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ABSTRACT

Over the past few decades a large body of liteeahas provided evidence that
predators can influence the ways in which prey eharhis in turn may influence prey
demography and predator-prey dynamics and thergioeeators may influence the
structure and function of populations and commasijtindependent of direct killing.
Using data collected from 1991 to 2007, | evaludkedbehavior of elkGervus elaphys
in the Madison headwaters area of Yellowstone MatioPark in response to the
colonization and establishment of wolv&3ais lupuy Changes in home range size,
fidelity, group size, foraging behavior, and laggsle spatial responses were evaluated.
After wolf colonization, elk movements were morendgnic as elk moved more over the
landscape as they were increasingly encounter¢aickad, and displaced by wolves.
Home range sizes were larger, with slight decreasdsglelity. These results show that
elk made modest adjustments in space use presuitoat#guce their vulnerability from
predators at a fine-scale within their range. Minamatic larger scale spatial shifts were
also documented as radio-collared elk adopted thsignce dispersal and migratory
movements away from high-density wolf areas. Thagparent predator-avoidance
movements were never observed prior to wolf colatmen or from areas where the risk
of predation was lower. Prior to wolf colonizatjahe grouping behavior of elk was
relatively stable and predictable as elk attempimdconserve energy and decrease
starvation risk in the absence of wolves. Follagywmolf reintroduction group size and
group size variation increased. This more dynapeicavior likely reflects a strategy to
minimize predation risk and maximize food acquiiti The decision to forage was
heavily influenced by local snow, habitat type, dimle of day but remained relatively
stable with and without the presence of wolvese [Htk of any substantial change in the
foraging behavior of elk in the presence of woliksstrates that elk can maintain the
same level of foraging time and retain a relativedystant level of nutrition. Together
these results suggest that in a harsh winter emviemt such as the Madison headwaters,
elk can adaptively manage their behavior to cogl emvironmental constraints both in
the presence and absence of wolves. Landscaioarsuch as snow pack severity and
habitat types, complexity, and patch size alsauerites predation risk and may dictate
the way in which prey behave.
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CHAPTER 1

INTRODUCTION TO DISSERTATION

Introduction

The ways in which prey change their behavior ipoese to the threat of predation
has become the topic of interest in a growing bafdgcological literature over the past
few decades (lves and Dobson 1987, Lima and D801®@ima 1998). This work has
expanded our knowledge base from the classical wonredator-prey interactions
where the direct lethal effects of predation wéeerhajor focus and prey behavior was
typically ignored (Taylor 1984, Murdoch and Oat&7%). Currently attention is being
paid to the indirect consequences of predationrtiaat stem from behavioral
modifications. Such advancement in our understandf predator-prey interactions
offers important ecological insights regarding ittuence of predators on individuals
and communities. This is particularly relevantasbegin to recognize the importance
these non-lethal effects may have on prey populatimamics (Ilves and Dobson 1987,
Lima and Dill 1990, Lima 1998, Werner and Peacdi®WNelson et al. 2004, Bolnick
and Preisser 2005, Preisser et al. 2005, Schmitg&@reel and Christianson 2008).

Plasticity in prey behavior associated with thecpption of risk is pervasive
throughout many different taxonomic groups and-predator behavior such as
grouping, alterations in foraging behavior, shiftthabitat use, and changes in movement
patterns are exhibited by prey species in teredstairboreal, and aquatic environments.

Due to the relative ease of manipulating systentis sinall taxa, with the ability to retain
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strict experimental control, much of the seminatkvon the behavioral responses of prey
to predation risk has been carried out on inveatesror small vertebrate systems (Sih
1982, Werner et al. 1983, Schmitz 1998, Denno.€10f13). But, while experiments
provide the ability to relate cause and effeds gometimes difficult to use laboratory
based experiments to test broad scale ecologigathgses. It is often very hard to
generalize the results of experiments to any athaural systems (Schmitz 2005b) and
often there is limited breadth as to the appliegbdf the results from manipulation
experiments.

