory (a de facto refuge), the response of staying within a small home range is
adaptive against a predator with high killing efficiency whose location is uncertain (Sih 1992;
Mitchell and Lima 2002).
The concept of a home range as a refuge is also consistent with our results regarding
forage availability and the probability of a deer leaving a home range. If some areas are safe and
some areas are risky, deer should only forage in risky areas when forced there by hunger
(Sinclair and Arcese 1995). Our results agree with this prediction, as lower forage availability
increased the chance of a deer leaving their home range and abandoning the advantages of site
familiarity for a higher risk area. The role of forage limitation varied seasonally given that deer
were more likely to step outside their home ranges in winter. Our results suggest that access to
summer forage may have carried into winter, given that deer with more forage biomass on the
summer range were less likely to leave their home range in both summer and winter.
There were physiological constraints to the benefits of site familiarity. Senescent
individuals were twice as likely to die as prime age adults, even though senescent individuals did
not present lower weight, as reported elsewhere (Nussey et al. 2011). Additionally, the increased
probability of older deer dying was not linked to differences in forage availability or to the
likelihood of leaving the home range. Senescence may have affected the ability of older deer to
detect and avoid pumas in ways not measured by weight or body condition (Boyd et al. 1994;
Réale and Festa-Bianchet 2003). These changes, combined with the fact that the cumulative
probability of encountering a puma during a deer’s lifetime likely increases towards 1, may
explain higher observed mortalities of older deer.
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Given the wide occurrence of site fidelity in ungulates (Switzer 1993; Wolf et al. 2009),
the fitness benefits of site familiarity are likely to be widespread. We predict that site familiarity
will be important for ungulates with high site fidelity under 3 conditions: 1) when there are
enough forage resources for stable home ranges, 2) when habitat has structure and biotic
complexity, and 3) when the direct cues of predation risk are unclear and do not allow ungulates
to determine well-defined spatial refuges. Habitat structure is important because ungulates in
complex habitats are more likely to be solitary and rely on individual predator evasion rather
than group defense strategies (Jarman 1974). The value of private information gained by an
ungulate familiar with a site will also increase in areas with more habitat complexity (Piper
2011). The importance of site familiarity in the fitness of ungulates that fit these criteria remains
to be investigated, as well as the role of spatial knowledge in balancing predation risk from
multiple predators with different hunting strategies (e.g., social and cursorial carnivores such as
wolves (Canis lupus) versus solitary and ambush predators such as pumas in the same
community). The importance of site familiarity to reproductive success also remains unknown
yet likely is important. We suggest that benefits of site familiarity within home ranges will be
widespread, and inclusion of this concept will improve our understanding of both ungulate
behavior and predator-prey interactions (Piper 2011) and help predict how ungulates may react
to large-scale habitat changes (Faille et al. 2010).
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Table 3.1 – Cause specific mortality rates shown as cumulative incidence functions by season
and annually for adult female black-tailed deer in Mendocino National Forest from 2009-2013.
Cause of Mortality

Summer SE

Winter SE

Annual SE

Predation

0.12 0.04

0.06 0.02

0.18 0.05

Unknown Cause

0.01 0.01

0.08 0.03

0.09 0.03

Poaching

0.01 0.01

0.02 0.01

0.03 0.02
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Table 3.2 – Model averaged results for Cox proportional hazards models within Δ4 AICc of the
top model. Hazard ratios greater or less than 1 indicate an increase or decrease in mortality risk
respectively, and 95% confidence intervals indicate if the hazard ratio is significantly different
than 1. Hazard ratios for the probability of leaving the range and herbaceous area indicate the
change in mortality risk for a 10% increase in probability of leaving the range and a 1 ha increase
in herbaceous habitat in the home range respectively. Hazard ratios of the Young and Senescent
age classes are in comparison to Prime Age adults. Results for the Young age class should be
interpreted cautiously since the sample size is small (n=4). Puma overlap is an index of predation
risk that indicates the change of risk for every 100-meter increase in the difference between the
average elevation of deer and pumas in the study area.
Covariate

