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Dissertation Abstract 

Black-tailed deer (BTD, Odocoileus hemionus columbianus), a socio-economically 

important deer species in western North America is steadily declining throughout 

much of its range over the last century. Though a large number of studies have been 

carried out on forage availability, predation pressure, and population dynamics of the 

species, there still remain broad gaps in current understanding of the underlying 

causes, mechanisms, and spatio-temporal patterns of habitat use which can affect the 

population dynamics and distribution of BTD. So, the central aim of my thesis was to 

identify the spatial and temporal scale that may affect habitat selection, movement and 

ultimately long-term persistence of the BTD population in the Mendocino National 

Forest, California.  

Understanding population structuring in BTD is vital to underpin the spatial 

scale for conservation. So, I tested for presence of population sub-structuring among 

female BTD in the study area by analysing the combined effect of site fidelity and 

philopatry on the population. Fidelity analyses from radio-telemetry data revealed 

BTD to have extremely small seasonal home ranges (0.71 km2) and very high site 

fidelity to these ranges. Direct fitness benefits of fidelity were observed as individuals 

with decreased site fidelity to their ranges suffered elevated risks of mortality. Results 

from mtDNA sequencing revealed high genetic differentiation (FST > 0.30) and low 

haplotype sharing even among geographic areas separated by as little as 4–10 km. 

Combined, the results indicated prolonged period of philopatric behaviour resulting in 

demographic isolation and very small scale population sub-structuring that can impact 

the population dynamics at a finer spatial scale than previously assumed. 

Next, I examined the effect of temporal scale on resource selection by BTD, 

through comparing habitat characteristics selected by BTD from a pooled model (all 
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telemetry locations pooled across activity states) versus habitat characteristics 

associated with foraging (active state) and resting or ruminating (inactive state). The 

main factors that influenced resource selection in BTD were: 1) seasonal changes 

associated largely with variable selection towards slope, aspect, and elevation and 2) 

activity states influenced fine-scale selection towards vegetation type, edge density, 

and cover within the home-ranges. The comparative analysis also revealed that due to 

larger proportion of resting and ruminating locations, the pooled model frequently 

failed to identify critical foraging habitats and reflected habitats associated with 

resting. The frequent misidentification for important ecological covariates associated 

with foraging was a testimony that pooling data across activity states in BTD can 

negatively impact our understanding about habitat selection by the species. 

Finally, I developed a movement model to understand the spatial and temporal 

patterns of risk-forage trade-offs by female BTD as a function of landscape familiarity. 

The results showed that familiarity affects the trade-off patterns by BTD in a 

heterogeneous landscape, with differential selection towards productivity and risk that 

also varied largely with habitat types. The results further revealed strong selection 

towards highly familiar areas by BTD during the night time and at dawn while stepping 

into less familiar areas during the daytime. The demonstrated preference for familiar 

locations within their home ranges when their primary predator (puma) is most active 

emphasizes that spatial familiarity is important not only for large scale processes like 

selection of home range, but also for striking fine-scale trade-offs between forage and 

risk within individual home ranges. The knowledge of this fine scale selection pattern 

is critical for maintaining habitat heterogeneity at a spatial scale comparable to the size 

of their home ranges, as they have vital consequences on fitness of BTD that ultimately 

affects the population dynamics of the species. 
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1.1 Why ungulates? 

Large ungulates are fundamentally important components of ecosystems. By virtue of 

their actions, they modify nutrient cycling (McNaughton et al. 1997, Singer and 

Schoenecker 2003), influence primary ecosystem productivity (McNaughton 1979, 

Olofsson and Oksanen 2002), alter patch dynamics (Schreiner et al. 1996, Knapp et al. 

1999), and play an important role in the transfer of primary production to higher 

trophic levels, including those of predators and scavengers (Hobbs 1996). Despite their 

profound roles to overall ecosystem functioning, many ungulate populations are facing 

stark declines globally. The roots of the decline lie in habitat fragmentation (Coulon 

et al. 2008), habitat shifts caused by climate change (Hansen et al. 2001, Brinkman et 

al. 2005, Robinson et al. 2009), depredation by exotic introduced predators (Fortin et 

al. 2005, Creel et al. 2005), unregulated hunting (Stankowich 2008), disease (Milner-

Gulland et al. 2001, Morgan et al. 2006) and irreversible land-use changes (Brinkman 

et al. 2005, Wittmer et al. 2007, Harris et al. 2009). Due to their roles as ecosystem 

engineers, the loss of ungulate populations will have a cascading effect on higher 

trophic levels of ecosystems.  

Over the last two centuries, since European colonization of North America, 

many ungulate species have suffered from substantial range contractions and unabated 

population declines (Laliberte and Ripple 2004). Nowhere is the decline more evident 

than in the western United States, where since the late 1950’s, populations of large and 

medium-sized ungulates including elk (Cervus elaphus spp.) and mule deer 

(Odocoileus hemionus spp.) have declined dramatically throughout much of their 

range (Forrester and Wittmer 2013, Vucetich et al. 2005). The steady decline in 

ungulate populations does not bode well for the ecology and conservation of the area, 
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as they form the major prey base for apex predators such as pumas (Weaver et al. 1996, 

Knopff et al. 2010) and grizzly bears (Munro et al. 2006). Besides, it is also of concern 

for state wildlife agencies as ungulates are an important source of revenue through the 

issue of hunting licences (deVos et al. 2003). Decline in ungulate populations means 

shrinking net revenue for these agencies provided not only by hunters but also by 

groups such as wildlife enthusiasts and wildlife watchers. So, in the interests of 

conservation, hunting and revenue, the state wildlife agencies are actively 

spearheading efforts to maintain steady, sustainable populations of ungulates across 

North America, especially in the western half. 

Conservation of ungulate populations in a rapidly changing environment 

comes with diverse set of challenges (Lindenmayer et al. 2008, Dzialak et al. 2011, 

Runge et al. 2014). The primary challenge is to maintain local populations of ungulates 

at a threshold level for long-term persistence. In doing so, park managers need to 

balance the conflicting needs of hunters (more deer to hunt), landowners (fewer deer 

to lessen crop damage), or other varied federal land uses. In such fragmented human-

influenced habitats where there can be polarizing attitudes to conservation from local 

stakeholders, inherent complexity arises in terms of the threshold number of deer 

required to maintain viable local populations. Another important contributor to 

ungulate population dynamics is habitat management. Medium-sized ungulates such 

as elk and mule deer show tremendous plasticity in movements patterns (Ball et al. 

2001, Cagnacci at al. 2011, Mueller et al. 2011). They can encompass resident 

individuals, which exhibit little or no migration, to individuals that disperse across a 

variety of habitats with varying human land-use activities (e.g., oil and gas extraction, 

residential subdivision, agriculture, transmission, roads, and forestry) to reach familiar 

seasonal ranges (Sawyer et al. 2005, Sawyer et al. 2012). Managing these landscapes 
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for sustainable development activities and wildlife into the distant future represents an 

enormous challenge (Bolger et al. 2008, Berger et al. 2014). Conserving ungulates 

under these conditions require the integration of broad-scale landscape-based 

conservation strategies together with targeted management of localized populations. 

1.2 Ungulates and scale 

The definition of scale in ecology is vitally important for understanding ecological 

patterns and processes (Krebs 1985, Levin 1992, Schneider 1994, Peterson and Parker 

1998). Broadly, “scale” can be defined as grain (smallest level spatial or temporal 

resolution) or extent (largest area or duration of investigation), and ecological 

investigation varies with different spatio-temporal scales and hierarchical levels 

(Pickett et al. 1994). Let us take the case of ungulate behaviours as an example. In 

ungulates, diverse components of population dynamics such as distribution, 

movements, dispersal, energetics, foraging, and diet, can all be regarded as diverse 

mechanisms of habitat selection operating at different scales (Orians 1991, Travis and 

Dytham 1999, Brown 2000). Hence, the sole reliance on a single level or scale of 

investigation severely weakens understanding of ecological processes.  

The growth in concepts of scale (Hilden 1965) and hierarchy theory (Johnson 

1980, Allen and Stan 1982) have spawned research into ecological processes at 

different hierarchical levels and interactions between them. Sparked by the ongoing 

decline in ungulate populations, the period since the 1980s witnessed an 

unprecedented upsurge in ungulate ecology studies, especially on habitat selection at 

multiple spatial scales (Senft et al. 1987). Early telemetry studies on habitat selection 

in ungulates were targeted at spatial scales based on a hierarchical framework 

(following Johnson 1980), to investigate the observed variability in selection. The 
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emphasis was on resolving the spatial scale to develop species-specific habitat 

management plans. Due to low accuracy of telemetry data, studies were typically 

carried out at two to four scales of resolution (Poizat and Pont 1996). In doing so, the 

likelihood that heterogeneity of habitat components may affect selection and 

ultimately fitness of ungulates was largely ignored. This facet, which plays an 

important role in ungulate ecology remained under represented until more recent times 

(Kie et al. 2002, Boyce et al. 2003, Frair et al. 2005, Mayor et al. 2009a).  

Besides spatial scales, the decision rules, cues, and resources that influence 

habitat selection by animals is also a function of time (Orians and Wittenberger 1991, 

Fortin et al. 2002). Therefore, patterns of habitat selection can vary as much between 

temporal scales as between spatial scales (Mayor et al. 2009b). In the early days of 

telemetry due to the coarse resolution of GPS data, studies across different temporal 

scales were very limited in number (Forester et al. 2007, Bjørneraas et al. 2011). The 

only exception was seasonal variation, which remained the most frequently considered 

temporal scale in early habitat selection studies (Hanley 1982, Dardaillon 1986, 

Fryxell and Sinclair 1988), mostly because changes in environmental conditions are 

the largest between seasons and could also be assessed from coarse telemetry data. The 

ongoing telemetry revolution in the last decade, and advent of sophisticated techniques 

have finally permitted the rapid acquisition of fine-scale temporal data (Hebblewhite 

and Haydon 2010, Wilmers et al. 2015). Thus, recent studies are increasingly 

harnessing the technology to investigate temporal patterns of habitat selection, such as 

whether diurnal activity in ungulates can potentially influence habitat selection at 

different temporal scales (Owen-Smith et al. 2010). Current studies at fine temporal 

scales, have shown that behavioural decisions are governed by short-term responses to 

immediate stimuli, such as the circadian rhythm (Ensing et al. 2014, Prugh and Golden 

http://onlinelibrary.wiley.com/doi/10.1111/ecog.02152/full
http://onlinelibrary.wiley.com/doi/10.1111/ecog.02152/full
http://onlinelibrary.wiley.com/doi/10.1111/ecog.02152/full
http://onlinelibrary.wiley.com/doi/10.1111/ecog.02152/full
http://onlinelibrary.wiley.com/doi/10.1111/ecog.02152/full
http://onlinelibrary.wiley.com/doi/10.1111/ecog.02152/full
http://onlinelibrary.wiley.com/doi/10.1111/ecog.02152/full
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2014), rumination cycles in some herbivore species (Kamler et al. 2007, Godvik et al. 

2009), behavioural states (Roever et al. 2014), weather (Ewald et al. 2014), risk of 

predation (Creel and Winnie 2005) or disturbance (Ciuti et al. 2012).  

Ecological patterns are a function of multiple interacting processes operating 

at different spatial and temporal scales. Hence, a comprehensive understanding of 

ungulate behaviours at multiple scales is vital for testing hypotheses regarding forage 

acquisition, competition, and predator–prey interactions that can ultimately influence 

the population dynamics of ungulates (Gross et al. 1995). In doing so, any number of 

levels can be identified, but to understand the full suite of selective behaviours a 

continuum of scales is ideally suited (Mayor et al. 2009a). However, the levels of 

spatial, temporal and behavioural resolution also depend on the study at hand in 

relation to the quality and quantity of data sufficient to meet the objectives. A thorough 

understanding of the study species, particularly their behavioural adaptation specific 

to the environmental cues is thus essential to correctly define the scale as envisioned 

by the species.  

1.3 Black-tailed Deer Ecology and Research  

Mule deer (Odocoileus hemionus hemionus) and its ancestral form black-tailed deer 

(BTD, O. h. columbianus) are iconic North American ungulate species (Geist 1998). 

A subspecies of mule deer, inhabiting the complex forested habitats in coastal areas of 

the Pacific Northwest and northern California, BTD is among the least studied 

ungulate species in North America owing to its shy disposition. The first studies on 

BTD ecology date back to the 1950s (Taber 1953, Taber and Dasmann 1957). By the 

1990s, the natural history of this species was studied both in California (Wallmo 1981, 

Geist 1981, Geist 1998) and in British Columbia (Bunnell 1990). The studies revealed 

http://onlinelibrary.wiley.com/doi/10.1111/ecog.02152/full
http://onlinelibrary.wiley.com/doi/10.1111/ecog.02152/full
http://onlinelibrary.wiley.com/doi/10.1111/ecog.02152/full
javascript:void(0);


8 
 

that much like mule deer, BTD exhibited considerable plasticity in habitat use and 

movement patterns (Geist 1981, Garrott et al. 1987). However, BTD was found to 

occupy one of the smallest seasonal home ranges reported for any medium-sized 

ungulate (Taber and Dasmann 1957, Kelt and Van Vuren 2001), which is a testament 

to the high degree of site fidelity in the species. The high site fidelity was observed to 

be positively correlated with individual fitness in BTD (Forrester et al. 2015).    

Another intriguing aspect of BTD ecology is the temporal variation in 

populations (Connolly 1981, Wallmo 1981, Ballard et al. 2001, deVos et al. 2003) 

which has so far remained unpredictable and poorly understood. The historic and 

recent spate of declines in BTD populations (Forrester and Wittmer 2013) has 

prompted state wildlife agencies to investigate the causes of decline and find ways to 

stabilize BTD populations across their distribution range. Previously, efforts to explain 

observed population fluctuations have mainly focused on habitat conditions including 

forage availability, with the effect of predation receiving considerable attention 

(Connolly 1981, Ballard et al. 2001). But, predicting the trajectory of decline is much 

more complicated than just understanding top-down and bottom-up effects. BTD occur 

across a wide range of environmental conditions, with their population density being 

driven by a blend of large-scale processes affecting life-history trade-offs and resource 

selection (Senft et al. 1987, Bowyer and Kie 2006). Moreover, the intensification of 

human-induced disturbances has accelerated the pace of fragmentation of hitherto 

large connected BTD populations.  

The human-altered environment brings in added complexities, with the 

scenario of isolated populations, impaired connectivity, altered predator-prey 

dynamics, and reduced demographic and genetic viability, which can disrupt the 

http://onlinelibrary.wiley.com/doi/10.1111/mam.12002/full
http://onlinelibrary.wiley.com/doi/10.1111/mam.12002/full
http://onlinelibrary.wiley.com/doi/10.1111/mam.12002/full
http://onlinelibrary.wiley.com/doi/10.1111/mam.12002/full


9 
 

trophic interactions at multiple levels. All these perturbations have important 

implications for conservation management of BTD, which is a generalist species and 

often try to adapt to a changing environment through shifting selection of habitats to 

maximize fitness (Belovsky 1986). As a result, researchers may fail to identify these 

adaptive habitat selection strategies because of intricate relationships among numerous 

ecological variables and associated fitness components affecting the local habitat 

management planning. Conversely, in other highly altered habitats, selection choices 

could become maladaptive and habitat cues can decouple from historic outcomes 

(Kokko and Sutherland 2001, Battin 2004, Bock and Jones 2004, Robertson and Hutto 

2006), thus reducing their overall fitness. Given the uniqueness of each habitat, studies 

need to focus on each population separately to identify anthropogenic disturbances, 

forest management, land-use policies, and presence of predators in an area, and 

individually assess the habitat availability-use pattern of each population. A key area 

of investigation is to understand the association between the above drivers of habitat 

selection with fitness consequences in BTD, and their linkages to scales. This is 

especially important as effective implementation at the local level underpins current 

efforts at long-term conservation and recovery of range-wide BTD populations.  

1.4 Dissertation Structure  

I studied the spatial and temporal variation in habitat selection by BTD, to gain a 

mechanistic understanding of how BTD utilize resources in a multi-use landscape to 

increase individual fitness. Though my dissertation focuses on a declining BTD 

population in the Mendocino National Forest, my goal was to understand how the use 

of an interdisciplinary approach, combining both spatial and genetic data, can target 

the scale for effective management of ungulate populations. In particular, my 

http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2664.2007.01352.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2664.2007.01352.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2664.2007.01352.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2664.2007.01352.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2664.2007.01352.x/full
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dissertation aims at 1) understanding the spatial structuring of BTD to underpin the 

spatial scale for conservation, 2) understanding local and temporal patterns in habitat 

use, and 3) understanding the effect of spatial familiarity as a cause of observed spatial 

and temporal variation in resource use. For my studies, I used high-quality genetic, 

location, and activity data from over 50 female BTD collected over 9 years and backed 

up the field data with high-resolution spatial time series data. These large datasets 

allowed me to test my predictions that BTD habitat selection varies at a much finer 

spatial and temporal scale than previously presumed and that the variation is a function 

of familiarity. 

In Chapter 2, I test the combined effect of site fidelity and philopatry on the 

BTD in the Mendocino National Forest for understanding spatial patterns in 

connectivity and population dynamics. My objectives are to quantify the extent of 

seasonal and annual site fidelity of female BTD and to then estimate levels of 

philopatry with the goal of ultimately assessing the combined effect of fidelity and 

philopatry on the genetic structuring of the population. To achieve my objectives, I use 

long-term location data from adult female BTD and mitochondrial DNA (mtDNA) 

data isolated from high quality tissue samples collected from the same population. 

Through this chapter I attempt to identify the spatial extent and also the cause and 

effect of BTD population structuring in a continuous multi-use landscape. 

In Chapter 3, my primary goal is to test the fine-scale temporal variation in 

habitat selection by female BTD. I first hypothesize that due to the difference in 

climatic condition and forage availability the habitat selection by BTD will vary across 

the seasons. Additionally, I hypothesize that due to the feeding-resting-feeding cycle 

that medium-sized ungulates like BTD undergo, temporal variation in habitat selection 
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will vary at a much finer scale and coincide with the activity states (active or feeding 

and inactive or ruminating and resting). I also assume that with the seasonal variation 

in predation pressure, climatic conditions, and forage quality, the individuals will show 

a differential preference towards forage and cover across seasons during active and 

inactive states. To test my hypotheses, I use high resolution telemetry data matched 

with activity data from the GPS collars of collared female BTD. Through this chapter 

I hope to gain an insight into the adaptive switching between different habitat types 

that coincide with the activity states in a ruminating ungulate. 

In Chapter 4, by using fine-scale telemetry data, I develop movement model 

to understand the spatial and temporal patterns of risk- forage trade-offs by female 

BTD as a function of familiarity. I hypothesize that BTD will select areas with lower 

risk of puma predation and better forage availability, reflecting a trade-off between 

food acquisition and minimizing predation risk with variation in spatial familiarity. I 

also hypothesize that the use of familiar areas will vary with the time of the day, with 

BTD being more willing to venture into risky areas when pumas are less active. 

Finally, I hypothesize the trade-off pattern to vary between summer and winter due to 

seasonal variation in phenology, predation risk, and physiological conditions. Through 

this chapter I hope to gain a nuanced understanding of how female BTD handle food 

versus safety trade-offs across different levels of selection. 

1.5 Study Area  

The Mendocino National Forest is located in the Coastal Mountain Range in 

California, Northwest of Sacramento and includes portions of Mendocino, Tehama, 

Glenn, and Lake Counties (Figure 1.1).  
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Figure 1.1: Map of the Mendocino National Forest in the context of state of California. 

The enlarged map shows the Mendocino National Forest (green) and adjacent private 

lands (grey) with the intensive study area outlined by the thick black line. 

 

Approximate 1,000 km2 of intensive study area is characterized by rugged 

terrain, steep elevation gradients, and a range of habitat types. Elevations in the study 

area ranges approximately from 250 m to almost 2,500 m above sea level. Plant 

communities change from Oak woodlands (Quercus spp., Aesculus californicus, 

Arctostaphylos spp.), chaparral (Ceanothus spp., Adenostoma fasciculatum), and 

grasslands (Bromus spp., Avena spp.) at lower elevations, to pine (Pinus spp.) forests 

at mid-elevations, and mixed-coniferous hardwood forests (Pinus ponderosa, P. 

iambertiana, Abies concolor, A. magnifica, Pseudotsuga menziesii, Arbutus menziesii, 

Quercus spp.) dominating the higher elevations.  
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Silviculture and intensive cattle grazing in the past have created a mosaic of 

even-aged conifers with occasional mature timber stands and openings dominated by 

non-native grasses mostly at lower elevations. But currently, there is relatively less 

anthropogenic disturbance in the area. Cattle grazing occurred at low intensity and was 

limited between May up to the second weekend of September when a buck-only deer 

hunting season started. There is no paved road in the study area and road access is 

limited to dirt roads and recreational activities focus on several campgrounds mostly 

at mid- and high-elevations.  

Climate varied seasonally, with mean daily temperatures ranging from -1°C to 

24°C and extreme temperatures ranging from -12°C to 45.5°C (NOAA-Mendocino 

Pass, CA Weather Station). Mean annual precipitation averaged 148.8 cm; the 

majority of precipitation occurred from December through March with only trace 

precipitation from May through September (Mendocino Pass weather station; 

http://www.ncdc.noaa.gov/cdo-web, Accessed, 9th September, 2014). Precipitation 

was predominantly in the form of rain below 1,000 m, while at higher elevations, snow 

was common.  

The area supports one of the oldest and least interbred population of BTD likely 

because of its isolation from mule deer populations (Latch et al. 2009). BTD is the 

only abundant and resident ungulate in the study area. Other ungulates present in the 

study area included non-native wild pigs (Sus scrofa) at lower elevations and 

seasonally abundant domestic cattle (Bos taurus). There is also a reintroduced 

population of Tule elk (C. e. nannodes) to the extreme southern end of the study area. 

Mountain lions or pumas (Puma concolor) were the apex predator in the study area. 

The area supports a diversity of other predators, including black bears (Ursus 

http://www.ncdc.noaa.gov/cdo-web
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americanus), bobcats (Lynx rufus), coyotes (Canis latrans), gray foxes (Urocyon 

cinereoargenteus), and fishers (Martes pennanti), which usually preys on smaller prey 

species including black-tailed jackrabbits (Lepus californicus), California ground 

squirrels (Otospermophilus beecheyi), and Microtus and Peromyscus rodent species. 

Once identified as overpopulated deer range in the 1940’s (Leopold et al. 1947) 

and the 1970’s (Longhurst et al. 1976), this population of BTD has been steadily 

declining for decades, pointing to declining harvest rates since the 1980’s (Booth et 

al.1982). However, recent declines in the BTD population despite reducing 

anthropogenic disturbances in the area have triggered interest in understanding scale-

based habitat selection and resource use by the species to aid in developing effective 

management strategies. 

1.6 Statement of Authorship  

This study was conceived by me under the guidance of Dr. Heiko Wittmer, Associate 

Professor, Victoria University of Wellington. Chapter 2 through 4 presented in this 

thesis were written for publication in peer-reviewed journals. They have been or will 

be submitted with my supervisors and others as co-authors for their help during the 

research process. Contributions of collaborators who are co-authors on the manuscripts 

are outlined below. 

Chapter 2 was conceived by Heiko Wittmer and myself. Telemetry data of 

BTD were provided by Heiko Wittmer and David Casady; data were collected by Dr. 

Tavis Forrester and a large team of field technicians. Genetic data were analysed by 

Dr. Benjamin Sacks and Jennifer Brazeal at the Veterinary Genetics Laboratory at the 

University of California, Davis. Statistical advice on telemetry data was provided by 

Heiko Wittmer. Statistical analyses and interpretation of results were solely done by 
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me. I wrote the first draft of the chapter and Heiko Wittmer contributed significantly 

to the writing process. All co-authors provided additional helpful editorial feedback. 

A version of the chapter is now published as “Implications of fidelity and philopatry 

for the population structure of female black-tailed deer” in Behavioral Ecology.  

Chapter 3 was conceived by Heiko Wittmer and myself. Telemetry data of 

BTD were provided by Heiko Wittmer and David Casady. All spatial data were 

obtained and processed by me. Statistical advice was provided by Heiko Wittmer. All 

statistical analyses were performed by me. I wrote the first draft of the chapter and 

Heiko Wittmer provided helpful feedback that significantly improved the manuscript. 

Other co-authors include David Casady and Tavis Forrester, both of whom provided 

additional editorial feedback. A version of the chapter is now accepted for publication 

in the Journal of Wildlife Management.  

Chapter 4 was conceived by myself in consultation with Heiko Wittmer. 

Telemetry data of BTD were provided by Heiko Wittmer and David Casady. 

Collection of spatial data and subsequent spatial analyses were done by me. Statistical 

advice was provided by Drs. Stephen Hartley and Lisa Woods. I performed all 

statistical analyses and am the sole author of the chapter. Heiko Wittmer and Bogdan 

Cristescu provided editorial comments on the manuscript. 
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Abstract 

Site fidelity and philopatry are behavioural adaptations found in many species and 

their fitness benefits are well documented. The combined population level 

consequences of site fidelity and philopatry, however, have received little attention 

despite their importance for understanding spatial patterns in connectivity and 

population dynamics. I used an integrative approach to explore consequences of 

fidelity and philopatry on the fine-scale genetic structure of black-tailed deer 

(Odocoileus hemionus columbianus). I assessed fidelity to seasonal home ranges based 

on location data from 64 female deer fitted with global positioning system (GPS) 

collars between 2004 and 2013 while philopatry was assessed from mitochondrial 

DNA (mtDNA) haplotypes using DNA extracted from 48 deer. Results based on 

location data revealed very small movements and seasonal home ranges together with 

high site fidelity. Fidelity improved survival; every 1 km increase in mean 

interlocation distances between consecutive summers increased the risk of mortality 

by 56.5%. Results from mtDNA sequencing revealed high genetic differentiation 

(FST > 0.30) and low haplotype sharing among geographic areas separated by as little 

as 4–10 km. The high genetic differentiation indicated multigenerational periods of 

philopatric behaviour in the matrilineage of black-tailed deer. Combined, these results 

suggest that site fidelity together with strong sex-biased philopatry can create marked 

short- and long-term demographic isolation and trap matriarchal units as a subset of 

the larger population with locally-determined vital rates. Where such fine-scale 

population structuring as a consequence of fidelity and philopatry occurs, matrilineal 

groups might in some cases best serve as the basic units of conservation and 

management.  
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2.1 Introduction 

Animal populations are naturally predisposed to spatial structuring due to the generally 

non-random and clumped distribution of resources (Turner 1989). The degree of 

structuring varies among species and depends on life-history traits, social organization, 

ecological requirements, and mobility (e.g., Clutton-Brock and Coulson 

2002, Coltman et al. 2003, Nussey et al. 2005). Highly mobile species are expected to 

show little spatial structuring at fine scales due to their ability to move longer distances 

to utilize dispersed resources. Individuals, including those of less mobile species, can 

also maximize resource utilization by either remaining within the same general area or 

by returning to previously occupied areas (Merkle et al. 2014). These behaviours have 

been defined as site fidelity and are well documented across many vertebrate taxa 

(Greenwood 1980). The most prevalent explanation as to the evolutionary benefits of 

site fidelity focuses on familiarity (Piper 2011), as prior knowledge of the distribution 

of resources and refugia from predators plays an important role in effective habitat use 

(Switzer 1993) thus enhancing survival (Forrester et al. 2015) and reproductive 

success (Beletsky and Orians 1991). Studies across different spatial and temporal 

scales have also linked fidelity behaviour to geographic structuring (Schaefer et al. 