Understanding how systems operate in controllethgsthas clearly advanced our
knowledge of behavioral ecology of predator-prestems, but because ecological
complexity is hard to capture under controlled expental design, there is some
element of uncertainty as to whether inferencabédoehavioral responses of prey from
small taxonomic groups can be applied to large mahpmedator-prey systems.
Therefore, similar work is needed in a field seftirefore we can generalize these
behavioral trends. However, such studies come théhr own set of limitations due to
the complexity of heterogeneous environments aadnbility to completely control for
confounding factors. The ability to conclude camsachanisms is poor and inferences
can often be viewed as vague due to the numbesrdbuanding variables that cannot be
controlled. Despite these limitations, howeveiseational studies are extremely useful
for identifying trends and patterns in large mameystems and much insight into the
behavioral responses of prey to predation threabeaattained in systems when both
predator and prey are tractable, predator andyse\the environment in close proximity

to one another, and reside within a system whexe ¢hn easily be observed. The ability
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to make inference is also enhanced if informatiooud the system is known over a long
enough period of time that encompass periods dbgmal change and/or bouts of
predation risk vary spatially and temporally.

Gray wolves Canis lupuy were reintroduced to Yellowstone in 1995-96, amde
that time a considerable amount of research hasilsoted to our understanding of prey
behavior in response to this newly establishedcctopivore (alterations in landscape and
habitat use; Creel et al. 2005, Fortin et al. 260&rnandez and Laundré 2005 Mao et al.
2005, Gude et al. 2006, Winnie and Creel 2007; gbsun aggregation patterns; Creel
and Winnie 2005, Gude et al. 2006; shifts in fanggiChristianson 2008; alterations in
vigilance levels; Lung and Childress 2006, Halofakyg Ripple 2008, Liley and Creel
2008; and trade-off's between vigilance and forgglraundré et al. 2001, Childress and
Lung 2003, Wolff and Van Horn 2003, Winnie and Ci2@07). But, long-term
monitoring of the Madison headwaters elk populaf©arvus elaphyssince 1991, and
monitoring of wolves since 1996-97, has resultedrnirextensive predator-prey database
with which | have been able to effectively expamdloe previously mentioned prey
behavioral work by gaining an understanding of lpwey behaved when predators were
absent. By adding a pre-wolf component, | evalli#teand how, these behaviors have
changed with wolf reintroduction. Collectivelyjgtstudy and other studies throughout
Yellowstone National Park and the Greater Yellowst&cosystem provide a
comprehensive synthesis of the anti-predator behaviesponses exhibited by elk to
wolves over a wide ecological range. While thissdrtation is only a small part of this

larger compilation of work, | have compared oudfimgs with other behavioral studies,
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identified disparities in behavioral responses leetwsites, and explored the mechanisms
responsible for the way elk behave.

The major objective of this dissertation was tcestigate the behavioral responses
exhibited by elk in the Madison headwaters andrdetee if elk behavior changed when
wolves were reintroduced to the landscape. Iffeb®ral modification was identified
over the period of this investigation, then | wahte determine the relationship between
predation, landscape, and climatic factors thatrdmuted to any apparent change.
Because most of the above mentioned predator-megvioral studies occurred in
established predator-prey systems, the dynamit®tearred prior to, and during the
transition from a colonized to an established pi@daopulation were not described. By
dividing the 16-year study period into differentagles of wolf reintroduction (pre,
colonizing, and establishment), | was presented thie rare opportunity to evaluate if
elk behavior was sensitive to the presence of veoared/or the frequency and magnitude
of wolf use. With the magnitude of wolf use vagyiover the 11-year, post-
reintroduction period and being dynamic betweemdges, it was also possible to
determine whether elk responded spatially and teatigdo wolves. More specifically,
in Chapter 2, the winter movement patterns of amagratory elk herd in the Madison
headwaters were quantified prior to the reintroduncof wolves when animals were
constrained only by nutritional restrictions. Cdmentary data made it possible to
compare the same behavior following wolf coloniaatand establishment, when elk
experienced significant wolf predation. Changekame range size and fidelity were
evaluated and broader scale elk movement pattenisas dispersal and migration were

described. In Chapter 3, a long-term dataset wakyzed on elk grouping behavior prior
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to wolf re-introduction, during the colonizatiorage, and after wolves became fully
established in the system. This allowed for elluging tendencies (mean group size and
typical group size) to be evaluated in the absefgeedators and, following wolf
reestablishment, when faced with trade-offs betwaending predation and acquiring
adequate resources. Wolf presence varied spagiatiytemporally within and among
years, so the dynamic nature of the grouping tetidemwas also evaluated to determine
if variability in group size increased following Wweintroduction as elk responded to
fine-scale temporal variation in predation risk. Ghapter 4, the foraging behavior of elk
was evaluated to assess whether or not elk saatifaraging bouts and altered the
intensity with which they scanned their surroundimdhen wolves were present on the
landscape. This research provided valuable insigi the indirect costs of predation.
Knowledge of how elk responded when faced with agtied risk was then synthesized in
the summary chapter of this dissertation (ChapteMhe demographic consequences
that occurred following reintroduction of a keystgoredator are discussed, and |
highlight gaps in our knowledge base and proposdlitection of future research.
Finally, I discuss the management and conservatiptications of changing prey

behavior on ecosystem structure and function.