Hazard

Standard Error

Ratio

95% Confidence
Interval

1.42

0.09

1.19 – 1.69

0.97

0.02

0.94 – 1.00

Young Age Class

3.22

0.63

0.94 – 11.06

Senescent Age Class

2.38

0.48

0.93 – 6.10

Puma Overlap

0.90

0.04

0.82 – 0.98

Probability of leaving home
range
Herbaceous area in home range
(ha)
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Table 3.3 – Cox proportional hazards model results for the top model of the probability of
leaving the home range for adult female deer in Mendocino National Forest from 2009-2013.
Odds ratios greater or less than 1 indicate an increase or decrease in probability of leaving the
home range, respectively, and p values indicate if the hazard ratio is significantly different than 1.
Covariate

Odds

p value

Ratio

95% Confidence
Interval

Seasonal Range

1.65

0.005

1.162 – 2.349

Herbaceous area in home range

0.99

0.019

0.987 – 0.998

Summer home range herbaceous biomass

0.95

0.049

0.906 – 0.999

Summer home range oak browse biomass

0.97

0.024

0.948 – 0.996

Cumulative Precipitation

0.98

0.049

0.957 – 0.999

Cumulative days below freezing

0.99

<0.001

0.996 – 0.998
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Figure 3.1 – The study area in the context of the state of California showing the three watersheds
and two main ridges (M1 and FH7). The relief in the map shows elevation with darker areas
indicating lower elevation. Summer seasonal areas are shown in dark gray and winter seasonal
areas are in white.
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Figure 3.2 – Hazard rates for age class, forage area within home range, and the probability of
leaving the home range for adult female black-tailed deer in the Mendocino National Forest from
2009-2013. Values for hectares of herbaceous habitat and probability of leaving the home range
are the 10%, 50%, and 90% quantiles of covariate values.
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Appendix 3.1 - a priori survival models
We examined how forage availability, proximity to predators, weather, and individual deer
characteristics affected the risk of mortality and the probability of a deer spending time outside
its home range using the following a priori set of models (Table 1). We used the amount of
summer herbaceous and oak forage and the area of herbaceous and oak CALVEG cover types
within a seasonal home range in the “forage” model. We used the distance between the mean
monthly elevation of pumas and deer (Allen et al. 2014) in the “proximity to predators” model.
We created a “weather” model with precipitation and the number of freezing days as time
varying covariates for each weekly encounter date. The “individual deer” model consisted of age
class and the probability a deer was inside or outside the 95% isopleth of its LoCoH seasonal
home range (Getz et al. 2007). We also tested for combinations of each of the variables (e.g.,
individual deer + proximity to predators + forage).
We selected models using Akaike Information Criterion adjusted for small sample sizes
(AICc) and present models within Δ4 AICc of the best model (Burnham and Anderson 2002). We
considered nested models as competitors for best model only if parameters in the model were
significant at the 0.1 level or if parameters were not merely a subset of the competing model
(Arnold 2010; Burnham and Anderson 2002). Weather variables were never significant and did
not reduce the AICc of combination models (e.g. forage + weather) by >Δ2 AICc (the penalty for
adding an additional parameter), showing that they did not explain enough variation to justify
inclusion in the model (Burnham and Anderson 2002; Arnold 2010).
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Table A3.1 – All a priori Cox proportional hazards survival models with informative parameters
for female black-tailed deer 1 year old and older in the Mendocino National Forest 2009-2013.
Model types names indicate the main factors considered in the model. Covariates include the
probability of leaving the home range in a given week (Outside Range), the young, prime, or
senescent age class of deer (Age Class), the difference between the average elevation for an
individual deer and the mean elevation of simultaneously collared pumas (Puma), and the
amount of precipitation or days with temperatures below freezing to date in the analysis
(Precipitation; Freezing). The biomass of herbaceous and oak forage on summer range was also
included (Summer Herb; Summer Oak).
Model Type