2000, van Beest et al. 2013) suggesting that fidelity at fine scales may affect 

demography and population dynamics (Morrison and Bolger 2012). 

Dynamics and spatial distribution of animal population at large spatial scales 

are also affected by dispersal (Taylor and Taylor 1977, Kendall et al. 2000). Depending 

on social organization and ecological conditions, individuals of different species may 

either establish home ranges within their natal area (i.e., philopatry) or may disperse 
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and subsequently establish fidelity to a new area (Pusey 1987). Dispersal in mammals 

is predominately male-biased with immature males dispersing and females more often 

exhibiting philopatry (Greenwood 1980). Long-term familiarity and use of natal sites 

by females has been predicted to result in genetic structuring (Chesser 1991) and 

studies involving different taxonomic groups have linked sex-biased philopatry to 

fine-scale genetic structuring over successive generations (e.g., Storz 1999, Miller et 

al. 2010). 

Due to their large plasticity in movement and dispersal strategies, both site 

fidelity and philopatry have received considerable attention in ungulates. Previous 

studies assessing site fidelity in ungulates have highlighted the importance of different 

temporal scales (Schaefer et al. 2000, van Beest et al. 2013) in explaining spatial 

patterns of clustering and range use with respect to seasonal variation in forage quality 

(Garrott et al. 1987, Pettorelli et al. 2007) and predation risk (Wittmer et al. 2006). 

Many studies, however, have relied on relatively short-term data to investigate the 

effects of fidelity on geographic structuring of ungulate populations at different spatial 

scales. Specifically, the generally short duration of telemetry studies may have limited 

our ability to link an understanding of site fidelity and population structuring to 

population dynamics over longer times scales. Studies on philopatry on the other hand 

have often used mitochondrial DNA (mtDNA) data to evaluate genetic structuring at 

broader temporal scales and distances beyond the dispersal abilities of the species 

(e.g., Purdue et al. 2000, Latch et al. 2014). Fidelity and philopatry, however, are 

intrinsically related and by acting simultaneously can cause fine-scale genetic 

structuring within populations even in continuous landscapes without physical barriers 

to movement (Nussey et al. 2005, Bolger et al. 2008). Thus, the combined use of 

telemetry and genetic data provide opportunities to increase our ability to understand 
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population-level consequences of site fidelity and philopatry, and use such an 

understanding for developing effective conservation and management plans. 

Black-tailed deer (Odocoileus hemionus columbianus) provide an ideal model 

to study the combined effect of site fidelity and philopatry on the spatial extent of 

population structuring. Their social structure is based on matriarchal lineages with 

groups composed of adult females and several generations of female offspring (Kie 

and Czech 2000). While previous studies have reported plasticity in range use and 

movement patterns (Geist 1981, Garrott et al. 1987), non-migratory BTD occupy 

among the smallest reported home ranges of any medium-sized ungulate (Taber and 

Dasmann 1957, Kelt and Van Vuren 2001). Together, these socio-behavioural 

attributes should predispose BTD to genetic structuring even among neighbouring 

groups within a continuous population. 

My objectives were to quantify the extent of seasonal and annual site fidelity 

of female black-tailed deer in northern California, USA and to then estimate levels of 

philopatry to ultimately assess the combined effect of fidelity and philopatry on the 

genetic structuring of the population. To achieve my objectives, I used location data 

from 64 adult females fitted with global positioning system (GPS) collars between 

2004 and 2013 and mtDNA haplotypes isolated from high quality tissue samples 

obtained from 48 individuals ( 24 of the collared females and 24 unrelated fawns). The 

integrative approach of my study was particularly topical due to previously reported 

variability in vital rates at small spatial scales (Marescot et al. 2015) and thus the 

potential of demographic structuring of the population to affect meaningful 

assessments of its dynamics. 
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2.2 Materials and Methods 

2.2.1 Study Area 

My study area was located within the Mendocino National Forest in the northwestern 

California Coast Ranges. The 1000 km2 study area is comprised of 2 major ridges 

(FH7 and M1) and 3 main watersheds (Figure 2.1). Elevation in the study area ranges 

from approximately 250 to almost 2,500 m above sea level, with moderately rolling 

terrain at lower elevations to steep and rugged terrain at higher elevations except on 

ridge tops.  

 

Figure 2.1: Location of the study area in California and intensive study area in the 

Mendocino National Forest covering 3 watersheds and 2 main ridges (M1 and FH7). 

Summer (5) and winter population ranges (4) were determined based on GPS location 

data of 64 adult female black-tailed deer monitored between 2004 and 2013. 

 

Climate is considered Mediterranean with mean daily temperatures ranging 

from 5 °C during winter to 17 °C in summer (Mendocino Pass weather station; 
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http://www.ncdc.noaa.gov/cdo-web, Accessed 9th September, 2014). Temperatures 

reach extremes of −11.5 °C and 45.5 °C in winter and summer, respectively. Mean 

annual precipitation over the study period averaged 148.8 cm with about 85% of the 

precipitation occurring from October through April. Snow cover was generally limited 

to elevations greater than 1000 m and was irregular, particularly during dry winters. 

Major habitat types correlate with elevation and consist of (in order of 

increasing elevation): blue oak (Quercus douglasii) woodland, annual grassland, 

montane hardwood conifer, Douglas fir (Pseudotsuga menziesii), mixed chaparral, 

montane hardwood, ponderosa pine (Pinus ponderosa), Klamath mixed conifer, 

montane riparian, and montane chaparral (Mayer and Laudenslayer 1988). BTD were 

the only resident ungulate and coexisted with an abundant and diverse predator 

community that included pumas (Puma concolor), American black bears (Ursus 

americanus), coyotes (Canis latrans), and bobcats (Lynx rufus). Female BTD spent 

summer and winter aggregated in habitats that provided both high-quality and 

abundant forage (Wittmer et al. 2014, Lounsberry et al. 2015). Summer ranges were 

located on ridge tops where females also gave birth and winter ranges were in 

drainages at lower elevations. A majority of deer travelled the short distance (typically 

5–10 km) between their seasonal ranges over the course of 1–2 days. 

2.2.2 Capture and Monitoring 

A total of 84 female BTD ≥ 1-year old were captured over 2 separate time periods 

between September 2004 and August 2013 using free range darting. No deer were 

monitored between September 2008 and June 2009. One deer was captured and 

monitored during both time periods. Detailed capture and handling procedures are 

described in Casady and Allen (2013), and were approved by the Wildlife 

http://www.ncdc.noaa.gov/cdo-web
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Investigations Laboratory of the California, Department of Fish and Wildlife and the 

Institutional Animal Care and Use Committee at University of California, Davis 

(Protocols 15341 and 16886). Captures occurred opportunistically, primarily from 

roads along the FH7 and M1 ridges at high elevations. All but 6 anesthetized deer had 

an incisiform canine tooth extracted for precise age determination based on cementum 

growth (Matson’s Laboratory LLC, Missoula, MT); tooth eruption and wear patterns 

were used to determine age of individuals from whom teeth were not extracted. Deer 

were equipped with motion-sensitive, store-on-board GPS collars (Telonics, Mesa AZ 

and models 3300 and 4400M, Lotek Wireless, Inc., Newmarket, Ontario, Canada) that 

never exceeded 3% of their bodyweight. Collars were programmed to obtain a GPS 

location every 1 to 5 h and were deployed for a maximum period of 2 years after which 

they automatically dropped off. Collars switched to a mortality signal after 4 h of 

inactivity facilitating recovery and identification of mortality causes (Marescot et al. 

2015). Of the 84 female deer captured, 3 died from capture related injuries and the 

collars of 4 individuals failed immediately. GPS location data from an additional 13 

deer could not be retrieved leaving me with GPS location data from 64 individuals for 

the analyses. 

2.2.3 Home-range Estimation and Population Structure 

Summer and winter home ranges of individual deer were estimated separately using 

the 95% local convex hull (LoCoH) method by applying the “minimum spurious hole 

covering” rule (Getz et al. 2007). Seasonal cut-off dates for each deer were identified 

from their GPS locations based on observed patterns in elevational movements and 

space use (D’Eon and Serrouya 2005). This allowed me to exclude GPS locations 

associated with elevational migrations from home range and fidelity analyses. Twelve 
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deer did not show distinct elevational movements. For these deer, locations were 

assigned to either summer or winter based on the median date of migration of other 

deer on the same seasonal range and year. I tested for differences in mean seasonal 

home range sizes between the 2 ridges using an analysis of variance (ANOVA). 

Available location and home range data were also used to assign deer to 

seasonal population ranges following an approach described by Forrester et al. (2015). 

Specifically, individual deer were allocated to distinct summer and winter population 

ranges based on spatial gaps in the GPS data that were greater than twice the size of 

the average diameter of a seasonal home range and geographic features that may have 

discouraged movement between ranges (e.g., steep drainages). The extent of these 

distinct seasonal population ranges were then determined using 95% minimum convex 

polygons from GPS locations of all collared deer within each seasonal range. 

2.2.4 Site Fidelity Analysis 

My assessment of site fidelity was based on interlocation distances within seasons and 

between years because approaches based on animal locations are generally considered 

more accurate than those based on home range overlap (Garrott et al. 1987, Conner 

and Leopold 2001). To avoid spurious statistical significance arising from non-

independent GPS locations obtained for each individual deer, I subsampled the dataset 

by randomly choosing one location per week. 

Within season fidelity was estimated by calculating linear distances between 

all possible pairs of weekly locations for each collared individual within their 

individual seasonal ranges. To quantify between year fidelity to seasonal ranges, I used 

an approach similar to multiresponse permutation procedure (Mielke et al. 1976, 

Zimmerman et al. 1985) where linear distances between all locations within an 
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individual’s seasonal range were calculated pairwise across different years. If the mean 

within-year interlocation distances were equal or near equal to the mean interlocation 

distances between years, then the animal was considered to show a high degree of 

fidelity to its seasonal home range from one year to the next (Wittmer et al. 2006). 

I examined variation in mean interlocation distances of female BTD as a 

function of temporal and spatial covariates using linear mixed effect (LME) models 

contained in the nlme package (Pinheiro et al. 2014). Interlocation distances were log-

transformed and treated as the response variable. Explanatory variables included 

fidelity type (within year, between years), season (summer, winter), and area (FH7 

ridge, M1 ridge). I included season and area as covariates in my site fidelity analysis 

because previous research highlighted both temporal and spatial variation in survival 

of deer in the study population (Forrester et al. 2015, Marescot et al. 2015). All 3 

explanatory variables and their first order interactions were included in the full model. 

To account for repeated measurements from the same individual, animal ID was 

included as a random intercept. The full model thus took the following form: 

Interlocation distances ~ fidelity type + season + area + fidelity type × season + season 

× area + fidelity type × area + fidelity type × season × area + (1|ID). The statistical 

significance of each variable and their interactions was assessed by sequential 

backward elimination from the full model (Crawley 1993) followed by comparisons 

using likelihood ratio tests. Finally, I used least squares regression models with the 

mean intra- and inter-year location distances of individual deer as the dependent 

variable to test for the effect of age of female deer on fidelity. 

I used Cox Proportional Hazards (CPH) model to assess the mortality risks 

associated with decreasing site fidelity (Cox 1972, Therneau and Grambsch 2000). 
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The CPH framework allows the baseline mortality hazards to vary freely over time, 

thus removing any confounding effects due to seasonal or annual variation in 

mortality. As the seasonal ranges were spatially separated, I derived distinct models 

for each variable group. The number of deer monitored each year across the 8-year 

study period averaged 14.89 ± 2.71 (range from 4 to 29). I modelled their survival as 

a function of days since capture and estimated the time to “event” (i.e., mortality) for 

each individual that died (n = 28). Individuals were censored upon collar failure or at 

the end of study (n = 36). I assessed the proportional hazard assumption (Winterstein 

et al. 2001) for my models by testing for nonzero slopes of Schoenfeld residuals 

(Schoenfeld 1982) and by inspecting plots of logarithmic estimates of the cumulative 

hazard functions (Cleves et al. 2004).  

Unless otherwise noted, I assessed significance based on α = 0.05 and report 

variables as mean ± SE. All statistical analyses were performed in R Studio (R 

Development Core Team 2014). 

2.2.5 Mitochondrial DNA and Philopatry 

To assess whether female site fidelity behaviour occurred over long enough periods of 

time (i.e., multigenerational) to translate to matrilineal population structure, I analysed 

mitochondrial DNA, which is transferred along female lineages. Because females gave 

birth on high-elevation summer ranges, I chose to look at genetic differences of 

individuals from the 2 main ridges where these ranges were located. Ridges were on 

average separated by 10.2 ± 0.2 km (min = 7.2 km, max = 13.9 km; Figure 2.1). 

Ear punches collected from 24 adult females during collaring as well as tissue 

samples from 24 unrelated fawns captured during the same time period (i.e., 2011–

2012; Marescot et al. 2015) were used for the genetic analyses. DNA from all 48 
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samples were extracted using Qiagen DNeasy blood and tissue kits (Qiagen Inc.) 

following manufacturer’s instructions. Polymerase chain reaction (PCR) was 

performed to amplify a 451 base pair (bp, including primers) portion of mitochondrial 

D loop using primers, HV1Deer-F (CTATTTAAACTATTCCCTGACG) and 

HV1Deer-R (GATCTAGGGGACGGGATA). PCR were 23 µl total volume and 

consisted of 2 µl of DNA extract, 1 U taq polymerase and other reagents at the 

following reaction concentrations: PCR buffer (1×), MgCl (2.5 mM), dNTPs (0.2 

mM), Bovine Serum Albumin (0.1 mg/ml), primers (0.5 µM). The PCR cycle 

conditions were 94 °C for 3 min, 33 cycles of 94 °C for 30 s, 50 °C for 30 s, and 72 

°C for 45 s, followed by 10 min at 72 °C. Dye terminator sequencing reactions for each 

PCR product was used from each primer using Applied Biosystems (Foster City, CA) 

reagents with products sequenced on an ABI 3730 capillary sequencer. After trimming 

primers (22 bp, 18 bp) and an additional 130 bp (78 bp 5′, 52 bp 3′), 279 bp fragment 

was obtained that was unambiguously sequenced for all 48 individuals for analysis 

(Genbank Accession Nos. KX254554-KX254563). 

To assess potential genetic structuring of females giving birth on different 

ridges, a median joining network of mitochondrial DNA haplotypes was constructed 

using the program Networks 4.613 (Bandelt et al. 1999). Haplotype and nucleotide 

diversity was estimated in DNAsp (Librado and Rozas 2009) and tested for population 

genetic subdivision using the frequency-based FST approach implemented in Arlequin 

3.5 (Excoffier and Lischer 2010). The value of FST indicates the magnitude of genetic 

structure, with FST = 0 (the null hypothesis) implying no genetic structure and FST> 0 

implying impeded gene flow between ridges. Theoritically, FST=1/(2mNf + 1), 

implying that exchange of a single female migrant (mNf) per generation corresponds 

to FST = 0.33. 



30 
 

2.3 Results 

2.3.1 Home Ranges and Population Structure Based on Telemetry Data 

Average adult female home range sizes varied between the M1 and FH7 ridges during 

both summer (M1 = 0.98 km2 ± 0.09 vs. FH7 = 0.56 km2 ± 0.05; F2,51 = 9.179, P = 

0.004) and winter (M1 = 1.19 km2± 0.17 vs. FH7 = 0.79 km2 ± 0.10; F2,51 = 2.247, P = 

0.036). In general, individuals associated with the M1 ridge had between 50-70% 

larger seasonal home ranges than individuals associated with the FH7 ridge. Based on 

available telemetry data, collared female deer associated with 1 of 5 distinct summer 

ranges (min = 12.0 km2; max = 30.7 km2) and 1 of 4 distinct winter ranges (min = 55.2 

km2; max = 100.5 km2) (Figure 2.1). 

2.3.2 Site Fidelity 

Annual sample sizes of deer and locations used to estimate fidelity within and between 

seasons are shown in Table 2.1.  

Table 2.1: Number of individuals (nA) and number of weekly GPS locations (nL) of 

black-tailed deer by year, season, and area (M1 or FH7 ridge) between 2004-2014 in 

the Mendocino National Forest, California 

 

Year 

Summer Winter 

M1 FH7 M1 FH7 

nA nL nA nL nA nL nA nL 

2004-2005 4 39 - - 5 51 - - 

2005-2006 9 209 - - 5 152 - - 

2006-2007 5 119 - - 5 133 - - 

2007-2008 6 130 - - - - - - 
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2008-2009 - - 4 51 - - 3 76 

2009-2010 6 79 3 39 5 88 2 64 

2010-2011 4 83 6 98 2 44 3 66 

2011-2012 5 80 3 103 4 101 3 54 

2012-2013 8 93 12 215 5 115 11 287 

2013-2014 3 50 11 197 - - - - 

 

Linear mixed effect model indicated no statistically significant interaction or 

main effect of fidelity type, season, or area on mean interlocation distances of 

individual deer (Table 2.2).  

Table 2.2: Variation in mean interlocation distances of female black-tailed deer as a 

function of fidelity type (within and between years), season (summer and winter), and 

area (FH7 vs. M1 ridge) based on linear mixed effect (LME) models. The statistical 

significance of each variable and their interactions was assessed by backward 

elimination from the full model. Model comparison based on AIC, log likelihood (LL) 

and outcomes likelihood ratio (L. Ratio) test. 

 

Model df AIC LL Test L.Ratio 
p 

value 

1) Null model 5 210408.9 -105199.4    

2) Fidelity Type 6 210409.5 -105198.8 1 vs 2 1.36 0.243 

3) Season 7 210411.4 -105198.7 2 vs 3 0.12 0.730 

4) Area 8 210411.3 -105197.7 3 vs 4 2.03 0.154 

5) Fidelity type × Season 9 210413.0 -105197.5 4 vs 5 0.40 0.528 

6) Area × Season 10 210413.2 -105196.6 5 vs 6 1.73 0.189 
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7) Fidelity type × Area 11 210415.2 -105196.6 6 vs 7 0.01 0.944 

8) Full Model 12 210417.0 -105196.5 7 vs 8 0.20 0.653 

 

None of the explanatory variables improved model fit (Table 2.3). Differences 

in mean interlocation distances among individuals (Figure 2.2) explained 13% of the 

observed variation. I also found no effect of age on within and between year fidelity 

to seasonal ranges (summer within: F1, 49 = 0.097, P = 0.757; summer between: F1, 31 = 

0.721, P = 0.402; winter within: F1, 42 = 1.231, P = 0.274; winter between: F1, 8 = 

0.152, P = 0.707). The lack of differences in interlocation distances within and 

between years during both summer and winter indicated that female deer returned to 

the same areas in consecutive years (Table 2.4). 

 

Table 2.3: Summary statistics full model conducted to assess the significance of main 

(fixed) effects and interactions on mean interlocation distances (log-transformed) of 

female black-tailed deer. 

 

Covariates Value SE df 
t 

value 

p 

value 

Fidelity type -0.12 0.23 31 -0.53 0.597 

Season -0.16 0.40 49 -0.40 0.692 

Area 0.04 0.26 51 0.15 0.883 

Fidelity type × Season -0.07 0.45 49 -0.16 0.873 

Fidelity type × Area 0.09 0.31 31 0.29 0.772 

Season × Area 0.50 0.52 49 0.97 0.337 

Fidelity type × Season × Area -0.26 0.59 49 -0.45 0.658 
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Figure 2.2: Mean interlocation distances of 64 female black-tailed deer in the 

Mendocino National Forest. The interlocation distances are grouped by within and 

between seasons. The red circle represents individuals from M1 ridge and the blue 

diamond represents individuals from FH7 ridge. 
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Table 2.4: Mean seasonal interlocation distances for female black-tailed deer within 

and between years and their corresponding sample sizes (nA) 

 

Season  Group  nA  Mean distance (km)  

Summer  Within  51  0.81 ± 0.12 

  Between  33  0.90 ± 0.21 

Winter  Within  44  0.65 ± 0.08 

  Between  9  1.01 ± 0.23 

 

Annual survival probabilities for female deer averaged 0.76 ± 0.03 across all 

years. Fidelity to seasonal ranges appeared to be correlated with mortality risk. 

Increase in mean interlocation distances between consecutive summers are found to 

significantly increase the risk of mortality (β = 0.448, P = 0.046). Specifically, summer 

survival probabilities of deer averaged 0.92 ± 0.07 for individuals with interlocation 

distances of ≤ 1 km between consecutive summers. For every additional kilometre in 

interlocation distances between consecutive summers, survival decreased by 56.5% 

(Figure 2.3). The nonsignificant Schoenfeld residuals (σ = −0.154, P = 0.690) 

suggested that the assumptions for the model were adequately met. No other 

significant effects on mortality were apparent from my data. 
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Figure 2.3: Estimated Hazard ratio with 95% confidence intervals of female black-

tailed deer in the Mendocino National Forest as a function of between-year 

interlocation distances during summer. 

 

2.3.3 Philopatry and Genetic Population Structure 

I observed a total of 10 haplotypes, corresponding to a gene diversity of 0.75 ± 0.06 

and a nucleotide diversity of 0.013 ± 0.002. The haplotype diversity was 48% higher 

on the M1 ridge (0.89 ± 0.04, n = 19) than on the FH7 ridge (0.43 ± 0.11, n = 29). 

However, the nucleotide diversity was similar between the ridges (M1 = 0.013 ± 0.002; 

FH7 = 0.010 ± 0.004). Overall, haplotype sharing was low (Figure 2.4), corresponding 

to a marked genetic subdivision between the M1 and FH7 ridges (FST = 0.36, P < 

0.001). By rearranging the formula FST ≈ 1/(2mNf + 1), where mNf is the number of 

female migrants per generation, I obtained an estimate of ≈ 0.89 female deer moving 

between ridges per generation. The haplotype network revealed visible genetic 

structuring between M1 and FH7 ridges. Of the 10 total haplotypes, 5 were restricted 

to M1, 2 to FH7, and the remaining 3 haplotypes were shared across both localities 

(Figure 2.4). 
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Figure 2.4: Mitochondrial haplotype network illustrating the low sharing of 

haplotypes between ridges based on 48 individuals (24 adult females and 24 unrelated 

fawns) captured on the FH7 (n = 29) and M1 (n = 19) ridges, Mendocino National 

Forest, 2011–2012. 

 

2.4 Discussion 

This approach differed from most previous studies in that I combined detailed spatial 

data from GPS collared individuals with mtDNA samples to simultaneously assess the 

effects of fidelity and philopatry. Results based on the telemetry data revealed very 

small seasonal home ranges together with high site fidelity in female BTD, which did 

not vary spatially (i.e., between ridges) or with age. Plasticity in movement behaviour 

among individuals was low but linked to improved survival of adult female deer with 

higher site fidelity, demonstrating a possible mechanism to explain the prevalence of 

female philopatry in the population. Results from mtDNA sequencing revealed a range 

of locality-specific haplotypes with low level of interpopulation mixing and very high 

genetic differentiation (FST > 0.30) between the M1 and FH7 ridges, even though 

wintering ranges where mating occurred were separated by as little as 4 km. The high 

genetic differentiation indicated multigenerational philopatric behaviour in the 
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matrilineage. Combined, these findings improve our understanding of the short- and 

long-term population level consequences of animal movements and fidelity in species 

with sex-biased dispersal. 

The high FST value and low level of shared haplotypes observed among 

individuals on the 2 ridges were indicative of population subdivision and genetic drift, 

which can over time lead to population isolation and thus locally disjunct 

subpopulations (Greenwood 1980, Robertson and Cooke 1999). As measures of FST 

are based on an idealized population at equilibrium between the opposing forces of 

genetic drift, mutation and migration, the very high FST estimate suggests that genetic 

divergence and therefore philopatry of females was not limited to just a few 

generations but over a relatively longer time scale. Populations are said to be isolated 

if the dynamics are entirely dependent on local birth and death rates and not on 

migration events (Turchin 2003). Isolation can either be genetic (no immigrants of 

either gender), demographic (immigrants of one gender only), or both (local isolation). 

Although genetic differentiation among individuals on the different ridges was high, 

it is unlikely that the population was genetically isolated as 1) only female deer and, 

more importantly, maternally inherited markers, were sampled in this study, 2) male 

BTD were continuously distributed throughout the study area, and 3) females from 

both ridges seasonally migrated to the same low elevation winter ranges where mating 

occurred and thus shared the same male mating pool. Rather, it appears that BTD may 

be experiencing small-scale demographic isolation due to strong philopatry, where, 

similar to white-tailed deer (O. viginianus; Porter et al. 1991), females are 

predominantly recruited into existing family groups. This isolation persists despite the 

lack of barriers to movement in my study area. Identifying such demographic isolation 

is important, given that population dynamics in polygynous cervids including BTD are 
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typically based on estimates of vital rates of females only (Gaillard et al. 

2000, Forrester and Wittmer 2013). 

Low movement rates combined with high fidelity to seasonal ranges across 

successive years resulted in extremely small home ranges for my study animals. Mean 

seasonal home range sizes of 0.71 km2 in summer and 0.99 km2 in winter were smaller 

than previously reported home range estimates for BTD (Geist 1981, Garrott et al. 