Study Area

The Madison headwaters is a 28,000-ha study acadeld in the upper Madison
River drainage in the west-central portion of Yeltdone National Park, Wyoming,
USA, (44 37'N, 110 52’, W) (Figure 1.1). The area is centered onMlaglison,

Gibbon, and Firehole rivers with elevations randgmogn 2050-2560m and is defined by
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the wintering areas of the non-migratory elk popalaand the migratory central
Yellowstone bison herdBjson bisonBjornile and Garrott 2001, Garrott and White
2009). The topography is complex and varied pgoetlominately characterized by
extensive forested plateaus, steep canyons andwalevation meadows running linear
to the three major river corridors.

The study area supports a diversity of plant comtias) the most dominant being
the lodgepole pineRinus contortaand spruce-firRicea engalmanni — Abies lasiocajpa
forest. In addition both wet meadows and dry meadare present. The wet meadows
are characterized by sedg€afexspp.), common horsetalEquisetum arven$gerushes
(Eleocharis flavensceipsand several grass speci@gopyronspp.,Deschampsiapp.),
while sagebrushArtemisiaspp) and Idaho fescuBdstuca idahoensiglominate the dry
meadows (Despain 1990). Extensive forest firesndithe summer of 1988 burned
approximately 50% of the study area, resulting ao@mplex mosaic of burned and
unburned forest patches (Christensen et al. 198@&nhan and Watson 2009) which are
now at various stages of regeneration. Geotheaneals are widespread throughout the
study area (Watson et al. 2009) and are partiguédotindant in the Firehole and the
Gibbon drainages. The thermal influence is pemsgamong many of the major meadow
complexes which remain snow free, or have dramticaduced snow cover, all winter.
This allows unique aquatic and terrestrial plasbagtions to thrive and continue to
photosynthesize throughout the year (Despain 19@0nsequently, large herbivores use
these snow free areas and use plants that remailalfale all winter long.

The climate of the study area is typical of nontherountainous regions which is

characterized by cool, dry summers and long, cotdess. Snow typically accumulates
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at the end of October and starts to melt on thetalevation sites around mid-March
and on the plateaus several weeks later. Peak dapthis range from 115-150cm
(Craighead et al. 1973), and average winter tenyp@®mrange from 2.6 in October to
minus 11.0C in December and January, minu€ 4 March, and rising to 66 in May
(Newman and Watson 2009).

The Madison headwaters elk herd is a non-hunteatnmigratory herd remaining
within the boundaries of the park all year (Craigghet al. 1973; see Figure 1.1). Ground
and aerial surveys dating back to 1967 estimategdpulation to be between 600-700
elk (Craighead et al. 1972), and annual popula&timates of the herd that were
initiated in 1991 revealed that the population rerdained remarkably stable for
approximately 3 decades up until the mid to lat@01® (Eberhardt et al. 1998, Garrott et
al. 2008a,b). After this time, the population giBadecreased to approximately 150-300
elk (Garrott et al. 2009b), with the decrease pneidantly occurring in the Firehole and
Gibbon drainages while remaining relatively stahléhe Madison drainage (White et al.
2009). Unlike many other populations of large hnestes, this population exists in a
protected landscape that is relatively uninfluenogdéhuman factors. Although three
major park roads run parallel to the major rivéng, study area is predominantly road-
less and there is little human use away from thesi@ roads during winter.

After an almost 60-year absence of wolves in thkovistone area, gray wolves were
reintroduced into Yellowstone National Park in 1985 (Fritts et al. 1997). Using
acclimation pens constructed in the Firehole dgenaeveral soft release efforts resulted
in successful establishment of wolves into the Madiheadwaters area since 1996-97