Model Covariates

ΔAICc

AICc wi

Individual Deer + Predator Proximity +

Outside Range + Age Class + Puma +

0.00

0.53

Forage

Herb Area

Individual Deer + Predator Proximity

Outside Range + Age Class + Puma

1.65

0.23

Individual Deer + Forage

Outside Range + Age Class + Herb Area

2.20

0.18

Individual Deer

Outside Range + Age Class

5.67

0.03

Individual Deer

Outside Range

5.75

0.03

Forage

Herb Area

12.19

0.00

Individual Deer

Age Class

13.33

0.00

Weather

Freeze

13.89

0.00

Weather

Precipitation + Freeze

14.03

0.00

Predator Proximity

Puma

14.20

0.00

Forage

Summer Herb + Summer Oak

14.98

0.00

Weather

Precipitation

14.99

0.00

Forage

Summer Oak

15.33

0.00

Forage

Summer Herb

15.55

0.00
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VIII. Summary
There are few places where the debate over the role of predation in population dynamics
has been enjoined as vigorously as the management of deer in North America (Leopold 1943;
Ballard et al. 2001; Ripple and Beschta 2004; Kauffman et al. 2010). This argument was
formalized in the infancy of wildlife management by Aldo Leopold’s direct, but simplistic, story
about the ecological destruction of the Kaibab Plateau by an overabundant deer herd (Leopold
1943; Binkley et al. 2006). After decades of research, the same debate erupted again as federal
predator control was curtailed across the western USA (Connolly 1978) and gray wolves (Canis
lupus) were reintroduced to the Greater Yellowstone Ecosystem (Smith et al. 2003). This
question about the impact of predators on deer formed the central theme of my research, and I
worked to determine how both predation and forage resources affected the survival of blacktailed deer.
Top-down and Bottom-up Effects on Black-tailed Deer Survival
The unanticipated fluctuations in the populations of mule and black-tailed deer in the last
century have highlighted the uncertainty surrounding the role of predation and forage in deer
dynamics (Ballard et al. 2001). The role of predation in particular remains controversial
(Connolly 1978; Ripple and Beschta 2005). I reviewed all available literature to compare mule
and black-tailed deer vital rates with general patterns observed for all ungulates (Gaillard et al.
1998, 2000) and to assess the role of predation in population dynamics. I found that mule and
black-tailed deer had lower (mule deer=0.44 vs. other ungulates=0.64) and more variable fawn
survival rates than other ungulate species (mule deer CV=0.42 vs. other ungulates CV=0.27)
(Gaillard et al. 2000). Adult survival, however, was high and stable and similar to other
ungulates. Mule deer fecundity was over twice as high as the average for other ungulates (1.70 in
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mule deer vs. 0.82 for all ungulates), and my results indicate that mule deer may depend heavily
on high fecundity and high and stable adult survival to prevent long-term population declines.
Predation was the largest proximate cause of mortality for both adults and fawns in all
studies. However, there was little evidence that predation mortality was additive, or that
predation drove mule deer declines. Most predator removal studies showed that predation was
compensatory, including an example of compensatory predation on adult mule deer by pumas
(Hurley et al. 2011). Nutritional supplementation increased survival in both fawns and adult
females (Bishop et al. 2009), and nutrition seemed to have a stronger influence on the
equilibrium density of deer than predation. Nutrition is likely to be more important for mule deer
than other ungulates because mule deer seem to depend on higher fecundity to stabilize
populations, and fecundity (up to triplets in mule deer) and fawn birth weight are driven by
nutritional status (Anderson 1981; Parker et al. 2009). Forage quality is also important since
mule deer are mid-sized ungulates that depend on forage quality more than quantity (Wallmo
1981; Hopcraft et al. 2010). These results highlight the important distinction between the
proximate and ultimate causes of mule deer mortality, and that assessing proximate causes of
mortality alone may result in poor predictors of mule deer dynamics.
The two notable exceptions to the pattern of compensatory predation mortality were
summer fawn mortality and some types of predation in multi-predator, multi-prey systems.
Predation is the largest proximate cause of summer fawn mortality, and it is unlikely that early
fawn predation is linked to maternal or fawn body condition, since mule deer fawns employ a
hiding strategy to escape predators during the first 2-4 weeks following birth (Wallmo 1981).
Even fawns with higher birth weights discovered by predators while hiding would thus be unable
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to escape. Most mule deer populations also coexist with a larger suite of fawn predators than
adult predators.
Fawn mortality in my study area fit this general pattern of summer fawn mortality that
was dominated by the effects of predation. There were more 4 main fawn predators (black bears
(Ursus americanus), coyotes (Canis latrans), bobcats (Lynx rufus), and pumas (Puma concolor))
and only a single predator of adult deer (pumas) in my study area. The majority of annual
mortality occurred during the summer (80% of all mortality). Predation was the largest source of
mortality (62% of all mortality), and black bears were the greatest single cause of death (28% of
all mortality). Black bear predation was focused on fawns <30 days of age and was not related to
forage availability, while the risk of coyote predation and overall mortality in the summer were
lower in areas with more oak forage. Spatial differences in summer mortality persisted until
2
recruitment (LR test, 𝑋df=1
=3.69, p=0.05), showing the importance of the summer period for