1987) and most other ungulates of comparable size (Kelt and Van Vuren 2001). The 

slightly larger size of winter ranges is consistent with previous findings (Lesage et al. 

2000, Wittmer et al. 2006) and likely a consequence of either reduced availability or 

quality of forage during the colder months or increased mobility associated with the 

mating season. Larger seasonal home ranges on the M1 ridge may have been related 

to forage availability and population density. For example, results from vegetation 

surveys indicated lower forage availability and quality on the M1 ridge (Wittmer et al. 

2014). At the same time, density of female BTD was lower on the M1 than the FH7 

ridge (Lounsberry et al. 2015) and smaller home range sizes have been hypothesized 

to reduce competition at high densities in cervids (Larson et al. 1978, Lesage et al. 

2000). 

Importantly, I found that site fidelity was positively linked to increased 

survival in female BTD, a possible mechanism explaining high levels of philopatry. 

Evidence for a link between movement behaviour including site fidelity and survival 

is still rare (Morales et al. 2010) and might have been due to benefits associated with 

site familiarity (Piper 2011). For example, individuals living within small, familiar 

home ranges have been shown to reduce the time they spend searching for forage and 

thus encounters with predators (Wolf et al. 2009). In my system, annual survival 
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probabilities of adult female deer were low (0.76±0.06) compared to previous 

estimates reported across the distribution of mule deer and BTD (0.84±0.04; Forrester 

and Wittmer 2013). In addition, predation from pumas accounted for 86% of known 

mortalities of adult females in my study area and primarily occurred during summer 

(Allen et al. 2014, Marescot et al. 2015). Returning to small but highly familiar home 

ranges during consecutive summers thus apparently lowered mortality risks including 

from predation, highlighting fitness benefits of both familiarity and reduced 

movements. This finding also matches earlier research that found a higher predation 

risk for female deer in my study area when they strayed outside their 95% summer 

home ranges (Forrester et al. 2015). 

Prevalence of philopatry and fidelity is expected to vary with population 

density and trends. Specifically, individuals should be more compelled to disperse 

when the costs of competition for forage at high population density outweigh the 

fitness benefits of staying put (Matthysen 2005, Morales et al. 2010). Site fidelity 

behaviour is expected to be more pronounced at low population densities and in 

declining populations when associated interference competition is low (Merkle et al. 

2015). However, I found evidence for philopatry over multiple generations and high 

site fidelity despite high BTD densities on summer ranges in the study area (male 

density ranged from 7.80 ± 2.60 to 18.20 ± 6.88 per km2, female density ranged from 

24.58 ± 3.48 to 52.45 ± 10.75 per km2; Lounsberry et al. 2015). These results suggest 

that benefits of philopatry and site fidelity seem to have outweighed costs from 

competition with conspecifics. Over time, this may lead to high local densities and 

potential population increases beyond carrying capacity, increasing the likelihood of a 

population decline due to over-utilization of resources (Leopold et al. 1947, Forrester 

and Wittmer 2013, Merkle et al. 2015). Demographic recovery following population 
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declines will then either depend on immigrants from expanding populations in the 

vicinity that did not suffer a decline or on local births rates (Porter et al. 

1991, Duckworth 2008, Bitume et al. 2013). My observed pattern of genetic 

structuring hints at a trend of historic demographic fluctuations with infrequent 

immigration. If true, then local birth rates will be more important than founding 

females for re-establishing populations with high philopatry that experience 

population declines. 

I have shown that strong site fidelity and sex-biased philopatry cause 

population structuring and likely dynamics at a much finer scale than previously 

established in BTD or other species with strong matrilineal groups. Low maternal gene 

flow, as evidenced by the occurrence of few representative mtDNA haplotypes on each 

ridge, reveals that high levels of philopatry and low female movement between 

adjacent family groups can lead to demographic isolation with potentially localized 

vital rates (Monteith et al. 2014, Marescot et al. 2015) and result in small-scale 

differences in estimates of population growth. In populations with high site fidelity 

and philopatry among females, consideration should thus be given to matrilineal 

groups as the basic unit of genetic structuring and the potential to effect their 

conservation and management. 
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Abstract 

Habitat selection is a complex hierarchical process and in ungulates typically varies at 

broad spatial and temporal scales as well as among individuals. Recent advancements 

in the ability of GPS collars to collect activity data provide opportunities to understand 

underlying mechanisms or trade-offs responsible for fine-scale variation in habitat 

selection. Based on data from 64 female black-tailed deer (BTD; Odocoileus hemionus 

columbianus) fitted with GPS collars in northern California between 2004 and 2013, I 

estimated selection for topographic and vegetation covariates at two spatial scales (i.e., 

landscape and home range scales). I then used data from a subset of 27 individuals to 

determine if habitat selection within home ranges was influenced by activity states 

(active/inactive). At the landscape scale, habitat selection by BTD varied between 

summer and winter, and was mostly explained by differences in elevation, terrain, and 

vegetation. Within their home ranges, BTD showed fine-scale selection for habitats 

that varied with activity states. In summer, selection for slope and forest types varied 

across activity states highlighting important fine-scale selection patterns. Activity state 

also affected conclusions about the selection of habitats including edge density, 

canopy cover, and forest types by BTD in winter. During both seasons, deer selected 

for apparently secure habitat when inactive, likely to minimise risk of predation. My 

results highlight the importance of considering activity states when evaluating habitat 

selection from animal location data. This is particularly important in multi-use 

landscapes such as National Forests where habitat needs of ungulates are important 

considerations in management decisions, including logging. 
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3.1 Introduction: 

Habitat selection by animals is influenced by a range of conflicting demands associated 

with foraging (Hanley 1982), predator avoidance (Pierce et al. 2004, DeCesare et al. 

2014), competition for mates and resources (Kie and Bowyer 1999), and rearing young 

(Van Moorter et al. 2009a). Habitats needed to meet these diverse requirements are 

often distributed heterogeneously in space and time. Selection of habitats by individual 

animals thus varies temporally to optimally utilize disjunct and clumped resources 

(Rosenzweig 1991, Morris 2003, Gaillard et al. 2010). The temporal variation in 

habitat selection can be short-term due to differences in circadian patterns (Ager et al. 

2003, Prugh and Golden 2014), medium-term (e.g., seasonal) to account for variability 

in environmental conditions and physiological requirements (Long et al. 2009a, 

Monteith et al. 2011), or long-term (e.g., annual or even decadal) due to directional 

changes in demographic population structure and environmental parameters (Fryxell 

et al. 2008).  

Ungulates in temperate environments, including mule deer (Odocoileus 

hemionus; D’Eon and Serrouya 2005, Sawyer et al. 2006), elk (Cervus elaphus; 

Anderson et al. 2005, Sawyer et al. 2007) and caribou (Rangifer tarandus; Rettie and 

Messier 2000, Leblond et al. 2011), have been repeatedly shown to select different 

habitats across seasons. Consequently, estimating habitat selection at different 

temporal scales has been strongly advocated for ungulates (Ager et al. 2003, van Beest 

et al. 2010). However, until recently, we lacked technology linking location data used 

to quantify habitat selection to activity information (Wilmers et al. 2015). The 

hypothesis that habitat selection also depends on short-term differences in behavioural 
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states of individuals (Johnson 1980, Senft et al. 1987) has therefore largely been 

overlooked (Roever et al. 2014). 

Activity patterns of ruminating ungulates are composed of alternating foraging 

(active states) and resting bouts used for mastication and digestion (inactive states; 

Gillingham et al. 1997). Although locational data can be used to estimate patterns of 

habitat selection, without a behavioural context these data may fail to capture changes 

in selection associated with daily foraging and resting patterns (Godvik et al. 2009, 

Roever et al. 2014). Overlooking activity states associated with habitat selection may 

lead to oversimplification of specific habitat requirements, thus reducing the predictive 

power of pooled resource selection models and diminishing the ability of resource 

managers to develop effective habitat management strategies (Garshelis 2000, Roever 

et al. 2014). The use of habitat during active foraging bouts and resting periods can 

also be affected differently by changing energetic demands, predation risk, and 

competition (Krebs 1980, DeCesare et al. 2014). Accounting for activity state in 

selection models may allow greater insights into the effects of these processes on 

ungulates. 

Black-tailed deer (BTD, O. h. columbianus) are among the subspecies of mule 

deer that inhabit complex forested habitats in coastal areas from northern California 

into the Pacific Northwest and British Columbia. They, being an important social and 

economic species in western USA, have been extensively studied across their 

distribution (e.g., Heffelfinger and Messmer 2003). However, recent declines in both 

BTD and mule deer populations throughout much of their ranges (Forrester and 

Wittmer 2013) have led to renewed interest in understanding habitat selection and 

resource use by the species to aid in developing effective management strategies. 
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The overall objective of this chapter was to understand fine-scale habitat 

selection by BTD in northern California. Only females were included in this study 

because in deer, the adult female segment disproportionally drives population 

dynamics (Gaillard et al. 2000) and therefore management actions primarily target this 

segment of the population. To achieve my objective, resource selection functions 

(RSFs; Manly et al. 2002) were developed based on location data from 64 adult female 

BTD fitted with GPS collars between 2004 and 2013 at two spatial scales (i.e., 

landscape and home range scales). Using data from a subset of 27 individuals 

(Appendix 1), activity specific RSFs were then compared with general RSFs to assess 

how activity states influenced seasonal habitat selection by BTD.  

3.2 Materials and Methods 

3.2.1. Study Area 

The Mendocino National Forest covers approximately 3,700 km2 of the interior Coast 

Range of California, USA. Within the Mendocino National Forest, intensive study area 

covered approximately 1,000 km2 and included 2 major mountain ridges (M1 and 

FH7) and 3 main watersheds (Figure 3.1). Elevation in the study area ranges from 158 

m to 2,462 m above sea level. The topography varies from moderately rolling terrain 

at lower elevations to steep and rugged terrain at higher elevations except on ridge 

tops. Climate is Mediterranean; mean daily temperatures ranged from 5°C during 

winter to 17°C in summer (Mendocino Pass weather station; 

http://www.ncdc.noaa.gov/cdo-web, Accessed 9th September, 2014). However, 

temperatures reached extremes of below -10°C and above 40°C in winter and summer, 

respectively. Precipitation over the study period averaged 148.8 cm per year and was 

highly seasonal, with about 85% of the precipitation occurring from October through 

http://www.ncdc.noaa.gov/cdo-web
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April. Snow cover was generally limited to elevations >1000 m and was irregular, 

particularly during dry winters.  

 

Figure 3.1: Location of the study area in the Mendocino National Forest, California, 

including 2 main ridges (M1 and FH7) and 3 main watersheds. The 100% minimum 

convex polygon shown is based on all locations of 64 GPS collared adult female black-

tailed deer monitored between 2004 and 2013 and was used to determine available 

habitats at the landscape scale. 

 

Vegetation in the study area varied with elevation and aspect. Oak woodlands 

(Quercus spp., Aesculus californicus, Arctostaphylos spp.), chaparral (Ceanothus spp., 

Adenostoma fasciculatum), and grasslands (Bromus spp., Avena spp.) dominated lower 

elevations and southerly slopes while mixed-coniferous hardwood forests (Pinus 

ponderosa, P. iambertiana, Abies concolor, A. magnifica, Pseudotsuga menziesii, 

Arbutus menziesii, Quercus spp.) dominated higher elevations and northerly slopes. 
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Silviculture and cattle grazing were the primary land management activities in the past 

and left a mosaic of even-aged conifers with occasional mature timber stands and 

openings dominated by non-native grasses. 

BTD were the only resident and abundant ungulate in the intensive study area. 

Other ungulates present in the study area included non-native wild pigs (Sus scrofa) at 

lower elevations and seasonally abundant domestic cattle (Bos taurus). Tule elk (C. e. 

nannodes), observed twice during the study period, were likely dispersing individuals 

from a population reintroduced to the extreme southern end of the study area. Pumas 

(Puma concolor) were the primary predator of adult female deer; fawns were also 

killed by American black bears (Ursus americanus), coyotes (Canis latrans) and 

bobcats (Lynx rufus) (Marescot et al. 2015). 

3.2.2 Capture and Monitoring 

Between September 2004 and August 2013, a total of 84 female BTD ≥ 1 year old was 

captured. No deer were captured or monitored between September 2008 and June 

2009. Deer were captured opportunistically while driving along unpaved logging roads 

using chemical immobilization via free range darting. Captures primarily occurred on 

high elevation summer ranges on the M1 and FH7 ridges. Detailed capture and 

handling procedures are described in Casady and Allen (2013). All procedures were 

approved by the Wildlife Investigations Laboratory of the California Department of 

Fish and Wildlife and the Institutional Animal Care and Use Committee at the 

University of California, Davis (Protocols 15341 and 16886).  

Anaesthetized deer were fitted with numbered ear tags and motion-sensitive, 

store-on-board GPS collars (Telonics, Mesa Arizona, USA and models 3300 and 

4400M, Lotek Wireless, Inc., Newmarket, Ontario, Canada) that never exceeded 3% 
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of their bodyweight. Collars were programmed to obtain a GPS location every 1-5 

hours . In addition to recording locations, Lotek 4400M collars were also programmed 

to obtain activity data every 5 minutes. Collars were deployed on deer for a maximum 

of 2 years after which they dropped off. All collars were programmed to emit VHF 

mortality signals after 4 hours of inactivity, facilitating collar recovery and 

identification of mortality causes (Marescot et al. 2015). Of the 84 female deer 

captured, 3 died from capture related injuries and the collars of 4 individuals failed 

immediately. GPS location data from an additional 13 individuals could not be 

retrieved due to collar malfunction leaving me with GPS location data from 64 deer 

for the preliminary habitat selection analyses. Twenty-seven of these 64 individuals 

had activity data recorded that was used for activity-specific selection models (Table 

3.1). 

Table 3.1: Total number of female deer (nD), deer with activity data (nA), and number 

of pooled (telemetry locations pooled across activity states), active, and inactive GPS 

locations used in models to estimate habitat selection by black-tailed deer in the 

Mendocino National Forest, California, USA, 2004-2013.  

 

Season nD(nA) 

Number of GPS locations 

Pooled Active Inactive 

Summer 51(22) 79110 2439 23603 

Winter 45(20) 63132 2370 21945 

Non-migratory 12(5) 20699 778 6446 
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3.2.3 Population and Home-range Estimation  

The population range to be used for the RSFs was first defined by creating a 100% 

minimum convex polygon (MCP) with locations from all 64 collared deer. The 100% 

MCP was then considered as the “landscape scale” for the second order RSF analysis 

(Johnson 1980). Similar to D’Eon and Serrouya (2005), GPS locations of individual 

deer were then assigned to summer, winter, or migration “seasons” based on observed 

patterns in elevational movements and space use. Based on the seasonal locations, 

summer and winter home ranges of individual migratory deer were subsequently 

derived using a 95% MCP. Twelve deer did not show distinct elevational migrations 

across years. For these non-migratory deer 95% MCPs were derived based on all 

acquired locations for each individual and created annual home ranges. 

3.2.4 Assigning Activity State 

Active or inactive states were assigned to the GPS locations of the 27 individuals fitted 

with Lotek 4400M collars equipped with activity sensors. Activity sensors are made 

of 2 accelerometers that record changes in acceleration associated with animal motion 

along the x and y axes of the body 4 times per second. Motion data from each 

accelerometer were averaged over the duration of 5 minutes and resulted in assignment 

of a single activity monitor value (AMV) ranging from 0 to 255 for each axis. The x 

and y AMVs were log transformed and classified based on discriminant function 

models developed by Gaylord (2013) for classifying activity states of mule deer. The 

activity states to GPS locations were assigned based on average values for the 5-minute 

interval that overlapped the time a GPS location was taken. I chose to use a two-state 

model that differentiated between active and inactive only, as models considering a 

greater number of activity states (e.g., differentiating among inactive, walking and 
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running behaviours) resulted in lower accuracy and greater variability of the 

classification (Gaylord 2013). 

3.2.5 Habitat Covariates 

 Covariates known to influence patterns of habitat selection and habitat use by female 

BTD (e.g., Bunnell 1990, Gillingham 2004) were included for the RSF analyses. I 

obtained 30 m x 30 m resolution raster data layers for the study area and prepared a 

suite of Geographic Information System (GIS) layers of selected variables for the 

analyses (Table 3.2). Elevation data were obtained from the Advanced Spaceborne 

Thermal Emission and Reflection radiometer (ASTER) global digital elevation model 

(GDEM; www.gdem.aster.ersdac.or.jp, Accessed 12th December, 2013). Topographic 

variables including slope (%) and aspect (sine and cosine transformed) were derived 

from the ASTER GDEM layer using Spatial Analyst surface tools in ArcGIS 10.2 

(ESRI, Redlands, CA, USA). Vector ruggedness measure (VRM) was derived from 

ASTER GDEM in ArcGIS following Sappington et al. (2007).  

Vegetation layers including type, succession class (i.e., stand age), canopy 

cover and height, and canopy at base height (i.e. vertical cover) were acquired from 

Landscape Fire and Resource Management Planning databases (LandFire; 

www.landfire.gov, Accessed 20th February, 2015) for the study area (Table 3.2). Based 

on proposed ecological importance for BTD (e.g., Dasmann and Taber 1956, Wallmo 

1981) vegetation was reclassified into 7 distinct habitat categories: oak forest, oak 

shrub, conifer, grassland, riparian, non-oak shrub, and other (water, barren, developed 

upland forests and agricultural land). Conifer was used as the reference class for 

comparison among vegetation types, as it was the most abundant form of vegetation 

in both summer and winter ranges.  

http://www.gdem.aster.ersdac.or.jp/
http://onlinelibrary.wiley.com/doi/10.1890/ES14-00421.1/www.landfire.gov
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Table 3.2: Habitat covariates used in models to estimate habitat selection by 64 female black-tailed deer in the Mendocino National Forest, 

California, between 2004 and 2013. 

Variables Description Source Variable Type 

Topography    

Elevation (m) Elevation above sea level 
Global Digital elevation model 

(www.gdem.aster.ersdac.or.jp) 
Continuous 

Slope (%) Slope gradient 
Derived from DEM following Horn 

(1981) 
Continuous 

Cos aspect Cosine-transformed aspect (Northness) 
Derived from DEM following Horn 

(1981) 
Continuous 

Sine aspect Sine-transformed aspect (Eastness) 
Derived from DEM following Horn 

(1981) 
Continuous 

VRM Vector ruggedness Measure 
Derived from DEM following 

Sappington et al. (2007) 

Continuous 

 

    

file://///staff/Home/SCIFAC/bosesa/Thesis/final/print/www.gdem.aster.ersdac.or.jp
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Vegetation    

Type Complexes of plant communities  http://www.landfire.gov/ Categorical 

Succession class 
Current vegetation conditions with respect to species 

composition, cover, and height ranges of successional 

states within each biophysical setting 
http://www.landfire.gov/ Categorical 

Cover (%) 
Proportion of the forest floor covered by the vertical 

projection of the tree crowns 
http://www.landfire.gov/ Continuous 

Canopy height (m)  Average height of the top of the canopy http://www.landfire.gov/ Continuous 

Canopy at base 

height (m) 
 Average height from ground to a forest stand’s canopy 

bottom 
http://www.landfire.gov/ Continuous 

Edge density 

(m/m2) 
The total length of linear features per pixel 

Derived combining vegetation type, 

stream and track layers 
Continuous 

http://www.landfire.gov/
http://www.landfire.gov/
http://www.landfire.gov/
http://www.landfire.gov/
http://www.landfire.gov/


54 
 

Stand age is considered an important ecological covariate for most ungulates, 

including BTD, as younger forest stands generally provide opportunities for foraging, 

while older forest stands facilitate thermoregulation (Bunnell 1990). Successional 

classes included in the analysis were thus based on the age of the forest stands and 

broadly classified into 5 classes: regenerative or very young (0-19 years), young (20-

39 years), intermediate (40-79 years), mature (80-120 years), and old (> 120 years). A 

sixth class contained all other vegetation types (uncharacteristic native, exotic, barren, 

and water). Edge density was also used as a predictor variable in my analyses, where 

edge was defined as the interface between open (herbaceous, shrubs, grassland) and 

closed-canopy (forested) vegetation and between river/stream/road edges. The density 

of these linear features per pixel was calculated using Spatial Analyst density tools in 

ArcGIS 10.2. 

3.2.6 Statistical Analyses 

A use-availability design (Manly et al. 2002) was implemented to evaluate the 

influence of environmental variables on habitat selection by female BTD across 

seasons and activity states. For the behaviourally pooled data, hierarchical resource 

selection functions were considered at two scales: the landscape scale (second order 

selection) and within individual (seasonal) home ranges (third order selection; Johnson 

1980). Resource availability at the landscape scale was estimated by plotting 1,000 

random points per individual within the population range. Resource availability at the 

seasonal home range scale was estimated by drawing 1,000 random points from within 

each individual’s winter and summer MCP home range. The same set of random 

locations from within seasonal home ranges was used for the pooled and activity 

specific RSFs. I estimated RSFs using logistic regression of the form  



55 
 

g(x) = 𝑙𝑛⁡[
𝜋(𝑋)

1−𝜋(𝑥)
] = β0 + β1 x1ij + … + βnxnij + γ0j 

where, βn is the estimated coefficient for covariate xn , and γ0j is the random per-subject 

intercept (Gillies et al. 2006). This method effectively controls for variation due to 

unbalanced individual sampling (Gillies et al. 2006, Hebblewhite and Merrill 2008).  

My objectives were to understand how RSFs vary with scales and to compare 

pooled RSFs (across activity states) with activity specific RSFs (active and inactive) 

within home ranges. I thus chose to keep the number of competing models low and 

built a set of 3 a priori candidate models (Table 3.3).  

Table 3.3: Candidate models and respective number of parameters (K) used to 

determine habitat selection by 64 female black-tailed deer across activity states in the 

Mendocino National Forest, California, between 2004 and 2013. Models were fit to 

activity-specific and pooled location datasets at 2 spatial scales (landscape scale and 

home ranges scale). 

Name Candidate Model K 

1.Food1 

(interaction with early seral 

vegetation class) 

Elevation + cos(aspect) + sin(aspect) + edge 

density + vegetation type × S-class 1 + 

ruggedness + slope  

20 

2. Food2 

(interaction with early to 

mid-seral vegetation class) 

Elevation + cos(aspect) + sin(aspect) + edge 

density + vegetation type × S-class 2 + 

ruggedness + slope  

20 

3. Cover 

Elevation + cos(aspect) + sin(aspect) + edge 

density + vegetation type × S-class 5 + canopy 

cover + canopy at base height + slope 

17 

 

The candidate models were based on the hypothesis that deer will select for 

nutrient rich habitat (food models) while active (foraging), and for secure habitat 

(cover model) while inactive (resting/ruminating), and fitted models across all scales 

and states. I included topographic variables and vegetation types known to affect BTD 

http://link.springer.com/article/10.1007/s10980-011-9647-6
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2656.2010.01701.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2656.2010.01701.x/full
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habitat selection and varied forest stand age, cover and ruggedness to test between 

food and cover models. I tested for multicollinearity among the predictor variables 

used in each model and the variables with correlation coefficients ≥ 0.6 were not used 

together in any model (Graham 2003). As canopy height and canopy cover were 

correlated, only canopy cover and canopy at base height were retained in the cover 

model as proxy for thermal and security cover. All continuous variables were 

standardized to allow direct comparisons of parameter estimates. Generalized linear 

mixed models (GLMMs) were fitted using the library ‘lme4’ (Bates et al. 2015) in 

program R (R Development Core Team 2014). I used an information-theoretic 

approach based on Akaike's Information Criterion (AIC) (Burnham and Anderson 

2003) to identify the best performing models for the pooled and the two activity state 

datasets.  

I assessed model fit using a k-fold cross-validation method (Boyce et al. 

2002, Long et al. 2009b). The data were randomly partitioned by individuals within 

seasonal models to construct a training set (80% of data) and test set (20% of data). 

Model averaged estimates from the training models were then used to calculate 

predicted RSF values for the random locations. Subsequently, I ranked the random 

locations based on predicted values and binned them into 10 equal groups (Boyce et 

al. 2002). The fit was then quantified using the Spearman rank correlation coefficient 

based on the frequency of used points in each of 10 equal bins of predicted values 

(Boyce et al. 2002). 

3.3 Results 

A total of 168,599 GPS locations were retrieved via remote download or collar 

retrieval from 64 female BTD. Of 57,581 fixes from the 27 individuals fitted with 
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activity collars, 10% were classified active and 90% as inactive (Table 3.1). I excluded 

5,658 locations associated with elevational migrations from RSF models. Fix success 

rates averaged 83.81 ± 1.4% (mean ± SE) for all 64 individuals and 83.46 ± 1.56% for 

the 27 individuals with activity collars.  

3.3.1 Landscape Scale Selection 

Selection or avoidance of specific land-cover classes and landscape features by female 

BTD in the Mendocino National Forest changed with spatial scale, season and 

migration behaviour (Table 3.4). At the landscape scale, cover models performed 

better across seasons for migratory deer showing elevational movements, whereas for 

non-migratory deer, food models performed better (Table 3.5). Despite the coarse scale 

of selection, migratory BTD showed difference in seasonal selection patterns towards 

more localized habitat characteristics (Tables 3.4 and 3.6). During summer, habitat 

selection by migratory BTD at the landscape level was driven by higher elevation (β 

= 2.092; CI: 2.060-2.124), eastern aspects (β = 0.060; CI: 0.042-0.077), oak forests (β 

= 0.542; CI: 0.422-0.663) (Figure 3.2), and gentler slopes (β = -0.534; CI: -0.554- (-

)0.514). During winter, habitat selection by migratory BTD was associated with lower 

elevation (β = -1.024; CI: -1.046- (-)1.001), sheltered western aspects (β = -0.473; CI: 

-0.490 - (-)0.456) and old oak forests (β = 2.049; CI: 1.935-2.164) (Figure 3.2). Non-

migratory BTD selected for higher elevations (β = 1.069; CI: 1.028-1.111), southern 

and western aspects (cos β = -0.007; CI: -0.043-0.028; sin β = - 0.225; CI: -0.258- (-

)0.192) with gentler slopes (β = -0.042; CI: -0.073- (-)0.012) and regenerative forest 

stands (β = 0.598; CI: 0.453-0.743) year-round (Figure 3.2). 
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Table 3.4: Summary of significance level of estimated parameters of all models. If a p-value is less than 0.1 it is flagged with one dot (.). If a p-

value is less than 0.05 it is flagged with one star (*). If a p-value is less than 0.01 it is flagged with two stars (**). If a p-value is less than 0.001 it 

is flagged with three stars (***).The colour green or red denotes the slope of selection; green for positive slope and red for negative slope of 

selection. The shaded column signifies the best models. 
 