(Smith et al. 2008). Since 1996-97, the numbevaf/es and wolf packs in this system
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has varied spatially and temporally, but overadl $ystem has transitioned from no
wolves to one with an established wolf populatiSm{th et al. 2009). Coyoté€anis
latrans) are common within the study area year-round aratly bears Jrsus arcto}
and black beardJrsus americanysare commonly observed in the study area fronyearl
spring (late March) to late fall (October-Novembe@Qther large predators such as
mountain lionsPuma concolgrare known to be occasionally present in the sardg,

but at very low densities.
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Figure 1.1 The Madison headwaters study area ilMést-central portion of Yellowstone National Pérsert). Vegetation
types 0 = 5) were mapped using Landsat remote sensingradoqun September 23, 2002 (Newman and Watson 2008
shaded area represents the winter range of thesklatieadwaters elk herd (Madison-Firehole elk hasdjefined by Messer
et al. 2008.
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CHAPTER 2

SPATIAL RESPONSES OF ELK TO WOLF PREDATION RISK: IN& THE
LANDSCAPE TO BALANCE MULTIPLE DEMANDS

Abstract

In the absence of an effective predator, spatitdépes of large herbivores in northern
temperate regions are largely influenced by foagliesition and energy conservation
during winter when resources are limited and trergetic cost of movement is high. In
these circumstances animals would be expectedrtonize movement to avoid
unnecessary energy expenditures. With the addifi@ntop predator such a strategy
may not be compatible with avoiding predation rislerefore animals may increase their
movement to avoid detection or escape capturein@aonsecutive winters 1991-2007
11,908 locations were collected, and movement pettef 115 non-migratory adult,
female elk Cervus elaphysn the Madison headwaters area of Yellowstonedxat
Park were quantified. ANOVA and mixed effects esggion models were used to
evaluate home range size and site fidelity prigch#reintroduction of wolveL@anis
lupug, and following wolf colonization and establishmheBroader scale elk movement
patterns such as dispersal and migration weredasoribed. Prior to wolf colonization,
winter movements of elk were constrained and ptablie as elk attempted to conserve
energy and decrease starvation risk. Home ranges small and elk displayed strong
spatial fidelity. After wolf colonization, elk m@d more over the landscape as they were
increasingly encountered, attacked, and displagegidives. Home range sizes were

larger, with modest decreases in philopatry. Ek adopted long-distance dispersal
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movements away from high-density wolf areas whieneanot observed prior to wolf
establishment. This study provides evidence thawegocan induce spatial modification
by elk on relatively fine scales within an animaksge, or may be manifested in broader

scale responses such as dispersal or migration.

Introduction

Animal movement is a consequence of evolutionaggsures which contribute
significantly to the long-term survival and reprotiue success of the individual (Gadgil
1971, MacArthur 1972). Ecological requirementgate spatial and temporal changes in
location for most taxonomic groups, with movemaestiten driven by seasonal and
changing environmental conditions (Sinclair 1988%ource distribution and habitat
quality, forage and prey availability (Pyke 198@istribution of mates (Greenwood 1983,
Ostfeld 1986, Ims 1988), territory maintenance {€dt1985, 1986), and thermal
regulation. Interactions within communities sushrdra- and inter-specific competition
(Denno and Roderick 1992), and predation (Fryxedl 4988, Lima and Dill 1990,
Mitchell and Lima 2002) also influence how and varnymals move.

Hence animal movement is influenced by a combinatictop-down and bottom-up
forces, with the spatial dynamics of large herbagooften driven by quantity and quality
of food in the absence of any other constraintsNBghton 1985, Senft et al. 1987,
Fryxell et al. 2004). This is especially true wherage is patchily distributed across the
landscape and predictably governed by fixed featsueh as soil, slope, aspect, and
elevation (Bailey et al. 1996, Frair et al. 2008Yhile landscape attributes affect the

occurrence and distribution of resources, seasotahctions with temperature and
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precipitation, and thus changes in the phenologylarit communities, can also produce
substantial spatial and temporal variation in thalability and quality of forage (Thein
et al. 2009). This heterogeneity strongly influesbow large herbivores move
(McNaughton and Banyikwa 1995, Pastor et al. 19®iderson et al. 2005, Fortin et al.
2005, Frair et al. 2005, Bhand Servanty 2005), and the spatial distribubiimmiting
resources can define the location and size of anadis home range (Ford 1983,
Mitchell and Powell 2004).