fawn survival and for deer dynamics.
The interaction between predation and forage was weaker during winter. The amount of
dense brush in wintering areas and overlap with the average monthly elevation of pumas did
show a trend of increased mortality risk, a result consistent with prey vulnerability to ambush
predators in complex habitat (Miller et al. 2014). The amount of oak habitat had no effect despite
the importance of oak in summer and the possible benefits of oak as thermal cover for blacktailed deer in winter (Bowyer and Kie 2009). Winter precipitation and severity were unrelated to
mortality.
The importance of both predation and forage influences on fawn survival were shown by
population level indices that are measures of the relation of a deer population to the nutritional
carrying capacity (K), and include female body condition, fawn birthweight, and fetal rates
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(Pierce et al. 2012). Low fawn birthweights showed some effects of nutritional limitation, while
high fecundity rates (1.9 vs. 1.70 mule deer average) and an average body condition of “good”
with detectable fat reserves in early spring were consistent with populations that were top-down
limited.
The survival of adult females was also influenced by an interaction of top-down and
bottom-up influences. Adult survival was lower than expected in our study area (0.70 vs. 0.84
range-wide average) and the primary cause of death was predation by pumas. The risk of
mortality was most strongly affected by individual behavior, and deer that had a 40% chance of
leaving their home range during a given week were 4x more likely to die. Of the 21 observed
mortalities, 13 occurred outside respective 95% home range isopleths. Distances of mortalities to
nearest home range boundaries averaged 1171 m (SE = 325 m), with 8 mortalities >700 m
outside home ranges. Forage availability did not directly affect the risk of mortality, but deer
with less forage in their home range were more likely to leave and venture into risky territory (10
ha of herbaceous habitat reduced the chance of leaving by 5%).
Higher survival in familiar areas likely occurred because of spatial knowledge of forage
resources (Wolf et al. 2009; Piper 2011) and a lower probability of encountering pumas, a highly
efficient deer predator (Mitchell and Lima 2002). Deer behaved as if their home range was a
predation refuge, only venturing into riskier territory outside when they had less available forage
(Sinclair and Arcese 1995). The advantages of site familiarity had limits, and senescent
individuals (0.60, SE=0.15, CV=0.69) experienced lower survival than prime-aged females (0.78,
SE=0.06, CV=0.10) that was unrelated to home range size (summer: 0.60 vs. 0.62 km2,
rANOVA, 𝐹2,46=0.02, p=0.98; winter: 0.72 vs. 0.89 km2, rANOVA, 𝐹2,43=0.13, p=0.88) or
forage availability (summer: rANOVA, 𝐹2,46 =0.01, p=0.99; winter: rANOVA, 𝐹2,43 =0.24,
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p=0.78). Finally the strong effects of site familiarity on the survival of adult female deer were
evidence how individual behavior can scale up to affect population level processes.
My results provide evidence that both bottom-up and top-down effects were influencing
deer survival in this declining population (λ=0.82±0.13; Marescot et al. 2015), and that predator
identity, the seasonal timing of mortality, and individual behavior of adult deer affected these
interactions.
Implications for Management of Black-tailed Deer
The black-tailed deer population in the Mendocino National Forest is declining,
confirming the fears of managers and hunters. The question of concern for stakeholders and
managers is whether predation or forage limitation is causing this decline. I found evidence that
both factors were contributing, but little evidence that predators were the sole reason for decline
or that predators were holding deer populations in a “predator pit” (a stable population level
lower than could be supported by available forage) (Sinclair 2003). Heavy predation on young