Type Covariates Summer Winter Non-migratory 

  Landscape 
Home 

range Active Inactive Landscape 
Home 

Range 
Active Inactive Landscape 

Home 

Range 
Active Inactive 

Food 1 

Elevation *** *** *** *** *** *** *** *** *** *** *** *** 

Cos Aspect (N) *** *** *** *** ***     *** *** *** 

Sin Aspect (E) *** *** *** *** *** *** *** *** *** *** *** ** 

Slope *** * *  *** *** *** *** ** *** ** *** 

Ruggedness *** *** *** *** *** *** *** *** *** *** *** *** 

Edge density *** *** *** *** *** *** *** *** *** ***  *** 

Oak Forest *** *** . *** *** *** *** *** **   *** 

Oak Shrub *** *** * *** *** *** *** *** *** **   

Grassland  *   *** *** *** *** *** *** *  

Riparian *** ***  * ** ***  *** *** *** *** *** 

Shrub *** *** *** *** *** *** *** ***  .   
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Other *** *** *** *** *** *** *** *** *** *** *** *** 

S-class1 *** ***  *** *** *** *** *** *** ***  *** 

Oak Forest×1   *   *     *  

Oak Shrub×1    *** *** *** *** ** *** **   

Grassland×1 * *** * * *** *** *** *** *** ***   

Riparian×1             

Shrub×1 *** ***  *** *** *** *** *** .   . 

Other×1 *** *** *** *** *** *** ** *** ** *   

Food2 

Elevation *** *** *** *** *** *** *** *** *** *** *** *** 

Cos Aspect (N) *** *** *** *** ***     *** *** *** 

Sin Aspect (E) *** *** *** *** *** *** *** *** *** *** *** ** 

Slope ***  **  *** *** *** *** ** *** ** *** 

Ruggedness *** *** *** *** *** *** *** *** *** *** *** *** 

Edge density *** *** *** *** *** *** *** *** *** ***  *** 

Oak Forest *** *** * *** *** *** *** *** *   *** 

Oak Shrub *** ***  *** *** *** *** ***     
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Grassland *** *** *** *** *** *** *** *** *** *** *** *** 

Riparian *** **   *** ***  *** ** *** *** * 

Shrub *** *** *** *** *** *** *** *** *** ***  ** 

Other *** *** *** *** *** *** *** *** *** *** *** *** 

S-class2 *** *** *** *** ***   .  *   

Oak Forest×2  . *  *** ***  *** ***    

Oak Shrub×2  *** ***  ***  *** *  *  * 

Grassland×2 *** *** ** *** *** * **  .   * 

Riparian×2     *** ***  * .  **  

Shrub×2 *** ** .  ** ***   *** *   

Other×2             

Cover 

Elevation *** *** *** *** *** *** *** *** *** *** *** *** 

Cos Aspect (N) *** *** *** *** ***    ** ***  *** 

Sin Aspect (E) *** *** *** *** *** *** *** *** *** *** *** *** 

Slope *** ***  * ** ***  *** *** ***  *** 

Canopy cover *** *** *** *** *** ***  ***  *** *** *** 
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Canopy at base 

height *** *** .  *** *** *** ***  * ***  

Edge density *** *** *** *** *** *** *** *** *** ***  *** 

Oak Forest *** ***  *** *** *** *** ** **  * * 

Oak Shrub  **  *** * *** *** ***  ** ***  

Grassland ***  **  *** *** *** *** *** *** *** *** 

Riparian *** **  * *** *** . *** * *** *** * 

Shrub *** ***  ** ***  *** *** *** *** ***  

Other ** *** *** *** *** *** *** *** *** *** *** *** 

S-class5 *** *** *** * *** *** *** *** *** *** **  

Oak Forest×5  **   ***  ** *** *** *** **  

Oak Shrub×5             

Grassland×5             

Riparian×5             

Shrub×5             

Other×5             
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Table 3.5: Habitat selection model results for migratory and non-migratory female 

black-tailed deer in the Mendocino National forest, California, 2004-2013. Results are 

shown for 2 spatial scales (landscape scale and home range scale) and 2 activity states 

(active and inactive). Selection for migratory deer further delineated for 2 distinct 

seasons (summer and winter) based on observed elevational migrations. 

Type Scale/State Model Ka AICb ∆AIC wi
c rs

d 

Migratory: 

Summer 

Landscape 

Cover 17 90174.97 0 1 0.85 

Food2 20 90632.00 457.03 0 0.88 

Food1 20 90666.97 492 0 0.87 

Home 

Range 

Cover 17 89097.71 0 1 0.81 

Food1 20 89244.75 147.04 0 0.83 

Food2 20 89441.00 343.29 0 0.84 

Active 

Food2 20 8629.13 0 0.98 0.74 

Food1 20 8637.01 7.884 0.02 0.73 

Cover 17 8684.73 55.602 0 0.71 

Inactive 

Cover 17 31779.40 0 1 0.76 

Food1 20 31809.66 30.26 0 0.73 

Food2 20 31889.94 110.54 0 0.75 

Migratory: 

Winter 

Landscape 

Cover 17 99490.38 0 1 0.84 

Food1 20 100131.64 641.26 0 0.86 

Food2 20 100361.58 871.2 0 0.83 

Home 

Range 

Food1 20 94970.36 0 1 0.92 

Food2 20 95069.14 98.78 0 0.9 

Cover 17 95481.09 510.73 0 0.87 
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Active 

Food1 20 9718.86 0 1 0.78 

Food2 20 9812.30 93.44 0 0.75 

Cover 17 10105.04 386.18 0 0.76 

Inactive 

Cover 17 36133.37 0 1 0.77 

Food1 20 37040.42 907.05 0 0.78 

Food2 20 37153.33 1019.96 0 0.76 

Non-

migratory 

Landscape 

Food1 20 30971.16 0 1 0.81 

Food2 20 31110.25 139.09 0 0.83 

Cover 17 31488.34 517.18 0 0.79 

Home 

Range 

Food1 20 35812.45 0 1 0.78 

Food2 20 35875.20 61.19 0 0.78 

Cover 17 35936.39 123.94 0 0.76 

Active 

Cover 17 3246.24 0 1 - 

Food2 20 3462.44 216.203 0 - 

Food1 20 3469.22 222.981 0 - 

Inactive 

Food1 20 10457.50 0 1 - 

Food2 20 10477.02 19.52 0 - 

Cover 17 10548.13 90.63 0 - 

aK = estimated number of parameters.  
bAIC = Akaike's Information Criterion 
cwi = AIC weight 
drs = Spearman-rank correlation
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Table 3.6: Coefficient estimates (β) from the top pooled (landscape and home range scale) and state-specific (active and inactive) resource selection 

function models for migratory and non-migratory female black-tailed deer in the Mendocino National Forest, California, between 2004 and 2013. 

Selection for migratory deer further delineated for 2 distinct seasons (summer and winter) based on observed elevational migrations. 

 

Covariates 

Migratory Summer Migratory Winter Non-migratory 

Landscape 

Scale 

Home-

range 

Scale 
Active Inactive 

Landscape 

Scale 

Home-

range 

Scale 
Active Inactive 

Landscape 

Scale 

Home-

range 

Scale 
Active Inactive 

Elevation 2.092 3.431 3.333 3.107 -1.024 -1.748 -1.459 -1.583 1.069 0.910 1.933 1.001 

Cos Aspect (N) -0.147 -0.316 -0.590 -0.419 0.172 0.008 -0.018 0.000 -0.007 -0.181 0.059 -0.283 

Sin Aspect (E) 0.060 0.205 0.185 0.161 -0.473 -0.156 -0.416 -0.324 -0.225 0.119 -0.443 -0.085 

Slope -0.534 0.070 -0.106 0.033 0.023 0.183 0.315 0.237 -0.042 0.723 0.030 0.184 

Ruggedness   -0.304   -0.328 -0.614  -0.409 -0.216  -0.270 

Canopy Cover -0.545 -0.480  -0.350 -0.492   0.746   1.126  

Canopy at Base Height -0.110 0.093  -0.030 -0.099   -0.136   -0.519  

Edge Density 0.226 1.015 0.308 0.463 -0.160 -0.489 0.423 -0.206 0.976 0.325 0.108 -2.497 

Oak Forest 0.542 0.372 0.518 0.509 0.369 0.346 0.483 0.154 -0.178 0.078 0.801 0.548 
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Oak Shrub -0.196 0.382 0.858 1.044 0.140 0.879 1.601 2.484 0.685 0.624 3.099 0.297 

Grassland -0.369 -0.024 0.917 0.051 0.281 1.723 2.551 2.034 1.577 1.223 2.323 0.212 

Riparian -0.949 -0.438 0.203 -0.749 -1.273 -0.777 0.061 -1.663 1.232 1.257 3.947 1.070 

Shrub -0.535 -0.337 0.469 -0.169 -0.230 0.441 1.164 1.655 -0.026 0.158 1.621 0.155 

Other 0.110 0.501 1.254 0.575 0.376 1.430 1.964 2.433 1.192 1.356 2.307 1.125 

S-class  -0.227 0.339 0.746 0.151 -0.796 0.312 0.763 0.440 0.598 0.512 -3.412 0.686 

Oak Forest × S-class 0.143 -0.351 -1.051 -0.016 2.049 -0.282 -0.298 0.900 0.459 -0.354 3.914 -0.588 

Oak Shrub × S-class   5.288   -0.328 1.192  -3.363 -2.483  -12.147 

Grassland × S-class   
-2.111  

 
-0.891 -2.512  -1.194 -0.673 

 
0.031 

Riparian × S-class   
-0.402  

 
  

 
  

 
 

Shrub × S-class   
-0.667  

 
-0.568 -0.925 

 
0.221 -0.075 

 
-0.499 

Other × S-class   
  

 
-1.871 -1.766 

 
-1.212 -0.787 

 
-0.971 
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Figure 3.2: Selection indices for forest age (succession classes: S-class1 = very young, S-class2 = young and S-class5 = old) as well as oak forests 

and their interactions, based on standardized parameter estimates obtained from hierarchical resource selection function models for female black-

tailed deer in Mendocino National Forest, California, between 2004 and 2013. Selection indices were estimated by season (summer and winter) 

for migratory deer, and pooled locations across year for non-migratory deer (no seasonality or NS) and show how selection differed among the 

models pooled across activity states (landscape and home range scale) and activity specific models (active and inactive state). Error bars represent 

95% confidence intervals and asterisks show significant parameter estimates.
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3.3.2 Home-range Scale Selection 

 

At the home-range scale, BTD exhibited pronounced changes between seasons in 

overall habitat selection for a number of variables (Table 3.4). In summer, migratory 

BTD selected for old forest stands (β = 0.339; CI: 0.254-0.424), oak forests (β = 0.372; 

CI: 0.275-0.470) (Figure 3.2) and oak shrubs (β = 0.382; CI: 0.110-0.653). They also 

selected for significantly higher edge density (β = 1.015; CI: 0.982-1.048) and south-

east and east-facing slopes (cos β = -0.316; CI: -0.344- (-)0.288; sin β = 0.205; CI: 

0.187-0.223). In winter, migratory BTD mostly selected for western aspects (β = -

0.156; CI: -0.175- (-)0.138) with regenerative age classes (β = 0.312; CI: 0.204-0.421) 

(Figure 3.2) and open vegetation including oak shrub (β = 0.879; CI: 0.760-0.999) and 

grassland (β = 1.723 CI: 1.596-1.851). Habitat selection by non-migratory deer 

approximated selection patterns of migratory deer exhibited during winter but with a 

greater affinity for higher elevation (β = 0.910; CI: 0.861-0.958) and south and east 

facing slopes (cos β = -0.181; CI: -0.228- (-)0.134; sin β = 0.119; CI: 0.075-0.163). 

The selection for flatter and less complex terrain were consistent across seasons for 

both migratory and non-migratory BTD (Tables 3.4 and 3.6).  

3.3.3 Habitat Selection and Activity States 

At the home range scale, habitat selection by female BTD varied with activity state 

(active vs. inactive; Tables 3.4, 3.5 and 3.6). The selection patterns for habitat 

covariates including slope, edge density and vegetation types differed markedly 

between the state-specific and pooled models (Figure 3.3).
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Figure 3.3: Predicted probability of selection for elevation, aspect (eastness), slope, edge density, canopy cover and canopy at base height as a 

function of seasons (summer and winter) and activity states (locations pooled across activity states, active, and inactive). Results based on 

hierarchical resource selection function models at the home range scale using location data from female black-tailed deer in the Mendocino National 

Forest, California, collared between 2004 and 2013. Note that for canopy at base height negative slope of selection indicates selection for hiding 

cover or canopy cover closer to the ground.
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In summer, the patterns of selection for land-use and land cover types across 

activity states mostly differed in strength (i.e. slope of the curve) and significance but 

did not affect selection patterns (Figure 3.3; Tables 3.4 and 3.6). However, there was 

a difference in selection of the age class of habitats between activity states. When 

active, migratory BTD commonly selected oak forests (β = 0.518; CI: 0.075-0.961) 

and oak shrubs in young age classes (β = 5.288; CI: 2.876-7.700) (Figure 3.2) and 

preferred gentle slopes (β = -0.106; CI: -0.177- (-)0.035) with south to south-east 

facing aspects (cos β = -0.590; CI: -0.653- (-)0.527; sin β = 0.185; CI: 0.123- 0.247) 

and flat terrain (β = -0.304; CI: -0.372- (-)0.237). In contrast, migratory BTD showed 

clear preference for old forest stands (β = 0.151; CI: 0.022-0.281) (Figure 3.2) and 

steeper slopes (β = 0.033; CI: -0.001- 0.068) when inactive. BTD selected for open-

canopy forests in summer, independent of their activity state (Tables 3.4 and 3.6). BTD 

were also close to edges during both active and inactive states (Tables 3.4 and 3.6). 

In winter, patterns of selection changed markedly with activity states. When 

active, migratory BTD selected for regenerative forest stands (β = 0.763; CI: 0.339-

1.186) (Figure 3.2) with preference for younger oak shrubs (β = 1.192; CI: 0.568-

1.817) and open vegetation including grasslands (β = 2.551; CI: 2.147-2.955) and 

shrubs (β = 1.164; CI: 0.934-1.393). When resting, BTD selected for vegetation and 

cover types providing thermal cover, and showed significant preference for old forests 

stands (β = 0.440; CI: 0.254-0.627) especially old oak forests (β = 0.900; CI: 0.661-

1.139) (Figure 3.2) and dense canopy cover (β = 0.746; CI: 0.708-0.784). In addition 

to choosing dense canopy forest, individuals also selected for areas with vertical cover 

(β = -0.136; CI: -0.173- (-)0.099). Female BTD switched from selecting habitats close 

to edges (β = 0.423; CI: 0.271-0.576) when active to more sheltered habitats (β = -
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0.206; CI: -0.263- (-)0.148) when inactive. Parameter estimates for slope across both 

states showed a consistent preference for steeper slopes in winter (Figure 3.3; Table 

3.4 and 3.6). 

Non-migratory BTD selected for habitat with dense canopy (β = 1.126; CI: 

0.971-1.281), good vertical cover (β = -0.519; CI: -0.808- (-)0.229) and old oak forests 

(β = 3.914; CI: 0.978-6.850) (Figure 3.2) when active. When inactive, non-migratory 

BTD showed contrasting selection patterns towards physical features like aspect 

(Tables 3.4 and 3.6) and preferred locations away from edges (β = -2.497; CI: -2.628- 

(-)2.367) inside regenerating forests (β = 0.686; CI: 0.424-0.947) (Figure 3.2). 

The top-ranked resource selection models provided good to medium fit to the 

data using k-fold cross-validation tested with the Spearman rank correlation 

coefficient (rs ≥ 0.71, P < 0.05) for all models (Tables 3.4). However, I could not test 

the fit of activity specific models for the non-migratory deer due to low sample size (n 

= 5). 

3.4 Discussion 

My results support the hypotheses that: 1) patterns of habitat selection by BTD in the 

study area are scale dependent (Senft et al. 1987, Gaillard et al. 2010) and that 2) fine-

scale habitat selection is affected by the variation in selection between activity states 

(Roever et al. 2014). Selection of habitats was dependent upon availability on the 

landscape and spatial heterogeneity. At the landscape scale, habitat selection by female 

BTD varied between summer and winter, and was mostly explained by differences in 

elevation, terrain, and vegetation. However, within their seasonal home ranges, BTD 

selected habitats that varied according to their specific activity states. For instance, 

during summer deer preferred oak communities and gentle slopes when active and 
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mature conifer forests and steeper slopes when inactive. During winter, deer primarily 

used oak and other shrub communities when active, and old forests when inactive. 

During both seasons, deer thus selected for apparently secure habitat when inactive, 

likely to minimise risk of predation. 

Comparing models that included information about the activity state of 

individuals to pooled models influenced conclusions regarding the selection of 

ecological covariates including edge density, slope, canopy cover and forest age during 

both summer and winter. These habitat characteristics are central to our understanding 

of ungulate ecology, and accurate understanding of selection of these habitat types 

provided insight into key habitat characteristics that are used for short but critical 

foraging periods. These results are also likely indicative of fine-scale trade-offs 

between meeting energetic requirements while spending as little time as possible 

foraging in habitats with high vulnerability to predation (Pierce et al. 2004). The results 

thus offer important understanding for testing ecological theory and the effective 

management of ungulates in multi-use landscapes.  

Topographic variables including elevation, slope, and aspect are primary 

determinants of broad-scale distribution patterns for BTD (Bunnell 1990, Bailey et al. 

1996). They play a significant role in habitat selection in BTD, as individuals attempt 

to balance the energetic costs of foraging and thermal regulation in often rugged 

elevated terrain (Bunnell 1990). Consistent with previous habitat selection studies 

(Bunnell 1990, Gillingham 2004), I found BTD to select for relatively high elevation, 

south and southeast facing aspects at the landscape scale in summer, likely as a 

consequence of early green-up of forage in these habitats (Xie et al. 2015). In winter, 

BTD descended to lower elevations and selected the warmer, western aspects. Due to 
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the low interspersion of these variables in space, and very small home ranges of the 

study individuals (Forrester et al. 2015), the pattern of selection remained consistent 

across all hierarchical scales. Selection patterns for slope by BTD, however, showed 

opposing patterns across activity states that affected the outcome of the pooled models 

at the home range scale. The pooled summer model detected positive selection of 

individuals towards steeper slopes which contradicts predictions based on optimal 

foraging theory (Krebs 1980, Bergman et al. 2001). Substantially higher energetic 

costs of locomotion would be incurred when traversing steep slopes and consistent use 

of steeper terrain within their home ranges could significantly increase the energy 

expended on movement during each foraging bout (Parker et al. 1984). When I 

considered selection based on active and inactive states, I found that individuals only 

selected for steeper slopes during inactive states while resting, likely as an effective 

anti-predator strategy (Riley and Dood 1984, Apps et al. 2013). During active states 

individuals selected for gentler slopes, consistent with optimal foraging theory. These 

results illustrate how considering activity state can correctly identify the use of 

important habitat types while pooled models may lead to erroneous inferences.  

Canopy cover is an important determinant for habitat selection in many 

ungulates and influences vital factors like thermoregulation, concealment and forage 

(Bunnell 1990, Mysterud and Ostbye 1999). A forest stand with dense canopy can 

reduce energetic costs of thermoregulation by providing shade, but often has reduced 

quantity of available browse (Lorimer et al.1994, Frost et al. 1997). Canopy closer to 

ground, can provide better quality browse and concealment (Bunnell 1990, Camp et 

al. 2013), but can also conceal predators (Camp et al. 2013). Thus, the selection 

towards cover exemplifies energetics vs. fitness trade-offs (Mysterud and Ostbye 

1999). As expected due to temporal shift in trade-offs, I found selection towards 
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vertical and canopy cover to vary across seasons and activity states. In summer, female 

BTD chose areas with better visibility within their home ranges and avoided areas with 

dense canopy cover across activity states (Figure 3.3). In winter, BTD consistently 

selected for canopies closer to ground, but only selected for dense canopy cover when 

inactive. I hypothesize that due to higher predation risks during summer (Allen et al. 

2014) BTD preferred higher, open areas without dense, concealing vegetation as it 

provided visual advantage over predators (Smith at al. 1986) while foraging and 

resting. Conversely, during winter months, when pumas in the study area suffered less 

kleptoparasitism from black bears (Elbroch et al. 2014), kill rates of BTD were lower 

(Allen et al. 2014), and need for quality forage and thermal cover outweighed 

predation risk. Hence, deer in my study area chose canopies closer to ground which 

provide them with sufficient forage and security cover when active and dense canopy 

cover provide thermal cover when resting (Bunnell 1990, Mysterud and Ostbye 1999). 

BTD are known to select edge habitats (Chang et al.1995, Doerr et al. 2005) as 

individuals can utilize relatively high quality forage in these habitats, while being close 

to protective cover (Leopold 1933). However, in the pooled winter model for resource 

selection at home range scale I observed clear avoidance towards edge density unlike 

some previous studies (Hanley 1983, Kremsater and Bunnell 1992, Kie et al. 2002). 

The result was particularly notable as selection towards dense canopy cover away from 

the edges implies selection of areas with poor understory growth and low browse 

availability (Lorimer et al.1994). I expected activity state to influence these results and 

indeed found that during active states, BTD showed strong positive selection towards 

high edge density, whereas significant avoidance was observed during inactive states. 

In winter, BTD spend more time ruminating as available forage has higher lignin 

content and takes longer to digest (Bunnell 1990). During the longer resting period, 
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the energy saved by thermoregulation in a covered habitat offsets the energy needed 

to travel to cover. I thus observed a clear switch from habitat near edges while foraging 

to habitat away from edges during resting periods in winter. Given that deer spend less 

time actively foraging during winter (Bunnell 1990), the selection pattern of 

proportionately larger number of inactive used locations was thus reflected in the 

pooled model, leading to an erroneous conclusion for an important ecological 

covariate. 

Previous studies on ungulates have shown the importance of both quality and 

quantity of forage on reproduction (Taillon et al. 2006), growth (Fryxell 1991) and 

survival (Forrester et al. 2015). BTD at higher latitudes generally prefer herbaceous 

vegetation and other high energy forage when available, due to their higher energy 

content (Bunnell and Gillingham 1985, Cook et al. 2016). As nutrient content and 

digestibility of the plant parts vary with season (Maufette and Oechel 1989; Salminen 

et al. 2004) and age (van Soest 1994), I tried to determine if the activity state of BTD 

affected selection of the age classes of particular vegetation types. In summer, I found 

deer selected nutrient rich, young oak shrubs and oak forest during active states, 

consistent with previous studies (Dasmann and Taber 1956, Forrester et al. 2015). 

However, BTD selected for old coniferous forest when inactive as it provided optimal 

shade from higher ambient temperatures (Renaud et al. 2011, Bobek et al. 2016). In 

winter, I suspect female BTD preferred regenerating oak shrub and coniferous forest 

to get maximum nutrition from their forage, and chose mature oak forest with 

understory growth during inactive state for better thermal and security cover (Bowyer 

and Kie 2009). As expected, the pooled models failed to identify the variation in 

selection towards age specific vegetation types with changing activity states (Figure 

3.2). The misidentification and non-detection of BTD selection of specific vegetation 
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types and age classes are of particular concern in managed landscapes such as National 

Forests, where large-scale habitat conversion (e.g., logging and grazing) may result in 

homogenous habitats. Homogeneous habitat will likely not meet all requirements for 

individual BTD, thus prompting individuals to venture out of their familiar home-

ranges and increase the risk of mortality (Forrester et al. 2015). 

The results from this chapter support the findings from a small, but rapidly 

growing body of literature (Ager et al. 2003, Godvik et al. 2009, Roever et al. 2014) 

that highlight the importance of considering activity states and behaviour when 

determining habitat selection. This study clearly demonstrates the shortcomings of 

making assumptions on habitat use from resource selection models based on pooled 

data across activity states. As observed by Roever et al. (2014), I found the assessment 

of the importance of habitat covariates based on strength of selection from the pooled 

model to be inaccurate and sometimes misleading. I also observed opposing selection 

patterns between activity states for parameters that are highly interspersed in space. 

This frequently led to misidentification of selection patterns for important ecological 

covariates in the pooled model. I suggest that this may have arisen from the high-

frequency feeding-resting-feeding cycles of ruminants, such as BTD, leading to 

pronounced differences in selection patterns across different activity states in a very 

short period of time. Ungulates have evolved strategies to minimize foraging time 

(rumination, selecting high quality forage), and to accurately test prediction of 

foraging and energetic theory it is important to use selection models that measure 

selection for all activity states. Further use of these models have the potential to 

generate insight into the consumptive and non-consumptive effects of both predation 

risk and competition as we can measure selection differences related to activity state. 
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Abstract  

Availability of forage and predator avoidance are traditionally considered as primary 

drivers of animal movements. Efficient movement choices that reflect trade-offs 

between forage and risk have thus been long acknowledged as the adaptive mechanism 

to optimise energy intake that ultimately increase individual fitness. Recent advances 

in animal ecology have identified more fundamental mechanisms like memory and 

familiarity as integral parameters in driving animal movements, although very few 

studies have examined the variation in risk-forage trade-offs with varying spatial 

familiarity. In this study, I used a movement model to examine how spatial familiarity 

affects risk-forage trade-off in a medium-sized ungulate while navigating a 

heterogeneous landscape. Specifically, I used step selection functions to assess how 

productivity (normalized difference vegetation Index; NDVI), predation risk, and 

vegetation type feature in movement step selection with respect to familiarity and time 

of the day from 64 GPS-collared female black-tailed deer (BTD, Odocoileus hemionus 

columbianus) in Mendocino National Forest, California. The analyses revealed that 

the movements of female BTD are directed towards areas with lower NDVI and lower 

probability of being killed by pumas (Puma concolor). However, on inclusion of 

familiarity in the model, BTD showed a positive selection towards NDVI and risk in 

highly familiar areas. The selection towards risk and NDVI also varied with vegetation 

type as BTD selected higher NDVI and risk in open vegetation type such as grassland. 