Deep snow considerably reduces the availabilitipofl resources for large
herbivores in northern temperate regions duringynmonths of the year (Jenkins and
Wright 1987), making forage less accessible, aradlaiver quality and higher energetic
cost. Thus, large herbivores rapidly lose fatmeseand become chronically
undernourished for a large portion of the year (pobt al. 1981, Cook 2002, Parker et
al. 2005). Also, energy required for thermoregataturing periods of intense cold
contributes to their negative energetic state (&atel Hudson 1979, Cook 2002, Parker
et al. 2005). Variation in reproduction has beenalated with poor body condition and
nutrition of large herbivores (Clutton-Brock et 4883, Testa and Adams 1998, Cook et
al. 2004), and snow exacerbates these conditiomsadiine high energetic costs of
locomotion and cratering for unexposed vegetatitarKer et al. 1984, Sweeney and
Sweeney 1984, Hudson and White 1985, Fancy andeViB&7). Thus, chronic
nutritional deprivation and high energetic costarmywinter strongly influence the
demography of large herbivore populations in midhigh-latitude environments due to
starvation mortality (Clutton-Brock et al. 1985, ilzad et al. 1998, Garrott et al. 2009a).

Whilst migration is considered a strategy to lessoavoid these costs (Garrott et al.
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1987, Nelson 1995), many large herbivores do ngtaie entirely out of their winter
range but attempt to limit the loss of body ressraed potential for starvation during
winter by adopting an energy conservation stratégyinimizing movement, including
white-tailed deer@docoileus virginianusOzoga and Gysel 1972, Verme 1973, Moen
1976), mooseAlces alcesMiguelle et al. 1992, Renecker and Schwartz 1@8&sault
et al. 2005), woodland cariboR&ngifer tarandus caribquohnson et al. 2001), and red
deer and elkGervus elaphuyCraighead et al. 1973, Georgii and Schroder 1983,
McCorquodale 1993)

While energy conservation strategies are effe@tweducing starvation risk,
minimal movement can also make animals predictatieeir locations, and thus easily
encountered and potentially attacked by predaddiiiell and Lima 2002). Relying on
minimal movement to avoid detection in the presesfgaedators would appear to be an
effective strategy in an environment where predatat prey are in close proximity to
one another, or where predators require visual tudstect their prey (Sih 1982, 1992,
1994; Lima and Dill 1990, Azevedo-Ramos et al. 199&a 1998, Sih and McCarthy
2002). Under these circumstances movement bywoeyd greatly enhance the
probability of being detected by predators, and those a dangerous response (Lima
1998). But, in large scale predator-prey systeimsres predator and prey are both mobile
and predators use multiple senses to detect pebhare a well-developed spatial
memory, it may be advantageous for prey to increa®ement in an attempt to remain
unpredictable, avoid encounters, and/or move away aireas of high predation risk
(Mitchell and Lima 2002, Sih 1984, Sonerud 1985nf@nowicz and Bobka 1989,

Hammond et al. 2007). Additionally, prey couleégictably move across the landscape
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by utilizing refuges or escape terrain (Brown 19&8)spatially segregate from predators
by dispersing or migrating (Fryxell et al. 1988).

Large herbivores often adopt strategies of movimgyafrom predators at a coarse
spatial scale via migration (Bergerud et al. 1984xell et al. 1988, Seip 1992, Bergerud
et al. 2008), but non-migratory animals that dospstially separate themselves from
predation must employ an effective movement stsatkegt addresses predation risk
(Rettie and Messier 2001). Elk in particular hesacted to wolves by exhibiting
dynamic local movements within their range (Creedle2005, Fortin et al. 2005, Frair et
al. 2005, Gude et al. 2006, Winnie and Creel 2007 )addition elk utilize refuges, or
adopt long-distance movements away from high-dgmglf areas (Hebblewhite and
Merrill 2007). Only recently has the effectivene$shese different movement strategies
been evaluated (Hebblewhite and Merrill 2007), i large herbivores modify their
movements to address predation risk while stilltmgenutritional needs remains
unclear. To evaluate the spatial responses ofnmgnatory elk it is necessary to know
how much area is used to meet biological needsnasbn of this requirement is
typically employed using the concept of home ramgele the stability of this range can
be addressed using the metric of site fidelity.

| evaluated the drivers of elk spatial dynamicsyaritiple spatial and temporal scales
to determine whether spatial changes occurredkdsagdnced resource acquisition and
energy conservation with avoiding wolf predatidssing data collected throughout an
intensive long-term investigation on a non-migratelk herd in the Madison headwaters
of Yellowstone National Park, | documented elk gdadatterns prior to the

recolonization of wolves in the system, during téeolonizing period, and following the
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establishment of an abundant top predator populati@stimated home range size and
fidelity for individual radio-collared elk and degeed broader scale movements such as
dispersal and migration for elk that did not remaithe system following wolf
recolonization. Prior to wolf colonization, it wasedicted that elk constrained their
winter movements to minimize energy costs and rede rate of depletion of body
reserves that was their primary cause of mortégrrott et al. 2009a). Thus, it would
be expected that home range sizes would be snahitnfidelity would be high as elk
predictably used the same foraging sites withinamdng years. After wolf
colonization, it was predicted that elk movementsild be more dynamic and fluid as
they moved to areas of lower immediate risk dueoitinual encounters with wolves.
Thus, home range sizes would be expected to berlargl site fidelity would be lower as
elk used more spatially diverse landscape attribtteeduce predation risk and cope

with nutritional constraints (Kie 1999).