fawns by black bears may have caused additive summer mortality. Black bear predation was
unrelated to available forage, and fecundity rates and deer body condition were inconsistent with
strong forage limitation. The survival rate of adult females was also low compared to the range
wide average (study=0.70 vs. spp. avg=0.84), and predation was the largest cause of mortality.
However, all other mortality sources for fawns were lower in areas with more forage, and fawn
birth weights showed some evidence of food limitation. I also found evidence for predationsensitive foraging in adult females (Sinclair and Arcese 1995), which is indicative of a
population where predation is acting as a regulating force even though it may be holding the
population a small distance below forage carrying capacity (Sinclair and Arcese 1995; Sinclair
and Krebs 2002).
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These findings show that management of deer in the Mendocino National Forest should
focus on habitat and not predators. The population is likely below the forage carrying capacity
but not far below, and predation rates are not the sole reason for the population decline. This
pattern has been found in other mule deer populations that have undergone cyclical fluctuations
in population size (Laundré et al. 2006; Pierce et al. 2012). Predation in these populations
exacerbated declines but a combination of weather and nutrition were the ultimate cause behind
the population fluctuations, and the deer herds went through periods of both decline and growth
despite large predator populations (Laundré et al. 2006; Pierce et al. 2012). Large-scale predator
reductions in other areas have also been shown to be ineffective in increasing mule deer density
(see Forrester and Wittmer 2013). However, habitat management should account for the fact that
female black-tailed deer show high site fidelity in the study area (unpublished data), and any
habitat changes will have localized effects.
Leveraging this information for effective management will require educating
stakeholders in a way that acknowledges the history of deer in the Mendocino National Forest.
The deer population in this area has been high for decades. Aldo Leopold identified it as one of
many overpopulated deer ranges in the United States in the 1940’s (Leopold et al. 1947). Deer
populations peaked again in the 1960’s and 1970’s and record deer harvests were taken by
hunters in the counties that comprise our study area (Booth et al. 1982). Research has
consistently shown that people form their view of what is ecologically normal in the early part of
their lives (Pauly 1995), and most of the current stakeholders in deer management were young
adults or children during the time of peak deer abundance in the area (Booth et al. 1982). What
people here view as “normal” is in fact a population that was likely outstripping its own food
supply (Leopold et al. 1947; Longhurst et al. 1952, 1976). Convincing stakeholders that
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predation and increased puma populations are not destroying the deer herd will require educating
them about this history as well.
I hope that my research will encourage future deer research in California to move away
from the false dichotomy of predators vs. forage and investigate the dynamical relationship
between the two. Like it or not, the relationship between people and deer guarantees that money
and time will be focused on the deer herds of California, and it is my hope that the insight gained
from studying deer can be used in management focused on the ecosystem, not just one species.
Predators play an important ecological role, and we continue to discover the large impacts they
have (Ripple et al. 2014). It is my hope that just as the first population surveys of deer led to the
creation of wildlife management in America, the study of deer today can be part of the transition
of wildlife management to an ecosystem approach that has room for both predators and prey.

Thank you for reading.
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