Time of day had a strong influence over selection of familiar areas. At night time and 

at dawn, BTD selected areas with higher familiarity and during the day BTD stepped 

out into areas with lower spatial familiarity. Combined, the analyses demonstrate that 

familiarity affects the trade-off pattern of an ungulate in a heterogeneous landscape 

and the complex nature of trade-offs is likely an adaptive response to avoid predation 
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by an ambush nocturnal predator like puma, their only predator in the study area. 

Understanding the antipredator responses and effect of site familiarity on habitat 

selection of an ungulate in a heterogeneous landscape is critical to understand how 

prey species balance trade-off across multiple levels of selection to improve fitness. 

Such knowledge is crucial to the study of distribution and population dynamics of the 

species, and can help direct conservation and wildlife management efforts with greater 

efficiency.  
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4.1 Introduction 

Understanding the causes and consequences of movements are primary (Nathan et al. 

2008) and long-standing (Elton 1950) paradigms in animal ecology. Animals move to 

access spatially (i.e., clumped) and temporally dispersed resources (Johnson et al. 

2002a, Fryxell et al. 2004); to avoid predators (Fortin et al. 2005); to mitigate negative 

effects from intra- and interspecific competition (Greenwood 1980, Stewart et al. 2002, 

Debeffe et al. 2012); and to locate conspecifics for mating and other social interactions 

(Greenwood 1980, Guttal and Couzin 2010). The ability to move across space thus 

enhances individual fitness and survival, and poor movement choices increase the risk 

of mortality (Mennechez et al. 2004). Given the often significant energetic costs 

associated with movements (Parker et al. 1984, Johnson et al. 2002b), animals need to 

carefully balance the potential costs and benefits associated with movements (Fahrig 

2007) to maximize overall fitness.  

Access to forage and avoidance of predators are the two most important factors 

that drive movement choices in prey species (Schoener 1971, Mangel and Clark 1986, 

Fryxell 1995, Frair et al. 2005) and influence fitness in fundamentally different ways. 

While access to forage exerts a direct positive effect on the fitness of an individual 

(e.g., Newman et al. 1995), presence of predators imposes both direct and indirect 

fitness costs on the prey (Lima 2002, Sih 2005). Mortality resulting from successful 

predation is the lethal and direct cost on an individual’s fitness. But the more complex 

and indirect cost of presence of a predator is the perceived sense of risk (i.e., landscape 

of fear; Laundré et al. 2001) that affects most aspect of prey ecology (Thomson et al. 

2006, Laundré et al. 2010). Behaviourally complex prey species inhabiting the 
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landscape of fear adjust their space use according to the spatial and temporal variation 

in actual and perceived predation risk (Lima and Dill 1990, Cresswell 2008, Willems 

and Hill 2009). For example, previous studies have shown that prey species retreat to 

relatively safe habitats when predators are active (Bergerud et al. 1983, Formanowicz 

and Bobka 1989, Blumstein and Daniel 2002), and show increased movement and an 

increase in foraging time in more risky habitats when the predators are less active (Sih 

and McCarthy 2002, McCain 2008, Valeix et al. 2009). 

Recent empirical and theoretical studies have recognized the importance of 

cognition and spatial memory to understand how animals navigate heterogeneous 

landscapes (Nathan et al. 2008, van Moorter et al. 2009b, Boyer and Walsh 2010, 

Fagan et al. 2013, Moorter et al. 2013, Merkle et al. 2014). Results from these studies 

suggest that when prey is familiar with site-specific resources and mortality risks 

(experience gained through site fidelity; Wolf et al. 2009), the optimal space use 

strategy to maximize individual fitness remains movement-directed towards richer 

food patches (Mitchell and Lima 2002). This implies that in a familiar area, prey 

species are more likely to revisit profitable foraging locations even in high-risk areas, 

as the spatial memory of resources and physical habitat features enable a higher chance 

to escape predators (Clarke et al. 1993). Thus, with access to better quality forage and 

greater chance of escaping predators, the fitness of prey species is likely to improve 

with increasing spatial familiarity (Fagan et al. 2013, Forrester et al. 2015).  

Despite the recognition that spatial familiarity may influence overall fitness of 

prey species by altering patterns of space use by animals, very few studies have 

investigated the effect of familiarity on movement choices for large, free ranging 

herbivores (Wolf et al. 2009, van Beest et al. 2011). The paucity of studies is primarily 

http://onlinelibrary.wiley.com/doi/10.1890/05-0032/full
http://onlinelibrary.wiley.com/doi/10.1890/05-0032/full
http://onlinelibrary.wiley.com/doi/10.1890/05-0032/full
http://onlinelibrary.wiley.com/doi/10.1890/05-0032/full
http://onlinelibrary.wiley.com/doi/10.1890/05-0032/full
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due to the difficulties in acquiring long-term location data with sufficient accuracy and 

intensity to quantify familiarity of free ranging ungulates, which move across a mosaic 

of habitats. However, recent advancements in GPS technology enable collection of 

long-term location data with high accuracy at appropriate temporal and spatial scales 

(Hebblewhite and Haydon 2010). Efforts to use these data to understand the underlying 

mechanisms of movements and the role of spatial memory have also proven 

challenging due to numerous methodological difficulties. However, recent modelling 

techniques of time-series data have increasingly helped to unravel activity patterns 

(Boyce et al. 2010) and thus the complex behavioural motivation behind animal space-

use (e.g., Gautestad et al. 2013).  

Based on high-resolution location data from 64 GPS-collared female black-

tailed deer (BTD; Odocoileus hemionus columbianus) in northern California, I 

examined how spatial familiarity and time of day may enable deer to navigate complex 

landscape of fear from puma (Puma concolor) predation. I expected (i) BTD to select 

areas with lower risk of puma predation and better forage availability, reflecting a 

trade-off between food acquisitions and minimizing predation risk with variation in 

spatial familiarity. Moreover, because of seasonal variation in physiological conditions 

of female BTD, plant phenology and predation risk, I predicted (ii) BTD to show 

difference in trade-off pattern between summer and winter. I also expected (iii) the use 

of familiar areas to vary with the time of the day, with BTD being more willing to 

venture into risky areas when pumas were less active. Lastly, as the resource selection 

patterns of the monitored migratory and non-migratory individuals were largely 

different at both landscape scale and home range scale (see Chapter 3), I expected (iv) 

migratory and non-migratory BTD to have different risk–forage trade-off strategies 

too. 
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4.2 Materials and Methods 

4.2.1. Study area 

The Mendocino National Forest is located in north-western California and covers 

3,696 km2 along the inner North Coast Ranges (Figure 4.1).  

 

Figure 4.1: Location of the study area in the Mendocino National Forest, California, 

including 2 main ridges (M1 and FH7) and 3 main watersheds. The individual tracks 

show movement pathway of each of 64 GPS collared adult female black-tailed deer 

monitored between 2004 and 2013. 

 

The study occurred completely within the National Forest boundaries and 

covered approximately 1,000 km2. The study area was bisected by two major ridges 

(M1 and FH7) and three main watersheds. Elevations in the study area range from 300 
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m to 2,500 m asl. Terrain is highly variable from flat valley bottoms to steep and 

rugged slopes at higher elevations except on ridge tops.  

In the study area, average daily temperatures range from approximately 5°C 

during winter to 17°C in summer (Mendocino Pass weather station; 

http://www.ncdc.noaa.gov/cdo-web, Accessed 9th September, 2014). During the study, 

temperatures reached extremes of -11.5°C and 45.5°C. Annual precipitation over the 

study period averaged 148.8 cm. Precipitation is typically highly seasonal, with about 

85% of the precipitation occurring from October through April. Snow cover is 

generally limited to elevations >1,000 m and is irregular, particularly during dry 

winters. 

The study area is characterised by diverse vegetation types which vary with 

elevation and aspect. Oak woodlands (Quercus spp., Aesculus californicus, 

Arctostaphylos spp.), chaparral (Ceanothus spp., Adenostoma fasciculatum), and 

grasslands (Bromus spp., Avena spp.) dominate lower elevations and southerly slopes, 

while mixed-coniferous hardwood forests (Pinus ponderosa, P. iambertiana, Abies 

concolor, A. magnifica, Pseudotsuga menziesii, Arbutus menziesii, Quercus spp.) 

dominate higher elevations and northerly slopes. There is relatively little current 

anthropogenic disturbance in the area. Road access is limited to dirt roads, and 

recreational activities focus on several campgrounds, mostly at mid and high 

elevations. Domestic cattle (Bos taurus) grazing occurred every year at low intensity 

from May up to the second weekend of September when a buck only deer hunting 

season started. Past logging and more intensive cattle grazing have created a mosaic 

of even-aged conifers with occasional mature timber stands and openings dominated 

by non-native grasses, particularly at lower elevations. 

http://www.ncdc.noaa.gov/cdo-web
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BTD were the only ungulate in the study area present year-around. Adult BTD 

were preyed upon almost entirely by pumas (Allen et al. 2014, Marescot et al. 2015). 

Pumas, American black bears (Ursus americanus), coyotes (Canis latrans) and 

bobcats (Lynx rufus) all preyed on BTD fawns (Marescot et al. 2015). Other ungulates 

in the study area included non-native wild pigs (Sus scrofa) at lower elevations and 

seasonally abundant domestic cattle. Tule elk (Cervus elaphus nannodes) were 

observed migrating through the study area, but had no established populations inside 

the study area.  

4.2.2. Capture and monitoring 

A total of 84 adult female BTD (≥ 1 year old) were captured using free range darting 

primarily while driving along the M1 and FH7 ridges at high elevations. Detailed 

capture and handling procedures are described in Casady and Allen (2013) and were 

approved by both the Wildlife Investigations Laboratory of the California Department 

of Fish and Wildlife, and the Institutional Animal Care and Use Committee at the 

University of California, Davis (Protocols 15341 and 16886). Captures occurred 

between September 2004 and August 2013 with no deer captured or monitored 

between September 2008 and June 2009. 

Anaesthetized deer were fitted with numbered ear tags and motion-sensitive, 

store-on-board GPS collars (Telonics, Mesa Arizona, USA and models 3300 and 

4400M, Lotek Wireless, Inc., Newmarket, Ontario, Canada) that never exceeded 3% 

of body weight. Collars were programmed to obtain a GPS location every 1 to 7 hours 

and retrieved location data either via UHF technology or once the collars had 

automatically dropped off (Table 4.1).  

 



87 
 

Table 4.1: Number of individuals of black-tailed deer by season for different 

categories of fix intervals captured and monitored between 2004-2013 in the 

Mendocino National Forest, California 

 

Collar fix interval 

(in hr) 

No. of individuals 

Summer Winter 
Non-

migratory 
Total 

1 15 15 0 15 

5 23 18 11 34 

7 13 14 1 15 

Total 51 47 12 64 

 

Collars were deployed for a maximum period of two years but one individual 

was subsequently re-collared. All collars were programmed to emit mortality signals 

of increased pulse rates after 4 hours of inactivity to facilitate recovery and 

identification of mortality causes (Marescot et al. 2015). Of the 84 female BTD 

captured, 3 died from capture related injuries and 4 had immediate collar failure. GPS 

location data from an additional 13 individuals could not be retrieved. The effective 

sample size thus consisted of 64 BTD.  

4.2.3. Space use and familiarity 

I used location data retrieved for individual deer to estimate their respective home 

ranges. Due to pronounced seasonal migrations of the majority of deer (n = 52), I 

estimated home ranges separately for summer and winter using the fixed-kernel home 

utilization distribution method (Worton 1989) in the R-package adehabitat (Calenge 

2006). For non-migratory deer (n = 12), deer that did not migrate seasonally between 

distinct low elevation winter ranges and high elevation summer ranges, I estimated 
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home ranges for summer and winter locations combined. I applied an ad hoc 

smoothing parameter (had hoc) and determined home range boundaries based on 95% 

isopleths (Seaman and Powell 1996). I also determined 75% isopleths within all home 

ranges using the same methods as described above. I then defined areas encompassed 

by the 75% isopleths as highly familiar, areas falling between the 75% and 95% 

isopleth as moderately familiar (Morse et al. 2009, Tumenta et al 2013), and based on 

Forrester et al. (2015), areas outside the 95% isopleths as unfamiliar to deer.  

4.2.4. Puma predation risk 

Between June 2010 and November 2012, 7 pumas were also captured within the study 

area (2 males, 5 females) and fitted with Argos-linked GPS collars (Lotek 7000SAW). 

Puma capture and handling procedures are detailed in Allen et al. (2015) and were 

covered by animal care protocols and permits mentioned for deer above. Puma collars 

were programmed to acquire GPS locations at 2-hr intervals and downloaded data via 

the Argos satellite every 3 days. All 609 known GPS clusters, defined as ≥ 5 locations 

(or a minimum of 8 hours between first and last location) within 150 m of each other 

that contained at least one crepuscular or nocturnal location (Elbroch and Wittmer 

2013), were then searched within 6.8 ±8.2 (SD; range 0-60) days of their initiation for 

possible prey remains (Allen et al. 2014). Based on the cluster investigations 288 BTD 

killed by pumas, 75 of which were fawns ≤ 6 months old (Allen et al. 2014), were 

identified. 

Habitat characteristics associated with known deer kill sites were then used to 

model the probability of puma kill success across the landscape (Appendix 2). This is 

one possible method to establish the spatial configuration of predation risk/landscapes 

of fear (Hebblewhite et al. 2005, Moll et al. 2017). I modelled predation risk using 
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mixed-effect Resource Selection Functions (RSFs; Manly et al. 2002, Gillies et al. 

2006) allowing for individual heterogeneity in puma kill site selection. I partitioned 

the puma kill data into winter (November–May) and summer (June–October), and 

modelled risk separately to account for known differences in seasonal kill rates and 

elevational migrations of pumas in response to deer migrations (Allen et al. 2014). 

Using the Raster Calculator in ArcMap 10.2, the β-coefficients from the top summer 

and winter models were entered into the equation w(x)= β1x1 + β2x2 … + βnxn and 

projected across the landscape to generate a 30 m resolution seasonal predation risk 

layers for adult BTD. The resulting raster pixel values were then scaled to range 

between 0 and 1 and thus equal to the relative probability of a pixel being a kill site 

(Figure 4.2). 

 

Figure 4.2: Predicted probability of risk of BTD being killed by pumas by season (A: 

Summer and B: Winter) in the Mendocino National Forest. The colours categorize risk 

by pixel (30-meter resolution) such that red denotes high probability of getting killed, 

yellow denotes medium risk areas and green denotes areas with low probability of 

getting killed by pumas. The purple track shows the movement pathway of a collared 

migratory BTD (# 7216). 
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4.2.5. Estimation of forage availability 

The normalized difference vegetation index (NDVI) is one of the most commonly used 

vegetation indices in ecological studies (Pettorelli et al. 2005, Pettorelli et al. 2011). It 

has been widely used as a proxy for forage quality (Hamel et al. 2009, Sawyer and 

Kauffman 2011), primary productivity or phytomass (Hebblewhite et al. 2008) and 

plant phenology (Boone et. al. 2006). I used NDVI to assess productivity or phytomass 

in a pixel across the study area and also its spatiotemporal dynamics. To capture the 

temporal shift in productivity, I generated a NDVI time series from September 2004 

to August 2013. Because BTD in the study area use very small home ranges and move 

very short distances within seasonal home ranges (Bose et al. 2017), high resolution 

NDVI layers were a requisite for the study. I thus downloaded Landsat satellite images 

with a spatial resolution of 30 m x 30 m for every month between September 2004 to 

August 2013 (EarthExplorer; https://earthexplorer.usgs.gov/, Accessed 23rd March 

2017). From those, I selected images with less than 5% cloud cover over the study area 

that had been further processed to remove haze and cloud contaminated pixels. The 

final images were then used to calculate the NDVI using the formula  

𝑁𝐷𝑉𝐼 =
𝑁𝐼𝑅 − 𝑉𝑅

𝑁𝐼𝑅 + 𝑉𝑅
 

where, NIR is the near infrared light and VR is the visible red spectrum reflected by 

the vegetation. For months which did not have at least one cloud free image (less than 

5% cloud cover over the study area), the mean NDVI values from the month before 

and after were used instead. While satellite-derived NDVIs of forested areas typically 

measure photosynthetic activity (productivity) of the topmost canopy layer, ground 

estimates of productivity and forage biomass or phytomass are correlated with the 

satellite-derived NDVI in moderately tree-covered habitat (Hebblewhite et al. 2008).  

https://earthexplorer.usgs.gov/
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Different vegetation types have been shown to exhibit different NDVI 

signatures over the course of a year, as nutrient content and digestibility of plants and 

plant parts vary with season (Gamon et al. 1995, Pettorelli et al. 2005, Pang et al. 

2017). They also provide differential cover, and with the varying physiological 

demand across the year, BTD thus show a shift in preference for different vegetation 

types round the year (Bunnell 1990). Vegetation type was thus included as an 

additional layer in the movement analyses models as a proxy for forage quality. I 

acquired vegetation type layers from Landscape Fire and Resource Management 

Planning databases (LandFire; www.landfire.gov, Accessed 19th January 2017) 

available for the study area. Based on proposed ecological importance for BTD (e.g., 

Dasmann and Taber 1956, Wallmo 1981), I re-classified vegetation into 6 distinct 

habitat categories: hardwood, conifer, grassland, shrub, riparian, and others (water, 

barren, developed upland forests and agricultural land). Conifer was used as the 

reference class for comparison among vegetation types, as it was the most abundant 

form of vegetation in both summer and winter ranges. 

4.2.6. Telemetry data 

I used GPS locations from all 64 female BTD for the movement analysis. Depending 

on individual fate and the lifespan of collar batteries, monitoring of individuals ranged 

from between 45 days to 903 days, with a mean of 400 days. To reduce error, I 

discarded GPS locations obtained within 48 hours of collaring the individual. 

Additionally, to decrease the risk of including fixes with high locational errors, GPS 

locations with dilution of precision (DOP) values > 10 were deleted from the dataset 

(Lewis et al. 2007). Finally, apparently aberrant fixes (i.e. very far away) were also 

deleted from the final dataset. 

http://www.landfire.gov/
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4.2.7. Statistical analyses 

4.2.7.1 Generation of random steps 

I considered consecutive telemetry locations as used steps for the study. For every used 

step retained in the dataset, 10 random steps were generated in Geospatial Modelling 

Environment (GME; Beyer 2012). In order to generate random steps, an angular-linear 

correlation coefficient (Fisher and Lee 1983) for each individual was first calculated 

to determine if step length and turning angles could be sampled independently. The 

very low correlation coefficient (R2 < 0.001) indicated that these two parameters could 

be sampled independently. The step lengths and turning angles (i.e., the angle between 

subsequent locations) of random steps were drawn from two separate distributions 

established from observations on 15-34 individuals (Figure 4.3).  

     

Figure 4.3: Distribution of average step lengths and turning angles for radio-collared 

BTD relocated every 1 hour in the Mendocino National Forest between 2004-2013. 

These average distributions were used to assign random steps to radio-collared BTD # 

7227; hence the means were calculated excluding the said individual. 

 

As collars were programmed to collect location data at different intervals (1, 

5, or 7 hrs), separate distributions for step length and turning angle were calculated for 
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each interval. To characterize step lengths, observed step lengths were binned into bins 

of 50 m increments and observed turning angles were grouped into 10-degree bins. 

Potential step length and turning angle distributions for each deer were then sampled 

from the mean (sub) distributions matching the fix interval for the deer, which did not 

include its own data (Figure 4.3).  

4.2.7.2. Step selection functions 

Step Selection Functions (SSFs; Fortin et al. 2005) from the observed and random 

steps were estimated using mixed effect conditional logistic regression. SSFs are an 

extension of RSFs (Manly et al. 2002), and take the structure 

ŵ(x) = exp(β1 x1ij + … + βnxnij + γ0j ) 

where, β1 to βn are coefficients of variables x1 to xn, respectively, and γ0j is the random 

per-subject intercept (Gillies et al. 2006). The random per-subject intercept effectively 

controls for variation due to unbalanced individual sampling (Gillies et al. 2006, 

Hebblewhite and Merrill 2008). 

To test the hypothesis that forage-risk trade-off varies with familiarity and time 

of the day, models were fitted to a different set of predictor variables thought to 

influence step selection of BTD (Table 4.2). The complexity of models were gradually 

increased to incorporate forage availability, predation risk, and familiarity across the 

time of the day followed by habitat types to have a mechanistic understanding of 

decision making patterns of female BTD. All models were fitted to data for migratory 

(for summer and winter) and non-migratory BTD separately. 
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Table 4.2: Candidate models used to determine step selection by 64 female black-tailed 

deer in the Mendocino National Forest, California, between 2004 and 2013.  

Model Variables Ka 

NDVI and Risk 

Trade-off 
NDVI × risk + time of the day 

8 

Trade-off with 

respect to familiarity 

NDVI × risk + NDVI × familiarity + risk × 

familiarity + time of the day:familiarity 

22 

Trade-off with 

respect to vegetation 

type and familiarity 

NDVI × risk + NDVI × vegetation type × 

familiarity + risk × vegetation type × familiarity + 

time of the day:familiarity 

67 

aK = estimated number of parameters. 

  

I tested for multicollinearity among predictor variables and variables with 

correlation coefficients ≥ 0.6 were not used together in any model (Graham 2003). 

Mixed effect conditional logistic regression models were then fitted using the library 

mclogit (Elff 2017) in program R (R Development Core Team 2014).  

Because animals were relocated every 1-7 hours, successive steps were not 

independent from one another. Such temporal autocorrelation does not influence β 

values, but can produce biased estimates of variance (Nielsen et al. 2002), and can lead 

to model selection errors. However, inclusion of time of the day (temporal variable) 

as predictor in the models eliminated any temporal autocorrelation from the model 

residuals (Boyce et al. 2010). 

I evaluated model fit by using k-fold cross-validation procedures. For k-fold 

cross validations, the data were randomly partitioned by individual within seasonal 

models to construct a training set (80% of data) and a test set (20% of data). Model-

averaged estimates from the training models were then used to calculate predicted RSF 
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values for the random locations. Subsequently, I ranked the random locations based 

on predicted values and binned them into 10 equal groups (Boyce et al. 2002). The 

process was repeated for each of the 5 subsets of withheld data. The fit of the model 

was then quantified using the averaged Spearman rank correlation coefficient based 

on the frequency of used points in each of 10 equal bins of predicted values (Boyce et 

al. 2002). 

4.3. Results 

I obtained a total of 168,599 GPS locations from 64 female BTD during the study 

period. The average fix success was 83.81 ±1.4% (mean ± SE). After discarding 

aberrant locations and locations associated with collaring, I identified 147,326 steps 

taken by 52 migratory and 20,435 steps taken by 12 non-migratory BTD. For 

migratory deer, the average number of steps per individual was 2,833 (range: 138–

8,014, n = 52) with mean step lengths of 176.41±1.49 m, 152.27±1.10 m, and 

398.72±15.34 m during summer, winter and migration, respectively. The mean turn 

angles for migratory deer was 0.64±0.43° in summer, -0.21±0.51° in winter and -

1.20±1.79° during migrations. For non-migratory deer, the average number of steps 

per individual was 1,703 (range: 469- 2,741, n = 12) with a mean step length of 

277.11± 2.3 m and a turn angle of 1.64±0.79°. 

4.3.1. Step selection patterns of migratory BTD 

Forage availability and predation risk had significant effects on BTD movements, and 

varied with spatial familiarity and time of the day. Familiarity for migratory BTD was 

one of the most important predictors of step selection both during summer and winter, 

and use of familiar areas were significantly correlated with time of the day (𝜒𝑑𝑓=8
2 ⁡= 



96 
 

1002.73, p = 0.001 for summer, and 𝜒𝑑𝑓=8
2 = 1476.52, p = 0.001 for winter; Figure 

4.4a-b). The k-fold cross-validation indicated that the models were robust, with rs > 

0.72 for all models. 

 

Figure 4.4: Association between time of the day and use of areas with spatial 

familiarity (A: Summer and B: Winter) for migratory black-tailed deer in the 

Mendocino National Forest, California, between 2004 and 2013.  

 

4.3.1.1. Summer 

In summer, the movement analyses of migratory BTD revealed that BTD consistently 

avoided steps into areas with very high NDVI (Tables 4.3, 4.4 and 4.5).  

Table 4.3: Effect estimates (mean log odds and 95% confidence interval) of NDVI 

and risk trade-off model for migratory and non-migratory female black-tailed deer in 

the Mendocino National Forest, California, between 2004 and 2013. Selection for 

migratory deer further delineated for 2 distinct seasons (summer and winter) based on 

observed elevational migrations. 

 

Covariates 

Summer Winter Non-migratory 

Log 

odds LCI UCI 

Log 

odds LCI UCI 

Log 

odds LCI UCI 

NDVI 0.62 0.52 0.75 0.02 0.01 0.05 0.37 0.23 0.58 
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Risk 0.54 0.45 0.65 0.35 0.26 0.46 0.55 0.34 0.88 

Dawn 1.01 0.99 1.03 1.00 0.97 1.03 1.01 0.96 1.06 

Day 1.00 0.98 1.02 1.00 0.98 1.02 1.00 0.97 1.04 

Dusk 1.00 0.97 1.03 1.00 0.97 1.03 1.01 0.95 1.07 

Early Day 1.00 0.98 1.03 1.00 0.97 1.03 1.00 0.96 1.05 

NDVI × Risk 3.28 2.41 4.45 357.09 68.63 1858.16 3.54 1.52 8.24 

 

BTD also avoided steps into areas associated with high risk of getting killed 

by pumas (Tables 4.3, 4.4, and 4.5). The two-way interaction between risk and NDVI 

was significant in all the models (Tables 4.3, 4.4, and 4.5) showing strong evidence of 

trade-off between predation risk and forage availability or productivity during summer 

(Figure 4.5a).  