Methods

The spatial use of elk in the Madison headwatera arere examined during
November 15 through April 30 of 16 consecutive @rst(1991-92 through 2006-07) but
long distance movements detected during tieyEar of study while this manuscript was
in preparation were also included. Each winter33@dult, female elk fitted with VHF
radio-collars (i.e., approximately 4-10% of the plapion) were repeatedly sampled.
Collared elk were typically monitored for multipinters (median = 4, range = 1-16
years) until death, collar failure or detachmentjlispersal from the study area. Each

animal was located approximately two to three tipesweek following a stratified
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random sampling regime that ensured sampling tinegs distributed throughout
daylight hours to capture variation in space Usex. this sampling regime the study area
was divided into geographically defined drainages, (the Madison, Firehole, and
Gibbon drainages), which were further stratifietbiareas within each of the three
drainages. Radio-collared elk that inhabited #lected strata were located by randomly
determining the order with which they were to begked and all groups within the study
area were sampled once before re-sampling occuHedd-held telemetry equipment
and homing procedures were employed to visuallgteocadio-collared animals. Home
range area and home range (site) fidelity wereutatied for use as response variables in

the analyses and to describe the dispersal behafvedk in the Madison headwaters.

Elk Winter Home Ranges

Home range has been defined as the extent of dlaeaar animal occupies during a
specified time frame and is an important indicatithe area used by an animal to meet
its biological needs (Burt 1943, White and Gari®90). Kernel density estimation was
used to estimate the utilization distribution (UBS)lverman 1986, Worton 1989), and
home range was defined as the area encompasshgo®the cumulative UD. Fixed
rather than adaptive kernel was selected basedaingss-of-fit simulations (Horne and
Garton 2006a) on a sample of the elk location d&taed and adaptive kernel techniques
were ranked as the two top competing estimatots, fixed kernel chosen for the
majority of the sampled datasets. The Likelih@dss Validation method (Silverman
1986:53, Horne and Garton 2006b) was used to obgdgtestimate the kernel bandwidth

smoothing parameter. Likelihood Cross Validatiogtimod was selected due to its ability
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to perform well with small sample sizes (Horne &atton 2006b) compared to the
commonly used Least Squares Cross Validation dederece bandwidth (Sain et al.
1994, Seaman et al. 1999, Blundell et al. 2001, $tenet al. 2005). Home ranges were
estimated for each radio-collared elk that we hatdioed> 20 locations over the period
November 15 through April 30, but the inclusionraoimal years was restricted to those
spanning a minimum time interval of January 1 ta®a25 each year. Home range
estimators are generally sensitive to the numbévaaitions used in the calculation
(Swihart and Slade 1985, Seaman and Powell 1926n&eet al. 1999) and because
there was a disparity in the number of locationsioled for each animal during each
winter of monitoring (N varied from 20 to 59, meai32.2, sd = 8.37) | predicted that
biological comparisons between animal years wolddrty be confounded given this
sample size effect. It was confirmed experimentdlat the resulting kernel home range
area was biased by sample size, and similarly ooefl that the Likelihood Cross
Validation optimal bandwidth would also be influeddoy samples size, particularly
when sample size is small (F.G.Watson and S. Goumgpublished data). Thus a sample
size correction procedure was developed to remoesetconfounding effects.
Specifically, from a sample of N locations fromiaamn animal year (when N was20) a
standard sub-sample size of n = 20 was seledtétbn randomly selected (without
replacement) 200 replicate sub-samples of sizZekelihood Cross Validation was used
to estimate the maximum likelihood UD and corregpog home range area for each
replicate as recommended by Kernohan et al. (2002). The mean of the replicates

was then used as the estimate of home range ar#wmft@articular animal year; this
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estimate likely incorporated all locations for &emn animal year. The comparison
between animal years was made in terms of the atdizeéd areas.

Home range areas can be inflated by one or a féliroy points that are a result of
occasional sallies (Burt 1943). In the latter lwdlthe study, elk were observed making
such movements for one to three days in a wingpreisenting one to two locations.
These locations disproportionately inflated the baange and therefore, a total of ten
locations were censored from six independent any@ats prior to generating the home
range replicates to obtain estimates that moreratay represented the typical area
used Censoring these locations was a conservative apipis@that increased movement
did not just reflect these outlying points. In digh, three complete sampling years were
censored when an insufficient amount of data welleated. This included the first
winter (1991-92) when the study was being establisind many animals were not
collared until after January 1. Also, an insuffici number of locations were collected
during winters 1998-99 and 1999-00 to generate h@mge estimates for a large enough

sample of animals.

Site Fidelity

Site fidelity is the “tendency of an animal to eithreturn to an area previously
occupied, or to remain within the same area foex@ended period of time” (White and
Garrott 1990:133). Thus, | evaluated if radio-amd elk remained in the same
approximate area each winter by calculating theroghof each elk’s winter distribution
as the arithmetic mean of all the X coordinatesthedarithmetic mean of all the Y

coordinates. The Euclidean distance (km) betweeltraids from consecutive winter
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seasons was used as a metric of fidelity (WhiteGadott 1990: 134). A large
Euclidean distance represented animals that shifieedrea of use between years,
whereas a small Euclidean distance reflected haghity and little shift in the center of
the distribution of locations from year to yearnifals were only included in the
analysis if there were 20 locations spanning a minimum time intervalafuary 1 to
March 25 each year. Estimates of centroids dicappear to vary with sample size, so
all the locations for each animal year were inctldéen calculating the centroid,
provided an animal was located at least 20 timemguhe specified period. However,
single locations that were >10 km from the nextrestapoint ( = 9) were censored to
avoid distortion of the centroid due to a singl@tgpical movement. Also, the
insufficient number of locations collected in the&ldie of the study precluded us from

comparing estimates of site fidelity between 1988 £999.

Long-Distance Movements

Long-distance movements by an animal outside aofatsnal area were considered by
Burt (1943: 351) as occasional sallies that weertfpps exploratory in nature and
should not be considered as part of the home rarigispersal has been defined as the
“one way movement of individuals from their natié sor an area that has been occupied
for a period of time” (White and Garrott 1990:124}ile migration is “a round trip
movement of individuals between two or more areaseasonal ranges” (White and
Garrott 1990:121). Sallies, dispersal, and migreti@re collectively termed as long-
distance movements by elk away from their origimaiter ranges. Occasional sallies

were defined as movements lasting one to four dagsoutside of the individuals’
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normal range to a location where the home rangenbadreviously encompassed.
Dispersal was defined as a long-distance movenx s Km) away from the area where
the animal had remained sedentary for one or moe winters, or if the radio signal
was not located anywhere within the boundariedefstudy area. Monitoring radio-
collared animals over consecutive winter seasdowatl dispersal behavior to be
categorized into one of two states: 1) permandedying the drainage where the elk had
remained sedentary for one or more prior wintemsl; 2) temporarily leaving the
drainage where the elk had remained sedentary®oo more prior winters, but
returning after >1 year and residing in that drganduring subsequent winters. Lastly, a
migratory animal was defined as an individual tetated the drainage during winter
where it had remained sedentary for one or mo gaars, moving >15 km away from
its former range, or if the radio signal was natated anywhere within the boundaries of
the study area. These individuals returned ane weetocated within the study area
during the snow-free period. Although the locatiamere a few of the temporary
dispersers moved to was unknown, they all retutaede study area with effectively
working collars. Thus, | was confident that anisnahich were not detected within the
boundaries of the study area had left, and dispevemts were not mistaken with
premature collar malfunctions. The locations bpakmanent dispersers were aerially
detected, all individuals were visually observeahirthe ground, and the collars were
retrieved from dead animals. An annual metriclkfdespersal (i.e., dispersal plus
migration) was defined as the percentage of thealsithat chose to reside in a new
location for at least one winter. This metric dat include animals that conducted

exploratory fine temporal movements (sallies) withiwinter. It was determined that
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animals had dispersed after failing to detect tla¢the start of each winter field season.
The percentage “dispersed” was based on the totabar of collared animals that were
being monitoring at the start of the winter seas®he telemetry signals of dispersing
and migratory animals were monitored during subeajsummers and winters, using

ground-based telemetry and occasional aerial Bightletermine locations and fates.