The model with familiarity, risk and NDVI as fixed effects and their two-way 

interactions indicated that selection for areas with higher risk and productivity varied 

in summer with varying familiarity (Figure 4.5b-d). BTD displayed non-significant 

avoidance or selection towards highly familiar areas while compared to moderately 

familiar areas (Tables 4.4 and 4.5). However, a two-way interaction between 

familiarity and NDVI revealed that individuals were 1.7 times more likely to step into 

areas with higher NDVI values when in high familiarity zones as compared to that in 

medium familiarity zones (Table 4.4). Further, the two-way interaction between risk 

and familiarity showed that individuals were 1.25 times more likely to step into areas 

with higher predation risk with increasing familiarity (Table 4.4).  
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Table 4.4: Effect estimates (mean log odds and 95% confidence interval) of NDVI 

and risk trade-off model as a function of familiarity for migratory and non-migratory 

female black-tailed deer in the Mendocino National Forest, California, between 2004 

and 2013. Selection for migratory deer further delineated for 2 distinct seasons 

(summer and winter) based on observed elevational migrations. 

 

Covariates 

Summer Winter Non-Migratory 

Log 

odds 
LCI UCI 

Log 

odd

s 

LCI UCI 
Log 

odds 
LCI UCI 

NDVI 

 

0.66 0.52 0.83 0.05 0.01 0.14 0.45 0.27 0.76 

Risk 

 

0.49 0.40 0.60 0.20 0.15 0.28 0.77 0.45 1.31 

NDVI × Risk 

 

2.46 1.80 3.36 66.6

9 

12.5

9 

353.

25 

1.09 0.46 2.60 

High Familiarity 

 

1.07 0.94 1.21 0.95 0.81 1.12 1.07 0.87 1.32 

Low Familiarity 

 

1.08 0.85 1.37 0.50 0.36 0.68 0.91 0.63 1.30 

NDVI × High 

Familiarity 

1.72 1.46 2.02 2.63 1.28 5.38 1.91 1.43 2.55 

NDVI × Low 

Familiarity 

0.31 0.22 0.42 0.20 0.05 0.83 0.07 0.04 0.11 
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Risk × High 

Familiarity 

1.25 1.11 1.40 2.12 1.86 2.42 1.24 0.92 1.66 

Risk × Low 

Familiarity 

0.62 0.50 0.77 0.95 0.71 1.27 2.47 1.52 4.01 

High Familiarity × 

Dawn 

0.98 0.95 1.01 0.98 0.95 1.01 1.03 0.97 1.09 

Medium Familiarity 

× Dawn 

1.10 1.03 1.18 1.08 1.01 1.16 1.08 0.97 1.21 

Low Familiarity × 

Dawn 

1.45 1.28 1.64 1.31 1.12 1.53 0.80 0.65 0.99 

High Familiarity × 

Day 

1.02 1.00 1.04 1.00 0.98 1.03 1.05 1.01 1.10 

Medium Familiarity 

× Day 

0.99 0.94 1.04 1.09 1.03 1.15 0.88 0.80 0.96 

Low Familiarity × 

Day 

0.98 0.89 1.09 1.24 1.11 1.38 0.94 0.82 1.08 

High Familiarity × 

Dusk 

1.03 0.99 1.06 1.01 0.98 1.05 1.06 0.99 1.13 

Medium Familiarity 

× Dusk 

0.93 0.86 1.02 1.06 0.98 1.15 0.89 0.78 1.02 

Low Familiarity × 

Dusk 

0.95 0.81 1.12 1.06 0.90 1.24 0.77 0.60 0.98 
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High Familiarity × 

Early Day  

1.01 0.98 1.03 0.99 0.96 1.01 1.06 1.01 1.12 

Medium Familiarity 

× Early Day 

1.08 1.02 1.15 1.12 1.05 1.20 0.92 0.83 1.03 

Low Familiarity × 

Early Day 

1.24 1.11 1.39 1.50 1.32 1.71 0.79 0.65 0.96 

 

The most complex model accounting for familiarity, risk, NDVI and vegetation 

type and their interactions revealed complex patterns of trade-offs. The two-way 

interaction between the vegetation type and NDVI revealed that BTD were 2.02 times 

more likely to step into areas with higher NDVI for open canopied vegetation types 

like grass (Table 4.5) as compared to conifers.  

Table 4.5: Effect estimates (mean log odds and 95% confidence interval) of NDVI 

and risk trade-off model as a function of familiarity and vegetation type for migratory 

and non-migratory female black-tailed deer in the Mendocino National Forest, 

California, between 2004 and 2013. Selection for migratory deer further delineated for 

2 distinct seasons (summer and winter) based on observed elevational migrations. 

 

Covariates 

Summer Winter Non-Migratory 

Log 

odds 
LCI UCI 

Log 

odds 
LCI UCI Log odds LCI UCI 

NDVI 

 
0.47 0.33 0.65 1.08 0.23 5.15 0.31 0.17 0.60 

Risk 

 
0.38 0.28 0.51 0.17 0.12 0.26 0.36 0.17 0.73 

NDVI × 

Risk 
2.96 2.04 4.29 63.05 10.15 391.63 2.42 0.93 6.29 
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High 

Familiarity 
0.84 0.67 1.07 1.44 1.07 1.94 0.91 0.64 1.27 

Low 

Familiarity 
2.41 1.61 3.60 0.36 0.21 0.63 0.60 0.30 1.20 

NDVI × 

High 

Familiarity 

1.98 1.51 2.58 0.15 0.04 0.58 1.89 1.16 3.08 

NDVI × Low 

Familiarity 
0.18 0.11 0.29 0.99 0.08 11.88 0.37 0.14 1.00 

Risk × High 

Familiarity 
1.52 1.24 1.86 2.84 2.21 3.65 1.64 0.97 2.74 

Risk × Low 

Familiarity 
0.30 0.22 0.43 1.15 0.70 1.89 0.50 0.18 1.39 

High 

Familiarity × 

Dawn 

0.98 0.96 1.01 0.98 0.95 1.01 1.03 0.98 1.10 

Medium 

Familiarity × 

Dawn 

1.10 1.03 1.17 1.08 1.01 1.16 1.09 0.98 1.22 

Low 

Familiarity ×  

Dawn 

1.41 1.25 1.60 1.32 1.13 1.54 0.81 0.66 1.00 

High 

Familiarity × 

Day 

1.02 1.00 1.04 1.01 0.99 1.03 1.06 1.01 1.10 

Medium 

Familiarity × 

Day 

1.00 0.95 1.05 1.10 1.04 1.16 0.88 0.81 0.96 

Low 

Familiarity x 

Day 

0.97 0.88 1.08 1.24 1.11 1.38 0.95 0.82 1.09 
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High 

Familiarity × 

Dusk 

1.03 1.00 1.07 1.02 0.99 1.06 1.06 1.00 1.13 

Medium 

Familiarity × 

Dusk 

0.94 0.86 1.02 1.07 0.99 1.15 0.89 0.78 1.02 

Low 

Familiarity × 

Dusk 

0.96 0.82 1.13 1.07 0.91 1.25 0.78 0.61 1.00 

High 

Familiarity × 

Early Day  

1.02 0.99 1.04 0.98 0.96 1.01 1.07 1.01 1.12 

Medium 

Familiarity × 

Early Day 

1.09 1.02 1.15 1.13 1.06 1.20 0.93 0.83 1.04 

Low 

Familiarity × 

Early Day 

1.23 1.10 1.37 1.50 1.32 1.70 0.82 0.68 1.00 

Grassland 

 
0.54 0.40 0.73 1.19 0.83 1.70 0.72 0.46 1.11 

Hardwood 1.82 1.11 2.97 7.42 3.34 16.47 0.63 0.21 1.83 

Other 0.65 0.39 1.09 1.08 0.47 2.48 0.98 0.43 2.25 

Riparian 2.11 0.31 14.46 4.67 0.37 58.47 0.92 0.00 176.71 

Srub 0.61 0.43 0.86 5.01 3.28 7.65 0.67 0.35 1.26 

NDVI × 

Grassland 
2.02 1.37 2.97 0.25 0.04 1.36 1.19 0.62 2.27 
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NDVI × 

Hardwood 
0.91 0.45 1.81 0.05 0.00 0.60 1.07 0.28 4.04 

NDVI × 

Other 
1.28 0.63 2.61 0.03 0.00 1.31 0.91 0.27 3.09 

NDVI × 

Riparian 
0.13 0.01 1.73 0.00 0.00 0.00 2.16 0.00 2618.40 

NDVI × 

Shrub 
1.62 0.97 2.70 0.00 0.00 0.00 2.31 0.89 6.03 

High 

Familiarity × 

Grassland 

1.95 1.41 2.70 0.88 0.60 1.31 1.30 0.80 2.11 

High 

Familiarity × 

Hardwood 

0.55 0.32 0.94 0.13 0.06 0.31 3.23 0.92 11.32 

High 

Familiarity × 

Other 

0.95 0.54 1.68 1.07 0.43 2.70 0.88 0.36 2.17 

High 

Familiarity × 

Riparian 

0.78 0.09 7.12 0.03 0.00 1.09 0.69 0.00 209.94 

High 

Familiarity × 

Shrub 

1.28 0.88 1.87 0.32 0.20 0.51 1.27 0.63 2.55 

Low 

Familiarity × 

Grassland 

0.14 0.08 0.27 1.71 0.75 3.89 1.55 0.64 3.77 

Low 

Familiarity × 

Hardwood 

0.53 0.19 1.42 0.52 0.09 2.96 3.66 0.50 27.09 

Low 

Familiarity × 

Other 

0.17 0.06 0.47 1.18 0.24 5.94 0.26 0.04 1.89 
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Low 

Familiarity × 

Riparian 

0.59 0.02 17.98 0.00 0.00 2.03 5.32 0.00 5.49E+04 

Low 

Familiarity × 

Shrub 

0.69 0.34 1.39 1.80 0.79 4.12 2.12 0.66 6.75 

Risk × 

Grassland 
1.65 1.23 2.20 1.68 1.23 2.28 2.00 1.06 3.76 

Risk × 

Hardwood 
0.28 0.11 0.69 0.10 0.04 0.24 2.48 0.84 7.30 

Risk × Other 1.46 0.85 2.50 2.65 1.36 5.19 0.66 0.21 2.12 

Risk × 

Riparian 
1.72 0.28 10.44 10.20 0.95 109.46 0.03 0.00 7.47 

Risk × Shrub 1.66 1.20 2.29 0.84 0.58 1.20 1.20 0.48 2.96 

High 

Familiarity × 

NDVI × 

Grassland 

0.64 0.42 0.97 5.94 0.93 37.99 1.07 0.53 2.18 

High 

Familiarity × 

NDVI × 

Hardwood 

1.19 0.56 2.50 43.25 2.86 654.30 0.47 0.10 2.23 

High 

Familiarity × 

NDVI × 

Other 

1.89 0.89 4.05 12.12 0.17 876.24 1.32 0.35 4.92 

High 

Familiarity × 

NDVI × 

Riparian 

3.24 0.15 72.21 2.19E+07 71.22 6.71E+12 0.28 0.00 554.66 

High 

Familiarity × 

NDVI × 

Shrub 

0.85 0.49 1.47 638.42 75.24 5.42E+03 0.68 0.24 1.95 
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Low 

Familiarity × 

NDVI × 

Grassland 

3.22 1.38 7.51 0.12 0.00 7.05 0.12 0.03 0.45 

Low 

Familiarity × 

NDVI × 

Hardwood 

2.10 0.48 9.20 0.13 0.00 30.20 1.36 0.10 18.01 

Low 

Familiarity × 

NDVI × 

Other 

6.46 1.56 26.76 26.10 0.02 3.96E+04 1.98 0.11 34.84 

Low 

Familiarity × 

NDVI × 

Riparian 

1.52 0.01 163.12 3.08E+10 6.58 1.44E+20 0.00 0.00 138.56 

Low 

Familiarity × 

NDVI × 

Shrub 

1.35 0.44 4.15 0.00 0.00 0.05 0.05 0.01 0.29 

High 

Familiarity × 

Risk × 

Grassland 

0.54 0.40 0.74 0.59 0.42 0.82 0.57 0.28 1.14 

High 

Familiarity × 

Risk × 

Hardwood 

4.46 1.60 12.45 8.45 3.22 22.19 0.18 0.05 0.61 

High 

Familiarity × 

Risk × Other 

0.65 0.36 1.16 0.27 0.13 0.56 1.59 0.44 5.69 

High 

Familiarity × 

Risk × 

Riparian 

0.27 0.03 2.47 0.52 0.01 18.58 89.21 0.25 3.23E+04 

High 

Familiarity × 

Risk × Shrub 

0.80 0.56 1.13 0.79 0.53 1.18 0.93 0.35 2.52 

Low 

Familiarity × 

Risk × 

Grassland 

8.85 4.75 16.46 0.54 0.25 1.16 7.95 2.19 28.91 

Low 

Familiarity × 

Risk × 

Hardwood 

0.61 0.08 4.96 4.47 0.63 31.65 0.15 0.02 1.09 
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Low 

Familiarity × 

Risk × Other 

3.19 1.15 8.86 0.22 0.05 0.94 6.92 0.55 86.70 

Low 

Familiarity × 

Risk × 

Riparian 

4.28 0.10 176.46 3.29 0.00 4785.57 617.70 0.03 1.46E+07 

Low 

Familiarity × 

Risk × Shrub 

0.78 0.41 1.48 2.13 0.96 4.71 11.67 2.51 54.27 

 

A two-way interaction between risk and vegetation type also revealed that BTD are 

more likely to step into riskier areas when they are in open habitat like grassland and 

shrubs (Table 4.5). The three-way interaction between NDVI, vegetation type and 

familiarity revealed differential pattern of selection towards NDVI and vegetation 

types that varied with familiarity. For example, BTD showed preference towards high 

grasslands with high NDVI value in low familiar areas when compared to grasslands 

in medium familiar areas (Table 4.5). Additionally, the three-way interaction between 

vegetation type, risk, and familiarity also showed varying patterns of preference 

towards risk that changed with vegetation type and familiarity (Table 4.5). For 

example, BTD in low familiarity areas showed preference towards grassland even if 

they had higher predation risk, but in high familiar areas they only stepped into 

grasslands that were associated with low predation risk. Plotting all the variables 

generated complex patterns of trade-offs which largely varied with familiarity and 

vegetation type (Figure 4.6a-f). 
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Figure 4.5: Level plots illustrating probability of selection as an interaction of NDVI and risk (A). B-D Illustrates the effect of including spatial 

familiarity (High, medium and low) on the NDVI-risk trade-off during summer for female migratory black-tailed deer in the Mendocino 

National Forest between 2004 and 2013. *Note different scales on the probability axes of the plots. 
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Figure 4.6: Level plots illustrating probability of selection as an interaction of NDVI and risk during summer for female migratory black-tailed 

deer in the Mendocino National Forest between 2004 and 2013. A-C Illustrates the effect of including spatial familiarity (High, medium and 

low) on the NDVI-risk trade-off in conifer forest and D-F Illustrates the effect of including spatial familiarity (High, medium and low) on the 

NDVI-risk trade-off in grassland. *Note different scales on the probability axes of the plots.  
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4.3.1.2. Winter 

Although the mean step lengths of individuals were shorter in winter than summer, the 

selection of resources at the step ends closely approximated results for summer. Like 

summer, the step endings in winter also showed that BTD avoided steps into areas 

associated with high risk of predation and high NDVI values and a trade-off between 

predation risk and forage availability was evident from the winter models (Tables 4.3, 

4.4, and 4.5, Figure 4.7a).  

In winter also, inclusion of familiarity in the trade-off model revealed 

familiarity as an important variable. The model showed that BTD were more likely to 

step into areas with high and medium familiarity over low familiarity (Table 4.4). The 

two-way interaction between familiarity and NDVI indicated preference of BTD 

towards higher NDVI in familiar areas when vegetation type was unaccounted for in 

the model (Table 4.4, Figure 4.7b-d). Similar to summer, the interaction between risk 

and familiarity revealed an increase in probability of using riskier areas with increase 

in spatial familiarity (Table 4.4, Figure 4.7b-d).   

The most complex trade-off model including vegetation and familiarity 

revealed that the selection towards risk and NDVI varied when they interacted with 

familiarity and vegetation types (Table 4.5). In winter, the interaction between NDVI 

and vegetation type demonstrated that BTD consistently stepped into areas with lower 

NDVI across all vegetation types as compared to conifers (Table 4.5). But the 

interaction between risk and vegetation type, like summer, showed a higher probability 

of stepping into riskier areas when they were in open habitat like grassland. The three-

way interactions between NDVI, vegetation type, and familiarity, and risk, vegetation 

type, and familiarity further revealed the differential pattern of balancing risk and 
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Figure 4.7: Level plots illustrating probability of selection as an interaction of NDVI and risk (A). B-D Illustrates the effect of including spatial 

familiarity (High, medium and low) on the NDVI-risk trade-off during winter for female migratory black-tailed deer in the Mendocino National 

Forest between 2004 and 2013. *Note different scales on the probability axes of the plots.  
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Figure 4.8: Level plots illustrating probability of selection as an interaction of NDVI and risk during winter for female migratory black -tailed 

deer in the Mendocino National Forest between 2004 and 2013. A-C Illustrates the effect of including spatial familiarity (High, medium and 

low) on the NDVI-risk trade-off in conifer forest and D-F Illustrates the effect of including spatial familiarity (High, medium and low) on the 

NDVI-risk trade-off in grassland. *Note different scales on the probability axes of the plots.  
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forage acquisition in wintering habitat with varying spatial familiarity and resulted in 

complex trade-off patterns (Figure 4.8a-f).  

4.3.2. Step selection patterns of non-migratory BTD 

The movement patterns of non-migratory female BTD differed significantly from the 

migratory BTD. The association between familiarity and time of the day, though 

significant for non-migratory BTD (𝜒𝑑𝑓=8
2 = 101.17, p = 0.001), was less pronounced 

across the day as compared to migratory BTD (Figure 4.9).  

 

Figure 4.9 Association between time of the day and use of areas with spatial familiarity 

for non- migratory black-tailed deer in the Mendocino National Forest, California, 

between 2004 and 2013.  

 

Non-migratory BTD, like migratory BTD, also avoided stepping into areas with high 

NDVI but the avoidance towards areas with high risk of predation was much weaker 

as compared to the results during both summer and winter for migratory deer (Tables 

4.3, 4.4, and 4.5). For non-migratory BTD, significant risk-forage trade-offs were 

only evident in the simplest NDVI-risk trade-off model (Table 4.3; Figure 4.10a).  
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The trade-off model including familiarity showed that unlike migratory BTD, 

familiarity was non-significant on its own (Tables 4.4 and 4.5) for non-migratory BTD 

but was retained in the models because it was part of significant higher interactions 

with NDVI and predation risk (Table 4.4) that resulted in differential risk-forage trade-

off patterns (Figure 4.10b-d). Like migratory BTD, the interaction between NDVI and 

familiarity revealed an increased likelihood of non-migratory BTD to step in high 

NDVI areas with increasing familiarity but interestingly, the interaction between risk 

and familiarity showed affinity of BTD to step into riskier areas with decreasing 

familiarity (Table 4.4). The complex trade-off model including familiarity and 

vegetation type revealed differential pattern of risk- forage trade-offs but shifts in 

patterns were weaker across familiarity and vegetation types when compared to 

migratory BTD (Table 4.5, Figure 4.11a-f).
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Figure 4.10: Level plots illustrating probability of selection as an interaction of NDVI and risk (A). B-D Illustrates the effect of including 

spatial familiarity (High, medium and low) on the NDVI-risk trade-off for female non-migratory black-tailed deer in the Mendocino National 

Forest between 2004 and 2013. *Note different scales on the probability axes of the plots. 
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Figure 4.11: Level plots illustrating probability of selection as an interaction of NDVI and risk for female non-migratory black-tailed deer in 

the Mendocino National Forest between 2004 and 2013. A-C Illustrates the effect of including spatial familiarity (High, medium and low) on 

the NDVI-risk trade-off in conifer forest and D-F Illustrates the effect of including spatial familiarity (High, medium and low) on the NDVI-

risk trade-off in grassland. *Note different scales on the probability axes of the plots. 
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4.4. Discussion 

I used step selection functions to evaluate how female BTD balance trade-offs between 

food acquisition and predation risk in a heterogeneous landscape with respect to spatial 

familiarity. Results based on GPS locations of female BTD and a refined movement 

model with matched availability design revealed that, in a dynamic landscape, female 

BTD do not move randomly in space. Rather, BTD movement is governed by forage 

availability, predation risk, and spatial familiarity, with selection varying over the time 

of the day. The interaction of vegetation type with familiarity, NDVI, and risk helped 

to unravel some of the underlying behavioural motivation behind selection of steps by 

female BTD and revealed that site familiarity plays an important role in habitat 

selection by an ungulate in a heterogeneous landscape. The fact that site familiarity 

affects habitat selection and alters trade-off pattern in ungulates is both novel and 

critical to understand how prey species balance foraging needs and predation risks 

across stages of decision making to improve fitness.  

The movement analyses revealed that steps of BTD ended disproportionately 

more often in areas with lower NDVI values. High NDVI values indicate better 

availability of green herbaceous phytomass or productivity (Pettorelli et al. 2006); 

selection towards low NDVI value thus indicated that female BTD selected areas with 

low forage availability. This was contradictory to previous movement analyses on 

ungulates (Sawyer and Kauffman 2011, Killeen et al. 2014) where movement was 

directed towards areas with high NDVI values. The conflicting finding of this study is 

likely due to the use of raw NDVI values as the predictor variable in the analysis as 

opposed to Enhanced Vegetation Index (EVI; Boegh et al. 2002, Huete et al. 2006) or 

Soil Adjusted Vegetation Index (SAVI; Huete 1988). Raw NDVI tends to saturate in 
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dense canopy areas and produces very high NDVI values (Myneni and Williams 1994, 

Huete et al. 1997). On the other hand, in areas with low vegetation cover or for 

vegetation close to the ground, raw NDVI captures the background reflectance from 

soil and produces a lower NDVI value for the pixel (Huete 1988, Huete et al. 1997). 

The raw NDVI value thus gives a relative idea about the phytomass present and also 

reflects the vegetation cover, especially canopy cover in a pixel (Montandon and Small 

2008). As very high NDVI values in a densely forested area may not necessarily offer 

sufficient forage due to poor undergrowth (Falińska 1973, Myneni and Williams 

1994), the study individuals generally avoided areas with very high NDVI. However, 

the selection towards low NDVI was inconsistent, and the step selection of BTD 

revealed preference towards higher NDVI in high familiarity areas and lower NDVI 

in low familiarity areas. The findings likely indicate that BTD avoided close canopied 

dense forested areas to access better forage and have greater visibility in low 

familiarity areas while foraging. Conversely while resting in high familiarity areas, 

their preference were moderate canopy cover.  

Different vegetation types have different NDVI values that vary with season 

due to different canopy structure (Falińska 1973, Gamon et al. 1995, Carlson and 

Ripley 1997) and altered plant stoichiometry (changes in C : N : P ratios; Moe et al. 

2005). For example the NDVI value of oak changes significantly across the year with 

the value peaking to 0.8 in high canopy areas during spring and summer, whereas in 

riparian areas it has a very low NDVI signature year round due to lower canopy cover 

and its proximity to water (Gamon et al. 1995). Thus, it is important to factor in the 

difference in NDVI values of different vegetation types while accounting for forage 

availability in an area. In addition, different plants produce varying amounts of energy 

on digestion (Mattson Jr. 1980, Cook et al. 2016), and BTD may engage in risky 
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behaviour to obtain forage that yields more energy on digestion according to the 

optimal foraging theory (Krebs 1980, Bergman et al. 2001). The step selection of 

female BTD thus aptly revealed the differential selection towards NDVI that varied 

largely across vegetation types and showed movement towards areas with higher 

NDVI in foraging habitats like grassland and shrubs and lower NDVI in resting 

habitats like conifers and oaks (Bunnell 1990).  

The movement analyses of female BTD showed that individuals tend to avoid 

high-risk areas, especially if familiarity with the area is low (Figure 4.5 and 4.7). The 

result is consistent with the hypothesis that BTD will only step in high risk areas where 

they have high spatial familiarity, which may allow them to both avoid and escape 

predators (Clarke et al. 1993). The avoidance of risk in areas with low familiarity was 

particularly strong for migratory BTD, especially in summer when puma kill rates in 

the study area were highest due to kleptoparasitism by black bear (Allen et al. 2015). 

Further, migratory BTD showed variation in their use of familiar areas with the time 

of day (Figure 4.4). The increased use of familiar areas was associated with the time 

of the day when BTD usually rest or ruminate. Resting is considered the most 

dangerous activity that BTD engage in because of reduced vigilance at that time 

(Lashley et al. 2014). Since BTD incur low travel costs within their small seasonal 

home ranges, they tend to move to more familiar areas to rest in the safer habitats as 

an anti-predatory behaviour, especially during night-time hours when pumas are more 

active (Sweanor et al. 2008). 

 The finding that BTD used open habitat significantly more in unfamiliar areas 

was evidence that habitat type also plays an important role in anti-predator response. 

In unfamiliar areas, where the spatial memory of refuges is low, BTD used more open 
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habitat likely to increase their visibility to have a greater chance to escape pumas. The 

result was in agreement with previous studies which demonstrated that open habitats 

like grassland, while providing sufficient forage, can also offer the additional benefit 

of carrying a diminished risk of predation by ambush predators (Hornocker 

1970, Murphy 1998, Kunkel and Pletscher 1999). The result was also congruent with 

the previous chapter on resource selection (Chapter 3), where BTD were more likely 

to occur in habitats characterized by open canopy and younger vegetation while active 

and foraging and use areas with denser vegetation near the edges while resting. The 

increased use of open grassland, which provide low quality but sufficient forage and 

low risk, suggests an adaptive trade-off response in BTD; appropriate for prey species 

cohabiting a heterogeneous landscape with only ambush predator like pumas.  

The migratory female BTD in the study area were likely exposed to higher risk 

from puma predation in their use of seasonal ranges than the non-migratory BTD, as 

the pumas in the study area follow the altitudinal movement of migratory BTD (Allen 

et al. 2014). The locations in seasonal ranges with higher phytomass were thus mostly 

associated with higher risk of predation (Figure 4.2), which was highest in summer 

(Allen et al. 2014). The selection of steps in low familiarity areas in summer was thus 

surprising, but can be explained by the use of medium to low familiarity areas during 

longer days for greater forage intake in order to meet physiological needs (Parker et 

al. 2009).The step selection analysis revealed that the steps of migratory BTD were 

carefully chosen based on the spatial and temporal variation in risk during summer, 

and the general pattern of simple risk-forage trade-off could be decomposed into 

underlying mechanism of step selection by inclusion of familiarity. The inclusion of 

familiarity significantly changed the trade-off pattern and revealed how different risk-

forage combinations are selected across different familiarity zones. The use of low to 

about:blank
about:blank
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medium NDVI areas in highly familiar zone probably reflected the use of open areas 

associated with resting during night to have visual advantage over pumas (Smith et al. 

1986). As medium and low familiarity areas were associated with foraging and 

ruminating during the day, a shift towards areas with higher NDVI was detected with 

BTD venturing into high risk areas in medium familiarity zone. Furthermore, 

introduction of vegetation type revealed switching between habitats based on activity 

that allowed female BTD to benefit from lower risk of predation especially while 

resting. The analysis showed that in open vegetation such as grassland, which is a 

preferred foraging habitat during summer (Wickstorm et al. 1984, Bunnel et al. 1990), 

they always prefer to step in high NDVI areas irrespective of the risk. However, in 

canopied vegetation such as oak and conifer which are associated more with resting 

cycles (Bunnel 1990, Germaine et al. 2004), BTD preferred to step into low canopy 

areas with less ground vegetation in high and low familiarity areas. This may 

presumably have been to gain visual advantage over pumas, while using higher canopy 

cover areas when in medium familiarity zone, most likely while ruminating during the 

day for thermoregulation.  

Similarly for winter, the simple forage-risk trade-off was evident but the 

probability of step ends shifted more towards the high-risk-high-NDVI areas, most 

likely due to lower predation rates and higher need for canopy cover during winter. 

Decoupling of the simple trade-off, first by introducing familiarity revealed that how 

in winter, BTD chose high NDVI low-risk areas in high and low familiarity zones. 

Conversely, in moderately familiar areas, steps more often ended in sites with high 

NDVI and high-risk. The observation was in agreement with findings from the 

previous chapter on resource selection (Chapter 3), which hints at higher use of areas 

with good vegetation cover to provide thermoregulation (Bunnell 1990, Mysterud and 
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Ostbye 1999). In winter, since BTD spend more time resting (Bunnell 1990), the high 

probability of use of high-NDVI and low-risk areas in highly familiar zones was 

unsurprising. The inclusion of vegetation type further unravelled the behavioural 

motivation behind selection of step by BTD in a multi-predator landscape. The 

consistent choice of high-risk-high-NDVI areas for coniferous vegetation underscores 

the need for BTD to prioritize movement responses towards higher cover during 

winter. Further, the diffused signature of probability of use in medium and low 

familiarity zones shows that BTD also use more open coniferous forest in winter, albeit 

in lower proportions for foraging during the daytime.  

In contrast, non-migratory BTD displayed inconsistent responses to spatial and 

temporal variation of risks showing little shift in pattern when risk-forage trade-off 

was considered. The non-migratory female BTD included in this study mostly had 

home ranges in mid- to low-elevation areas in younger forested areas (see Chapter 3 

on resource selection) closer to the campgrounds (unpublished data). Maintaining 

annual home ranges in high forage areas with increased anthropogenic disturbances 

may have disrupted the predator–prey dynamics and created a low-risk–high-forage 

refugia for migrant BTD, as established by previous studies on ungulates (Berger 2007, 

Hebblewhite et al. 2005). The refugia hypothesis thus supports the lack of pattern in 

selection of familiar areas with the time of the day for non-migratory BTD, as they 

would not have to make fine-scale trade-offs with spatial variation in predation risk, 

which were significantly lower on these annual ranges. Surprisingly, the selection of 

steps by non-migratory BTD even in the presence of low risk was largely directed 

towards low to moderate phytomass (Figures 4.10 and 4.11). This was most likely 

because non-migratory BTD would need to spend more time actively foraging as the 

forage quality at lower elevations is poorer compared to the ridgetops during spring 
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and summer. The higher number of foraging steps could have shifted the selection 

towards open to moderate vegetation cover, which is consistent with ungulate use of 

open areas for foraging (Bunnell 1990, Skovlin et al. 2002). Alternatively, use of open 

areas with low to moderate cover areas is also linked to increased vigilance in 

ungulates as a response to increased human presence (Jayakody et al. 2008). By using 

low cover areas while foraging, the individuals could also increase their vigilance 

without spending additional energy on movement. Thus, the consistent usage of areas 

with low vegetation cover in both open and closed vegetation types (even in low 

predation risk zones), was likely the outcome of complex trade-offs associated with 

BTD residing in the vicinity of increased human activity.  

The results of this study should be interpreted in the light of the study’s 

limitations. First, because of the limited ways of evaluating spatial familiarity from 

telemetry data, I assessed the familiarity based on kernel density estimate of the 

telemetry locations (Morse et al. 2009, Tumenta et al 2013).  This resulted in 

dependent and independent variables being derived from the same telemetry data 

which could have introduced circularity in the model (Gould 2001) with potentially 

biased results for selection towards high familiarity areas. However, this bias is not 

reflected in the results possibly due to the difference in the scale of sampling, as the 

BTD in the system had very small step lengths and familiarity was assessed at 

landscape scale. In addition, the risk layer used in the study was developed from the 

BTD kills by pumas. Evaluating risk from kill sites is an established method of 

identifying spatial risk (Kunkel and Pletscher 2000, Blake and Gese 2016) but relative 

probability of encounter can also enhance the perceived sense of risk in the prey 

(Hebblewhite et al. 2005). The probability of predator-prey encounter is largely 

dependent on the temporal and spatial density of predator in the study system. As the 
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pumas in the study area were only monitored for two years towards the end of the BTD 

monitoring, I had to develop the risk layer by extrapolating the results of kill site 

selection by puma. This may have led to under sampling risk for the study area due to 

the non-inclusion of puma encounters that did not result in successful kill. Finally, 

NDVI is used as a proxy for forage availability in this study. NDVI is an excellent 

measure of resources for ungulates (Pettorelli et al. 2006; Hamel et al. 2009) and a 

good predictor for movement (van Beest et al. 2011; Pettorelli et al. 2011). However, 

at very fine spatial scales, measures of NDVI  may not adequately reflect 

quality/quantity of forage due to confounding effects associated with snow and/or 

canopy cover (Sawyer et al. 2005; Pettorelli et al. 2006; Wilcove & Wikelski 2008). 

Hence, canopy cover and vegetation type were used as additional predictor variables 

in the model and data modelled separately for summer and winter, to offset the 

potential biases resulting from the use of just NDVI values as a proxy for forage 

availability. 

Trade-off between forage and predation risk in ungulates is a complex process 

governed by multiple factors and is central to our understanding of behaviour and 

resource selection in prey species (Lind and Cresswell 2005; McNamara and Houston 

1986). Recent empirical studies have shown how physical, physiological and spatial 

variables affect trade-off in a migratory ungulate (Boyer and Walsh 2010, Fagan et al. 

2013). Despite the limitations, this is one of the first few studies that have used 

physical and spatial variables together in a phenomenological model to try and 

understand step selection by a medium-sized ungulate in a heterogeneous landscape. 

The use of matched step availability in my movement model offered an improvement 

over the random availability model by restricting availability to areas that are 

potentially usable by an individual on the basis of its movement decisions. By 

https://onlinelibrary.wiley.com/doi/full/10.1111/ele.12435#ele12435-bib-0035
https://onlinelibrary.wiley.com/doi/full/10.1111/ele.12435#ele12435-bib-0013
https://onlinelibrary.wiley.com/doi/full/10.1111/ele.12435#ele12435-bib-0005
https://onlinelibrary.wiley.com/doi/full/10.1111/ele.12435#ele12435-bib-0036
https://onlinelibrary.wiley.com/doi/full/10.1111/ele.12435#ele12435-bib-0043
https://onlinelibrary.wiley.com/doi/full/10.1111/ele.12435#ele12435-bib-0035
https://onlinelibrary.wiley.com/doi/full/10.1111/ele.12435#ele12435-bib-0050
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modelling availability in a space-time continuum, the present study has revealed the 

selection process occurring at a specific level, clarifying inferences about the 

motivation behind selection of steps. The study also provided a nuanced understanding 

of how female BTD handle food versus safety trade-offs across different levels of 

selection. Understanding the drivers of anti-predator responses and the efficiency with 

which BTD trade-off food versus safety is vital as anti-predator behavioural 

modification can have profound consequences on fitness, and ultimately, population 

dynamics of ungulates (Gaillard et al. 2010). Such understanding is crucial to the study 

of the distribution and social organization of species, and can help direct conservation 

and wildlife management efforts (Moorter et al. 2013).  
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5.1 Introduction: 

Maintaining a long‐term stable population of migratory ungulates in a fragmented 

landscape largely depends on active management of the local populations and their 

habitats (Gordon et al. 2004, Appollonio et al. 2010). But the effectiveness of the 

conservation efforts made by managers is dependent on the scale at which they need 

to target plans for habitat management (Gordon et al. 2004). So, the central aim of my 

thesis was to identify the spatial and temporal scale that may affect habitat selection, 

movement, and ultimately fitness of individuals in a declining population of black-

tailed deer (BTD, Odocoileus hemionus columbianus) in the Mendocino National 

Forest, California (Marescot et al. 2015). The three chapters comprising this research 

provide insight into how patterns of habitat selection and movement in BTD can be 

perceived with the changing scale of study and thus highlight the importance of 

considering spatial and temporal resolution and scale when developing management 

strategies. Here, I provide a summary of the findings of each research chapter and then 

discuss their implications on conservation and management of BTD in a managed 

multi-use landscape. 

5.2 Chapter Overviews 

5.2.1 Chapter 2: Implications of fidelity and philopatry on the population structure 

of BTD 

Population dynamics in ungulates is largely derived from females (Gaillard et al. 

2000, Forrester and Wittmer 2013). As a consequence, it is of utmost importance to 

understand the extent of dispersal and mixing of adult females among adjacent 
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population to assess the spatial scale of study and have an accurate estimate of 

population growth (λ). Medium-sized ungulates such as mule and black-tailed deer 

have been known to show extreme fidelity to their seasonal ranges with directly 

correlated fitness benefits (Forrester et al. 2015, Bose et al. 2017). Coupled with high 

fidelity, BTD also display sex-biased dispersal, where only the juvenile males disperse 

while the females are recruited into the same social group (Bunnell and Harestad 

1983). As a result of this high fidelity, and philopatric behaviour, female BTD may get 

trapped in smaller matriarchal units as a subset of the larger population (Coulson et al. 

1999). This would in effect drive the local population dynamics of female BTD at a 

much smaller spatial scale, rather than the assumed larger population scale consisting 

of many matriarchal units. Hence in Chapter 2, an integrative approach was used to 

explore the consequences of fidelity and philopatry on the fine-scale genetic structure 

in BTD population within the study area. Fidelity was assessed from long-term 

telemetry data and philopatry was ascertained from mitochondrial DNA (mtDNA) 

haplotypes extracted from tissue samples.  

The results demonstrated that strong site fidelity and sex-biased philopatry can 

affect population structuring and dynamics at a much finer scale than previously 

established in BTD. The pattern of low-level gene flow, as evidenced by the 

occurrence of few representative mtDNA haplotypes in each ridge, reflected the high 

levels of philopatry and very low female movement between adjacent subpopulations 

(matriarchal units). This contradicted the assumption of panmixia within the study 

area, which would consequently expose each subpopulation to increased risk of 

demographic isolation with locally varying vital rates. In effect, the findings highlight 

the need to target matrilineal groups as the basic unit of conservation and management, 

particularly in ungulate populations such as BTD where fine scale population 
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structuring as a consequence of fidelity and philopatry occurs. The importance of 

considering BTD matrilineal units in conservation planning is all the more relevant 

due to the ever-pressing risks of demographic contracting and stochastic 

environmental events which could lead to loss of unique locally adapted alleles, and 

potentially slower recolonization of the areas due to low female dispersal, high adult 

and fawn mortality, and overall declining population (Albon et al. 1992).  

5.2.2 Chapter 3: Effect of activity states on fine-scale habitat selection patterns of 

BTD 

Temporal scale is an important component in understanding the fine-scale habitat 

selection of ruminating ungulates as changes in temporal resolution can affect 

inferences on habitat selection patterns, thereby directly impacting management 

decisions (Ager et al. 2003, Godvik et al. 2009). Ruminating ungulates undergo short 

foraging period followed by rumination and resting (Green and Bear 1990, Ager 2003). 

For enhanced fitness, the short-term forage-rest-forage cycle requires them to have 

access to both foraging and resting habitats within their small seasonal home ranges. 

Chapter 3 was focused on comparing habitat characteristics selected by BTD from a 

pooled model (all telemetry locations pooled across activity states) with habitat 

characteristics associated with foraging and resting. The identification of activity 

specific habitat characteristics was critical for detecting lesser-used habitats associated 

with particular activity states. 

Ungulates have evolved strategies to minimize foraging time (rumination, 

selecting high quality forage) in order to minimize energy expenditure and maximize 

increase fitness (Kie 1999, Bergman et al. 2001). Due to larger proportion of resting 

and ruminating locations, the pooled model mostly failed to identify critical foraging 
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habitats and predominantly reflected habitats associated with resting. The frequent 

misidentification for important ecological covariates associated with foraging was a 

testimony that pooling data across activity states for a ruminating ungulate like BTD 

can negatively impact our understanding about habitat selection by the species. As the 

results of resource selection studies are applied for species and land management, it is 

imperative for estimates to be robust, and lesser–used important habitats to be 

appropriately characterized for survival and fitness of species. This study thus 

highlights that by modelling the impact of behaviour within resource selection 

estimates, somewhat mechanistic perspectives on species–habitat relationships can be 

obtained for the development of conservation and management initiatives with better 

efficiency.  

5.2.3 Chapter 4: Trade-offs between forage and predation risk as a function of 

landscape familiarity  

Movement is the central theme of behavioural ecology. Prey species such as BTD 

show altered behaviour and adaptive movement choices in response to the presence of 

predators, which reflect trade-offs between forage and risk to increase individual 

fitness (Creel et al. 2005, Frair et al. 2005, Hebblewhite and Merrill 2009). Effective 

conservation and management of ungulate species thus needs a mechanistic 

understanding of the ways in which extrinsic and intrinsic factors alter movement 

patterns and influence habitat selection (Johnson et al. 2002b, Bolger et al. 2008). 

Chapter 4 was aimed at developing a movement model to assess the effect of matched 

step availability in the model. The finding from Chapter 2 that site familiarity 

positively affects individual fitness was used to derive a familiarity matrix, which was 

incorporated in the movement model to test for variation in trade-off patterns with 
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varying levels of familiarity. The matched case step-selection further offered an 

improvement over the random availability model developed in Chapter 3 by restricting 

availability to areas that are potentially usable by an individual on the basis of its 

movement decisions.  

By modelling availability in a space-time continuum, this study revealed the 

selection process occurring at a specific level, clarifying inferences about the 

motivation behind selection of each step. The analyses demonstrated that familiarity 

affects the trade-off patterns by BTD in a heterogeneous landscape. The complex 

nature of trade-off also varied with the time of the day, with BTD selecting highly 

familiar areas for resting at night and dawn, and less familiar areas during the day. 

This is likely an adaptive response to avoid predation by an ambush nocturnal predator 

like puma (Currier 1983, Sweanor et al. 2008), their only predator in the landscape. 

The demonstrated preference for familiar locations during resting within home ranges 

emphasize that spatial familiarity is important not only for large scale processes such 

as selection of home range, but also for smaller scale habitat selection associated with 

foraging and resting. Understanding the fine scale selection that affects efficient risk-

forage trade-off is important to gain a better insight into adaptive behavioural 

responses of BTD to perceived sense of risk and can have vital consequences on 

fitness, and ultimately, population dynamics of this species (Gaillard et al. 2010). 

5.3 Conclusions  

Population-level patterns in demography and distribution are influenced to some 

degree by behavioural processes and mechanisms that drive habitat use and occupancy. 

For my dissertation I tried to identify the spatial and temporal scale and behavioural 

motivation for habitat selection by female BTD surviving in a multi-use landscape. 
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Overall my study took important steps towards unravelling the behavioural motivation 

behind fine scale habitat selection and how that can impact current understanding of 

BTD demography and distribution. 

Female ungulate populations have often been considered to be spatially 

homogeneous in a continuous landscape due to their dispersal ability. So there is a 

general paucity of work on small-scale spatial dynamics within populations and 

demographic components such as natality, survival, and mortality have often been 

correlated with intrinsic population data on total density or age structure (Marescot et 

al. 2015). However, my results from Chapter 2 suggest that female BTD are organized 

in exclusive matrilineal groups which rarely disperse due to positive fitness 

consequences associated with fidelity, eventually leading to substructuring within a 

population. This substructuring can cause small-scale variation in estimates of 

population growth (λ) which can affect the local age structure and density. 

Studies have shown that animals disperse when density becomes high to avoid 

intraspecific competition (Bowler and Benton 2005). In BTD, where familiarity has 

direct fitness benefit, an individual dispersing into a new area may be affected by 

reduced survival probability. To disperse into a new area, an individual first needs to 

acquire a new spatial map of forage availability and predation risk to effectively strike 

a forage-risk trade-off (Wolf et al. 2009). Additionally, as BTD form female social 

groups (Dasmann and Taber 1956), an individual will also need to establish its position 

in an existing dominance hierarchy. Previous studies on ungulates have shown that 

dominant females or matriarchs get access to better foraging habitats (Taillon et al. 

2006). Thus, unless an individual has prior knowledge of the area that it is dispersing 

into, it may disperse into a poorer unfamiliar habitat than it was in prior to dispersal. 
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Thus the cost of staying put in a familiar area with lower forage availability may 

outweigh the cost of moving into an unknown area with uncertain access to better 

forage. In the long run, this high fidelity behaviour would eventually lead to increasing 

the density of individuals in an area. 

Due to the uncertainty and fitness consequences associated with dispersal, 

population density can vary between adjacent areas depending on group size of the 

matrilineage occupying the area. The population growth rate (λ) can thus be affected 

by local population density which affects breeding by female yearlings (McCullough 

1997). Breeding in BTD typically occurs under low population density. When 

populations of BTD reach moderate to high densities and nears the carrying capacity, 

due to constraints on forage availability, female fawns do not reach sexual maturity 

until one year of age, and produce offspring only in their second year (McCullough 

1997). Moreover, Allen et al. (2014) have previously established that pumas in the 

study area exhibit a functional response to the increase of prey abundance and density. 

Allen (2014) observed that in areas with high BTD density, pumas increase their kill 

rates during the summer months that coincides with the birth pulse exhibited by BTD. 

This may be because in high density BTD areas, fitness of younger females 

accompanied by fawns may be severely impaired due to lack of forage and suitable 

cover that interferes with their complex trade-off strategies. Thus in high density BTD 

habitats, where the natality is already lowered by delayed maturation of juveniles, an 

increased mortality of fawns due to predation may severely affect population 

recruitment, resulting in reduced population growth rate. So, vital rates of the 

demographically isolated matrilineages will vary locally with varying density and 

forage availability which is observed by differential fawn survival between these two 

subpopulations in Mendocino (Marescot et al. 2015).  
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Besides these top-down (predation) and bottom-up effects (forage availability) 

that affect BTD population dynamics and survival, other disturbances like habitat 

degradation due to anthropogenic activities may further hinder the population growth 

rate. National Forests such as Mendocino are also used for harvesting natural resources 

like timber. Timber extraction though largely regulated now, had been extensively 

carried out in the past decades. The past silviculture practices in the Mendocino 

National Forest have created vast areas of homogenous coniferous forest stands and 

exotic grasslands. However, these vast expanses of homogenous forest patches are 

unsuitable for BTD which need an optimum mix of cover and forage within a small 

spatial extent to increase their fitness (Chapters 3 and 4).  

BTD, like white-tailed deer form matriarchal groups primarily consisting of 

female offspring and siblings (Mathews 1989, Porter et al. 1991, Kie and Czech 2000). 

The spatial orientation of individuals within these social groups is analogous to rose 

petals as the older (presumably dominant) females occupy a home range that is at the 

centre of the group, with younger individuals occupying home ranges that overlap and 

extend outward. Thus, with increasing group size, BTD gradually expand into nearby 

areas. If the periphery of group range approach homogenous or unsuitable habitat, the 

females on the outer zone may reduce their home range size as moving into an 

unsuitable habitat may severely limit the survival probability against predators 

(Forrester et al. 2015). This would in effect place constraints over BTD forage 

availability, affecting the fitness of younger individuals that are within reproductive 

age and may be accompanied by fawns.  

 Further, due to dry summers, Mendocino witnesses frequent forest fires 

(Safford and Van de Water 2014). Stochastic and natural events like wildfires can 
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negatively affect the familiar seasonal ranges occupied by BTD matrilineages. Fire 

significantly increases vulnerability of BTD to heightened mortality risks by not only 

reducing net forage availability, but also by altering the spatial map of the occupied 

range (Cherry et al. 2018), or displacing individuals to an unfamiliar habitat. 

Regeneration of forest habitat with adequate assemblage and complexity of cover and 

forage species takes a long time. Under such conditions, BTD are forced to utilize 

adjacent forest patches. If these patches are homogenous due to anthropogenic 

activities, BTD are further disadvantaged by lack of forage (homogenous conifer 

strands) or lack of cover (exotic grasslands). Thus an entire group of BTD can face 

increased risk of predation over a relatively short period of time, due to lack of habitat 

heterogeneity (appropriate forage and cover species) to strike a trade-off between 

foraging and predation risk.  

The results of my study highlight the importance of ecological patterns and 

scales in studying population dynamics of ungulates, particularly for species 

conservation in dynamic multi-use managed landscapes. The identification of small 

spatial displacement of BTD and very small seasonal home ranges of the study 

individuals which have positive fitness consequences associated with familiarity 

underscores the need to manage resources at a spatial scale comparable to the size of 

their home ranges. Given the complex trade-off pattern that BTD exhibits, it is of vital 

importance for resource managers to maintain a mosaic of habitat types, as traditional 

large scale homogeneous habitat enhancements can be detrimental for sustaining BTD 

in a multi-predator system. Besides small scale habitat management which is required 

to provide individual BTD with suitable habitat, the results also imply that current land 

management decisions need to factor in patterns beyond individual home-ranges. This 

is more so as BTD matrilineal groups at Mendocino National Forest are 
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demographically isolated and largely driven by localized habitat conditions and 

density.  

In conclusion, by modelling movement patterns and habitat selection at 

multiple spatial and temporal scales I was able to obtain an improved understanding 

of key intrinsic and extrinsic dimensions of resource selection that can affect habitat 

use and fitness of individuals. Further, as habitat selection and movement are 

inherently linked, the use of a mechanistic movement model to model telemetry data 

with familiarity matrix helped me unravel the complex behavioural motivations behind 

habitat use in the species. My study thus provides a unique perspective for managing 

a declining deer population in a human-dominated landscape and highlights the 

influence of individual patterns on population processes. 

5.4 Limitations  

This study was largely conceptualized after the completion of the long-term 

monitoring project of BTD population in Mendocino National Forest in 2013, and the 

subsequent accumulation of telemetry data for estimation of vital rates, and population 

growth (Wittmer et al. 2014). Accordingly, data collection was targeted from deer 

individuals sampled at the population-wide scale, without specific focus on smaller 

matriarchal groups. The study was thus limited by the scope of data available at hand 

and due to this reason, there are a few obvious shortcomings of this dissertation. 

The present study has shown that the identification of spatial sub-structuring 

helps improve our understanding of the dynamics of a population subjected to small-

scale spatial differences in demographic vital rates among matriarchal groups. These 

differences are maintained by trade-offs between availability of suitable habitat within 

the group range and social and energetic risk of dispersal to a different area. Due to 
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lack of telemetry data associated with identified matrilineal groups, I was not able to 

tie in the performance of localized groups of BTD to indices of habitat use.  

Another major limitation of this study is the inability to incorporate female 

BTD’s reproductive status in the habitat selection models due to the lack of 

information on the life history stage of the collared individuals. The selection of habitat 

components is known to vary with life-history stages and physiological condition of 

females, such as during parturition in BTD (Bowyer and Kie 1998). BTD, like other 

ungulates, are most likely to utilize habitats differently and show different trade-off 

strategies during different stages of their life history to obtain resources necessary for 

growth, reproduction, and survival, as well as the needs of their offspring. Through the 

analysis of GPS movement data from adult female BTD without associated 

physiological data, I was only able to identify general trade-off patterns and associated 

behavioural motivation for selection at a coarser scale  

Use of biotic and abiotic habitat variables allowed me to explicitly examine 

forage-risk correlations with familiarity of landscape, and to directly assess and 

interpret selection for resources. Multiple factors that I have accounted for in the 

habitat and step selection models like forage availability, cover type, stand age, and 

predation risk can be affected by short term temporal changes (Polansky and 

Wittemyer 2011). Since my study was conceived after the project was over, I was 

solely reliant on using remotely sensed spatial data averaged over larger temporal scale 

for my study area. While I believe that this approach has allowed me to test for a large 

number of biotic and abiotic variables, the lack of field validation of the spatial data 

may have failed to incorporate short term changes in habitat variables and 
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inadvertently introduced some errors in this resource-oriented approach to habitat 

selection thus reducing the inferential power of my models.  

Further, in my study system, adult BTD are only preyed upon by pumas while 

the fawns are additionally preyed upon by coyotes, bobcats and black bears (Forrester 

2015). Even though my study primarily revolved around habitat trade-off choices by 

adult female BTD in a system dominated by a single primary predator, I was not able 

to discern direct effects of pumas on behavioural decisions by adult BTD alone, versus 

adult BTD with accompanying fawn. In the latter case, the female BTD is also liable 

for the safety of the offspring. Whereas solo adults would most likely consider only 

the presence of pumas towards their decision making strategies, a female BTD with 

offspring on the other hand would additionally have to take into account the presence 

of potential other predators of the fawn which may affect their trade-off decision. But 

due to the low number of collared females with identified fawns, I could not test 

whether female BTD implement trade-off strategies only to avoid puma predation or 

whether it perceives the landscape as a multi-predator system.  

5.5 Directions for future research  

Despite the limitations, the results of my study advance our understanding of the 

habitat selection and ecology of black-tailed deer in northern California. It provides 

compelling evidence of the consequences of site fidelity and philopatry for 

conservation and management of black-tailed deer. Future research could advance this 

knowledge by identifying the fine-scale differences in trade-off strategies and habitat 

use between varying social groups. Quantifying the costs and benefits of movement 

between matriarchal groups within a population would help reveal the actual 

mechanisms that lead to small-scale spatial variation in demographic rates.  
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  The correlative nature of the study to understand habitat selection of BTD can 

be significantly improved by acquiring spatial variables measured at short temporal 

scale as experienced by the species. This will give us a better insight into the decision-

making process underpinning habitat selection and trade-off strategies by female BTD 

in a stochastic environment. Additionally, future studies on modelling age structure 

and physiological condition of BTD in a trade-off model can provide more 

comprehensive understanding about the varying habitat needs of female BTD and help 

aid in developing targeted management plans. 

In summary to have a better perspective of the competing effects of predation 

risk and foraging needs on the adaptive behaviour and overall population dynamics of 

BTD and other ungulates in general, in-depth research is necessary to investigate 

linkages between vital rates, survivorship and individual fitness of matriarchal groups 

with habitat resources at multiple scales. Future studies need to focus on the interactive 

effects between predation risk and forage availability at short temporal scales, as well 

as the influence of other extrinsic factors that can affect animal behaviour such as 

climatic stochasticity and anthropogenic disturbances.  

5.6 Management recommendations  

The findings of my study are a testament towards the need for a scale-based integrative 

approach to achieve a mechanistic understanding of ungulate space use and fitness at 

multiple scales. My results provide managers with a portion of the baseline 

information needed to inform BTD habitat management in Mendocino National 

Forest, California. The major recommendation from this dissertation is to identify the 

size of the matriarchal groups and habitat conditions associated with their seasonal 

ranges. This is required as the matriarchal groups operate in relatively discrete 
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subpopulation groups with vital rates that are distinct from the overall population. As 

evidenced by the strong fidelity, small home-range sizes, and high genetic 

differentiation, it would be relatively easy to identify unique matriarchal groups from 

telemetry and genetic data. Next, abundance and density estimates would be required 

for each of the identified matriarchal groups (subpopulations), as the information 

would aid in estimation of vital rates, fitness, survival and demographic growth 

specific for each subpopulation. By tying in these key parameters with extrinsic factors 

on habitat condition and predation pressure, a thorough understanding of the proximate 

causes underpinning small scale variation in BTD population dynamics can be 

effectively quantified.  

Robust density estimation is necessary for long-term monitoring of the 

identified subpopulations. This would help in maintaining viable BTD populations that 

the habitats in the area can effectively sustain. Due to high site fidelity and positive 

fitness consequences associated with familiarity, female BTD tend to remain in the 

same natal group. Over time, this clustering would lead to high ungulate density within 

a small area, resulting in density-dependent feedbacks on natality, population 

recruitment and eventual negative population growth. By identifying matriarchal 

groups that are suffering decline due to over population and/or lower nutritional 

carrying capacity of their habitat (Ballard et al. 2001), site-specific interventions 

pertaining to habitat conditions can be carried out where required. Further improving 

the habitat quality of known blocks in winter and summer ranges and their peripheral 

areas may help to relieve the pressure associated with localized density, by providing 

females at the outer edge of the ‘rose petal’ social group with increased access to 

suitable habitat. So, it is necessary to reduce anthropogenic activities like grazing and 
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timber harvesting in and around identified seasonal ranges when evaluating future land 

development proposals. 

In addition to large scale habitat management, my study also emphasizes the 

fine-scale habitat requirements for BTD in Mendocino that managers need to be aware 

of. Given the very small seasonal home ranges of the study individuals and fitness 

consequences associated with high fidelity that affect deer survival, it is critical to 

manage habitat heterogeneity at a spatial scale comparable to the size of their home 

ranges. Thus, it is imperative for conservation managers to have a critical 

understanding of activity specific requirements of BTD so that fine-scale habitat use 

can be factored in while drawing up a framework for well-informed land management 

strategies for long-term survival of this population.  
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Appendix 1 

Table A1.1: Capture, activity, movement and mortality information of 64 female black-tailed deer captured and monitored between 2004-

2013 in the Mendocino National Forest, California, USA.  

ID 

Age 

(in 

years) 

Area 

(Ridge 

name) 

From 

(Date 

collared) 

To 

(Date died/ 

collar drop) 

Fix 

Interval 

(in 

hours) 

Activity Data 

(collar with 

accelerometer) 

Summer 

(No. of 

seasons 

spent in 

summer 

habitat) 

Winter 

(No. of 

seasons 

spent in 

summer 

habitat) 

Non-

Migratory 

(No 

migration 

between 

summer-

winter 

habitat) 

Status 

(Dead/ alive 

at the end 

of 

monitoring) 

1485 9 FH7 12/07/2012 10/07/2013 1 N 2 1 0 Alive 

5730 2 M1 29/09/2004 18/11/2005 7 N 2 1 0 Unknown 

5731 13 M1 30/09/2004 27/01/2006 7 N 2 1 0 Dead 

5733 4 M1 2/11/2004 7/05/2006 7 N 2 1 0 Uncertain 

5734 3 M1 23/11/2004 11/03/2005 7 N 1 1 0 Dead 

5735 2 M1 25/02/2005 17/05/2005 7 N 0 1 0 Dead 

5738 4 M1 22/04/2005 28/12/2005 7 N 1 0 0 Dead 
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5741 5 M1 17/06/2005 17/09/2007 7 N 3 2 0 Unknown 

5744 1 M1 23/08/2005 19/09/2007 7 N 3 2 0 Unknown 

5745 2 M1 24/08/2005 18/02/2006 7 N 0 0 1 Dead 

5747 5 M1 31/08/2005 7/03/2006 7 N 1 1 0 Dead 

7037 3 M1 25/06/2011 27/02/2012 5 Y 0 0 1 Dead 

7079 10 FH7 9/07/2011 5/07/2012 5 Y 0 0 1 Alive 

7216 6 FH7 12/06/2012 1/09/2013 1 N 2 1 0 Alive 

7227 3 FH7 13/06/2012 1/09/2013 1 N 2 1 0 Alive 

7274 1 M1 7/09/2012 11/01/2013 1 Y 1 1 0 Alive 

7276 4 M1 5/06/2012 28/08/2013 1 Y 2 1 0 Alive 

7285 5 FH7 10/09/2012 13/08/2013 5 Y 2 1 0 Alive 

7298 5 FH7 12/07/2012 1/09/2013 1 N 2 1 0 Alive 

7303 7 FH7 6/06/2012 2/09/2013 1 Y 2 1 0 Alive 

7308 3 M1 6/07/2011 20/08/2011 5 Y 1 0 0 Dead 

7314 5 FH7 13/07/2012 19/10/2012 5 N 1 0 0 Dead 
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7318 7 FH7 13/07/2012 13/09/2013 1 Y 2 1 0 Alive 

7331 3 FH7 8/06/2012 1/09/2013 1 N 2 1 0 Alive 

7447 5 FH7 10/09/2012 13/09/2013 1 Y 2 1 0 Alive 

7449 3 M1 18/06/2012 1/09/2013 1 N 2 1 0 Alive 

7581 2 M1 29/03/2007 10/09/2007 7 N 1 0 0 Alive 

7582 3 M1 28/03/2007 17/09/2007 7 N 1 0 0 Unknown 

7583 3 FH7 28/07/2010 6/06/2012 5 Y 3 2 0 Dead 

7585 5 M1 16/07/2010 19/06/2012 5 Y 3 2 0 Alive 

7588 5 FH7 24/06/2010 10/06/2012 5 N 2 1 0 Alive 

7597 11 FH7 23/06/2010 4/06/2011 5 Y 1 1 0 Dead 

7616 1 M1 9/09/2012 20/12/2012 1 Y 1 1 0 Dead 

7884 5 M1 26/06/2011 24/06/2012 5 Y 2 1 0 Alive 

7885 2 FH7 26/08/2010 8/12/2010 5 Y 1 1 0 Dead 

7893 4 M1 22/06/2011 21/08/2012 5 Y 0 0 1 Alive 

8796 6 M1 8/06/2009 4/10/2009 5 N 1 1 0 Dead 
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8798 6 FH7 10/06/2009 1/05/2011 5 N 0 0 1 Alive 

8800 4 FH7 11/06/2009 1/05/2011 5 N 0 0 1 Alive 

8801 3 M1 10/06/2009 5/05/2011 5 N 0 0 1 Alive 

8802 3 M1 8/08/2009 7/06/2010 5 Y 2 1 0 Dead 

8803 2 FH7 11/06/2009 1/05/2011 5 N 2 2 0 Alive 

8804 10 FH7 11/06/2009 26/05/2010 5 N 2 1 0 Dead 

8805 3 M1 9/06/2009 20/01/2010 5 N 0 0 1 Dead 

8808 2 FH7 10/06/2009 8/08/2009 5 N 1 0 0 Dead 

8810 3 M1 9/06/2009 1/05/2011 5 N 2 2 0 Alive 

8812 4 FH7 13/07/2012 13/09/2013 1 Y 2 1 0 Alive 

8813 6 M1 25/06/2011 20/06/2012 5 Y 2 1 0 Alive 

8815 5 FH7 20/06/2010 12/12/2010 5 N 1 0 0 Dead 

8816 6 M1 21/06/2011 18/06/2012 5 Y 0 0 1 Alive 

8817 1 FH7 14/08/2009 12/08/2011 5 Y 3 2 0 Alive 

8818 5 FH7 16/06/2012 3/09/2013 1 N 2 1 0 Alive 
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8819 6 FH7 24/08/2010 20/06/2012 5 N 0 0 1 Alive 

8820 3 FH7 21/06/2010 7/07/2011 5 Y 0 0 1 Dead 

8822 3 M1 25/06/2011 25/08/2012 5 Y 2 1 0 Alive 

8823 3 FH7 24/06/2010 16/09/2011 5 N 0 0 1 Dead 

8826 10 FH7 25/06/2010 15/04/2012 5 N 2 2 0 Dead 

8828 10 M1 21/06/2011 11/10/2011 5 Y 1 0 0 Dead 

8829 9 M1 7/06/2012 29/08/2013 1 Y 2 1 0 Alive 

8834 11 M1 21/12/2009 15/12/2010 5 Y 2 1 0 Dead 

8835 3 M1 13/08/2009 29/03/2010 5 Y 1 1 0 Dead 

5740_05 4 M1 9/06/2005 29/11/2007 7 N 3 2 0 Alive 

5740_09 8 M1 9/06/2009 29/11/2009 7 N 1 1 0 Dead 

A255 1 M1 31/08/2005 16/09/2007 7 N 3 2 0 Dead 

A279 3 M1 10/05/2006 1/03/2007 7 N 1 1 0 Dead 
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Appendix 2 

Modelling predation risk by Puma (Puma concolor) based on kill site selection 

in Mendocino National Forest, California, USA 

Animal captures 

Between June 2010 and November 2012, 7 pumas (5 females, 2 males) were captured 

using trained hounds and box traps in Mendocino National Forest, California, USA. 

Based on gum-line recession (Laundre et al. 2000), one female was classified as 

subadult (i.e., <3 years); all other pumas were considered adults. Capture methods are 

described in detail in Allen et al. (2015) and approved by the Institutional Animal Care 

and Use Committee at the University of California, Davis (Protocols 15341 and 

16886), and by the Wildlife Investigations Laboratory of the California Department of 

Fish and Wildlife. 

Collar programming and field methods 

All captured pumas were fitted with combined ARGOS satellite GPS/radio telemetry 

collars (Lotek 7000SAW, New Market, Ontario, Canada). Collars were programmed 

to acquire GPS locations every 2 hours and downloaded location data via satellite 

every 3 days. Location data were displayed in ArcGIS 3.2 (ESRI, Redlands, CA) to 

identify clusters of GPS points and thus potential kill and prey consumption sites. 

Following Elbroch and Wittmer (2013), GPS clusters were then defined as ≥5 

locations (or a minimum of 8 hours between first and last locations) within 150 m of 

each other that contained at least one crepuscular or nocturnal location. Using 

handheld GPS units (Garnim 60csx) 598 of the 609 identified clusters were 
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investigated to search for possible prey remains. Clusters were investigated by 

experienced, CyberTracker-certified individuals (Elbroch et al. 2011). 

Prey species found at clusters (i.e., kill sites) were identified through skeletal 

features and external characteristics (hair, pelage, or feathers) and carcass state and 

locations of bite marks were used to assess whether the prey had been killed or whether 

pumas had been scavenging. Further, black-tailed deer (BTD) carcasses were 

classified into fawns (<1 year old) and a combined juvenile/adult category that 

included all other individuals. Overall, from the remains at 352 of the clusters that 

were investigated, 288 were confirmed as BTD kills (Allen et al. 2015).  

Kill sites and random sites 

I employed a use-availability resource selection function (RSF) design (Manly et al. 

2002) to evaluate possible kill site characteristics associated with BTD kill by pumas 

based on 288 identified kill of BTD. I extracted habitat covariates associated with kill 

sites for the first telemetry location of each cluster. 

To generate available habitats, I first estimated individual 100% minimum 

convex polygon (MCP) home ranges for all 7 collared pumas and then generated 1000 

random sites for every puma within their respective MCP in ArcMap 10.2 (ESRI, 

Redlands, CA). The same random sites were used for both summer/fall (June-

November) and winter/spring (December-May) models. The large number of random 

sites allowed sampling of less common habitat types within the study area (Northrup 

et al. 2013). Potential bias from “contamination” or “false-negatives” (i.e., pixels 

classified as available that may have been used) due to the large number of random 

sites was counteracted by sampling at the landscape scale which contained a large 

numbers of available pixels relative to the sample of used pixels. To further reduce 
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false-negatives, I created a buffer with 75 m radius (following Allen 2014) from the 

centre of each identified kill cluster and sampled availability outside these buffers. 

Habitat covariates 

For the predation risk analyses, I included covariates known to be associated with kill 

sites of pumas (e.g., Elbroch and Wittmer 2012, Blake and Gese 2016). Covariates 

included topography (elevation, slope, aspect, and ruggedness), vegetation (7 

vegetation types), cover (canopy at base height), and edge density. 

Topography: I obtained elevation from the 30-m resolution ASTER (Advanced 

Spaceborne Thermal Emission and Reflection radiometer) global digital elevation 

model (GDEM: www.gdem.aster.ersdac.or.jp; Accessed 12 December 2013). I 

derived slope (%) and aspect (sine and cosine transformed) from the ASTER GDEM 

layer using the Spatial Analyst surface tools in ArcGIS 10.2. I calculated vector 

ruggedness measure (VRM) from the ASTER GDEM in ArcGIS 10.2 following 

Sappington et al. (2007).  

Vegetation and edge density: I acquired vegetation layers including vegetation 

type (n = 7) and vertical cover (canopy at base height; cbh) from Landscape Fire and 

Resource Management Planning databases (LandFire; www.landfire.gov; Accessed 

19 January 2017). Based on previous studies (e.g., Dickson et al. 2005, Elbroch and 

Wittmer 2012), I broadly re-classified the original vegetation types into 7 distinct 

habitat categories: conifer, hardwood, grassland, riparian, shrub, open (barren and 

sparse vegetation), and other (developed upland forests, agricultural land and water). 

I used conifer as the reference class for comparison among vegetation types, as it was 

the most abundant form of vegetation in the study area.  

http://www.gdem.aster.ersdac.or.jp/
http://onlinelibrary.wiley.com/doi/10.1890/ES14-00421.1/www.landfire.gov
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To estimate edge density, I obtained a road layer for my study area from USDA 

Forest Service maps (https://www.fs.usda.gov/detail/r5/landmanagement; Accessed 

25 January, 2017) and overlaid it on Google Earth maps. Additional or incomplete 

tracks and roads within the study area were then digitised and the modified layer was 

used for the final analysis. I generated a river/stream layer by hydrological modelling 

of the ASTER DEM layer in ArcGIS 10.2 using the hydrology toolset. I then calculated 

the density of edges or linear features, defined as the interface between open and 

closed-canopy vegetation and between river/stream/road per pixel using the Spatial 

Analyst density tools in ArcGIS 10.2. The resulting combined “edge density” 

information was then used as a predictor variable in the analyses. 

Resource selection functions 

Based on existing knowledge of puma ecology, I built a set of 15 candidate models for 

summer/fall and winter/spring separately with likely combinations of explanatory 

variables (Table A2.1): 

Table A2.1: Candidate models used to determine predation risk layer from 288 

identified black-tailed deer kills by 7 radio-collared pumas in the Mendocino National 

Forest, California, between 2010 and 2012.  

 

No. Candidate models 
Model 

Category 

1 Null Null 

2 Elevation, slope, aspect, ruggedness Physical 

3 Edge, vegetation, canopy at base height Vegetation 

4 Edge, vegetation, aspect, slope 
Ungulate 

Presence (UP) 

5 Edge, vegetation, elevation, aspect 
Ungulate 

Presence (UP) 

https://www.fs.usda.gov/detail/r5/landmanagement/gis/?cid=stelprdb5329488
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6 Edge, elevation, aspect 
Ungulate 

Presence (UP) 

7 Ruggedness, canopy at base height, edge 
Hiding Cover 

(HC) 

8 Slope, edge, canopy at base height 
Hiding Cover 

(HC) 

9 Vegetation, ruggedness, edge, elevation, slope UP/HC 

10 Slope, elevation, vegetation, canopy at base height UP/HC 

11 Edge, elevation, aspect, ruggedness UP/HC 

12 Edge, ruggedness, vegetation, canopy at base height, aspect UP/HC 

13 Vegetation, slope, canopy at base height, ruggedness UP/HC 

14 Ruggedness, edge, aspect, vegetation, slope UP/HC 

15 Full Full 

 

To examine if site characteristics differed between BTD kills and random locations, I 

estimated RSFs using logistic regression of the form:  

g(x) = 𝑙𝑛⁡[
𝜋(𝑋)

1−𝜋(𝑥)
] = β0 + β1 x1ij + … + βnxnij + γ0j 

where βn is the estimated coefficient for covariate xn , and γ0j is the random per-subject 

intercept (Gillies et al. 2006), which effectively controls for variation due to 

unbalanced individual sampling (Gillies et al. 2006, Hebblewhite and Merrill 2008).  

Before running the RSFs, I tested for multicollinearity among the predictor 

variables used in each model. Variables with correlation coefficients ≥0.6 were not 

used together in any model (Graham 2003). All continuous variables were 

standardized to allow direct comparisons of parameter estimates. Generalized linear 

mixed models (GLMMs) were fitted using the library ‘lme4’ (Bates 2015) in program 

http://link.springer.com/article/10.1007/s10980-011-9647-6#CR20
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2656.2010.01701.x/full#b44
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2656.2010.01701.x/full#b47
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R (R Development Core Team 2014). I used an information-theoretic approach based 

on Akaike's Information Criterion with a correction for small sample sizes (AICc, 

Burnham and Anderson 2002) to identify the best performing models. When 

competing models had ΔAICc < 2, I retained the most parsimonious model to avoid 

inclusion of uninformative parameters (Arnold 2010). 

I assessed model fit of our top models with k-fold cross-validation (Boyce et 

al. 2002). I randomly partitioned the data by individual within seasonal models to 

construct a training set (80% of data) and test set (20% of data). Model-averaged 

estimates from the training models were then used to calculate predicted RSF values 

for the random locations. Subsequently, I ranked the random locations based on 

predicted values and binned them into 10 equal groups (Boyce et al. 2002). The fit was 

then quantified using the Spearman rank correlation coefficient based on the frequency 

of used points in each of 10 equal bins of predicted values (Boyce et al. 2002). 

Results 

During June 2010- November 2012, 19,988 GPS relocations from collared 

pumas (x̅ = 2,855 ± 603 SE, range 971-5,342) were obtained. During the same period 

598 GPS location clusters were visited in the field typically within one week (x̅ = 6.78 

± 8.18 SD) after the puma left the area. Evidence of puma killing of black-tailed deer 

was found at 288 clusters (mean per puma 41, range 9-65).  

Summer 

The top summer predation risk model included physical and topographical variables 

like elevation, slope, aspect, and ruggedness (Table A2.2) and provided good fit to 

the data (rs=0.84). 

http://onlinelibrary.wiley.com/doi/10.1002/jwmg.21123/full#jwmg21123-bib-0002
http://onlinelibrary.wiley.com/doi/10.1002/jwmg.21123/full#jwmg21123-tbl-0002
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Table A2.2: Ranked models for black-tailed deer kill site selection by puma during 

summer in the Mendocino National Forest, California, 2010–2012.  

 

Variables Ka AICcb ΔAICc wi
c LLd 

2.   Elevation, slope, aspect, ruggedness 7 1803.02 0 0.52 -894.5 

13.   Vegetation, slope, cbh, ruggedness 11 1805.59 2.57 0.14 -891.78 

9.     Vegetation, ruggedness, edge, elevation, slope 12 1805.85 2.83 0.13 -890.9 

14.   Ruggedness, edge, aspect, vegetation,slope 13 1806.94 3.92 0.07 -890.44 

7.    Ruggedness, cbh, edge 5 1808.53 5.51 0.03 -899.26 

8.    Slope,  edge, cbh 5 1808.53 5.51 0.03 -899.26 

15.   Full 15 1808.8 5.78 0.03 -889.37 

11.    Edge, elevation, aspect, ruggedness 7 1809.19 6.17 0.02 -897.59 

1.      Null 2 1810.95 7.93 0.01 -903.47 

4.      Edge, vegetation, aspect,slope 12 1812.85 9.83 0 -894.4 

6.      Edge, elevation, aspect 6 1813.35 10.34 0 -900.67 

10.    Slope, elevation, vegetation, cbh 11 1813.96 10.94 0 -895.96 

12.     Edge, ruggedness, vegetation, cbh, aspect 13 1815.57 12.55 0 -894.76 

3.       Edge, vegetation, cbh 10 1815.79 12.77 0 -897.88 

5.       Edge, vegetation, elevation, aspect 12 1817.86 14.84 0 -896.91 
aK = estimated number of parameters.  
bAICc = Akaike's Information Criterion with a correction for small sample sizes.  
cwi = AIC weight 

LLd = Log likelihood 

 

The coefficients of the top summer risk model indicated that the BTD kill sites in 

summer was strongly associated with slope and terrain ruggedness (Table A2.3).  

 

Table A2.3: Coefficient estimates (β) from the top summer model for black-tailed deer 

kill site selection by puma in the Mendocino National Forest, California, between 

2010-2012. 

 

Covariates Estimate SE p value 

Elevation 0.018 0.07 0.08 

Slope -0.228 0.07 0.00 

http://onlinelibrary.wiley.com/doi/10.1002/jwmg.21123/full#jwmg21123-tbl-0003
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Eastern Aspect 0.039 0.07 0.58 

Northern Aspect -0.099 0.07 0.17 

Ruggedness 0.210 0.06 0.00 

 

The analyses revealed that BTD were more often killed in rugged (β = 0.210) terrain 

with gentler slope (β = −0.228). Though slightly insignificant, the BTD kills in summer 

were also associated with higher elevations (β = 0.018). As there was only one 

candidate model for summer predation risk with ΔAICc scores of <2 (Table 2.2), it 

was considered as the clear top model and the coefficient estimate from this model was 

used to generate summer predation risk layer for the study area.  

Winter 

Two models for selection of sites for killing deer were supported for winter. These two 

models had intermediate number of parameters, with the top model having an AICc 

weight > 0.6. The top winter predation risk model included variables like elevation, 

aspect and edge density (Table A2.4) and had excellent predictive power (rs=0.95). 

Table A2.4: Ranked models for black-tailed deer kill site selection by puma during 

winter in the Mendocino National Forest, USA, 2010–2012.  

 

Variables Ka AICcb ΔAICc wi
c LLd 

6.       Edge, elevation, aspect 6 876.78 0 0.65 -432.38 

11.     Edge, elevation, aspect, ruggedness 7 878.29 1.51 0.31 -432.14 

2.       Elevation, slope, aspect, ruggedness 7 883.16 6.38 0.03 -434.57 

5.    Edge, vegetation, elevation, aspect 12 884.87 8.09 0.01 -430.41 

15.   Full 15 889.49 12.71 0 -429.71 

7.    Ruggedness, cbh, edge 5 892.27 15.49 0 -441.13 

9.    Vegetation, ruggedness, edge, elevation, slope 12 892.32 15.54 0 -434.14 
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8.    Slope, edge, cbh 5 894.16 17.38 0 -442.08 

10.   Slope, elevation, vegetation, cbh 11 895.15 18.37 0 -436.56 

4.    Edge, vegetation, aspect,slope 12 896.42 19.64 0 -436.19 

12.   Edge, ruggedness, vegetation, cbh, aspect 13 896.45 19.67 0 -435.2 

14.   Ruggedness, edge, aspect, vegetation,slope 13 896.56 19.78 0 -435.25 

3.      Edge, vegetation, cbh 10 900.55 23.77 0 -440.26 

1.      Null 2 904.66 27.88 0 -450.33 

13.   Vegetation, slope, cbh, ruggedness 11 908.96 32.18 0 -443.46 
aK = estimated number of parameters.  
bAICc = Akaike's Information Criterion with a correction for small sample sizes.  
cwi = AIC weight 

LLd = Log likelihood 

 

 

The coefficients of the top winter risk model indicated that the BTD kill sites in winter 

was strongly associated with lower elevation (β = −0.444) and western aspect 

(β = 0.288). The analyses also revealed that BTD were more often killed areas with 

higher edge density (β = 0.253) (Table A2.5). 

 

Table A2.5: Coefficient estimates (β) from the top winter model for black-tailed deer 

kill site selection by puma in the Mendocino National Forest, California, between 

2010-2012. 

 

Covariates Estimate SE p value 

Edge Density 0.253 0.11 0.02 

Eastern Aspect 0.288 0.11 0.01 

Northern Aspect -0.191 0.11 0.09 

Elevation -0.444 0.12 0.00 

 

As the top model was a subset of the competing model and had ΔAICc <2 

(Table 2.4), following Arnold (2010), I only used the coefficient estimates from the 

most parsimonious model to generate winter predation risk layer for the study area.  

http://onlinelibrary.wiley.com/doi/10.1002/jwmg.21123/full#jwmg21123-tbl-0003
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