Non-Wolf Covariates of EIk Movement

A validated snow pack simulation model for the cainYellowstone region (Watson
et al. 2009a) was used to estimate the mean daly svater equivalent (SWE, water
content of snow in meters) on the elk winter rafigedscape SWE). Daily values were
averaged over the entire winter season to providebhnual snow pack covariate of mean
daily SWE (SWE.eay. | felt this metric would most appropriately tae the physical
constraints that impede movements and foragingigelherbivores during winter
because the sinking depth of an animal is a funaifcsnow depth, snow density, and
hardness (Parker et al. 1984) which, in turn, erfices energetic costs (Parker et al. 1984,
Sweeney and Sweeney 1984).

The spatial arrangement of habitat and terrairufeatare important for determining
the distribution of resources, patterns of ungutateement (Anderson et al. 2005, Frair
et al. 2005), and home range sizes and shape®(ldie2002, Mitchell and Powell 2004,
Kie et al. 2005, Sd and Servanty 2005, Forester et al. 2007). Itsuapected that
landscape differences between the three drainagbs iMadison headwaters area would
influence spatial responses. Thus, a categormaireate DRAINAGE was defined

which classified elk into the Madison, Gibbon, areRole drainages. Drainages were
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assigned based on the telemetry locations forenganimal year and, on the rare
occasion where animals used multiple drainagegyrasgnt was based on where the
majority of the locations occurred. For the sitkelity analysis, we assigned
DRAINAGE for the drainage used during the firstloé pair of consecutive years.

It was suspected that elk density may influencedaainge size (Tufto et al. 1996,
Kilpatrick et al. 2001, Kjellander et al. 2004),tbexcluded this potential covariate from
analyses because the annual estimate of popukaierby drainage was highly correlated
with the wolf covariates described in subsequerdgraphs (Pearson’s Correlation
Coefficient = -0.53 and -0.56 with WOLfsand KILLS, respectively). | recognized that
age of an animal could affect movements, partitpthe tendency to remain faithful to a
site. Exploratory movements of large herbivoresltes be made by males (Cederlund
and Sand 1994), which had no specific relevanciese analyses, or by first time
female breeders (i.e., 2-year-olds) (Garrott e1@87). Treating age as a categorical
covariate (< 2 and 2) would have allowed me to incorporate the afecefnto the
models, but the data had a limited number of thengaage class animals in which to

effectively incorporate this covariate.

Covariates of Predation Risk

The presence of wolves was detected and quaniifidee Madison headwaters from
November 15 to April 30 during the winters of 199B6through 2006-07. National Park
Service biologists captured wolves and fitted racbtdars on animals in each pack
(Smith 2005, Smith et al. 2009) and wolf presenue their locations were monitored

using ground-based telemetry, snow tracking, asdaliobservations of collared and un-
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collared individuals. Each drainage was intengivebnitored for wolf presence daily
with crews of three to four people using snowmahileehicles, snowshoes, and high
points in the landscape to facilitate telemetry abgervations. When packs containing
radio-collared wolves were detected, multiple lowa of all detected animals through
the day were estimated using triangulation (White Garrott 1990). Snow tracking,
visual observations, and counts during aerial noomigy by National Park Service
biologists were used to estimate the number of alsipper pack and aid in the daily
assessments of wolf presence or absence (Bec&kr2€09, Smith et al. 2009). These
methods also allowed for a variety of data on anidscape use patterns, and the
frequency and distribution of kills to be obtain@&t#rgman et al. 2006, Becker et al.
2009). Detection of un-collared wolves was faaik by opportunistic observations of
tracks and wolves by field personnel working onarorent elk and bison investigations
(Bruggeman et al. 2009, Garrott et al. 2009a, Wdtital. 2009). The total numbers of
individual wolves known to be present in each daganeach day were estimated based
on the information obtained from these various wadinitoring techniques and
qguantified as wolf-days.

Three wolf covariates were developed to assessyghetheses about the influence of
predation risk on space use of elk in the Madisemdiwaters. The covariate WQlkod
categorized the 16-year data set into three peobdsIf presence: before, during, and
after wolf colonization. This covariate was drajasspecific because wolves became
established in different drainages during diffen@iters (Firehole: 1997-98; Gibbon:
2000-01; Madison: 2001-02; Smith et al. 2009). viditves were present in the study

area during 1991-92 through 1995-96. To accounthi® potential transitory behavioral
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dynamics due to the initial naiveté of the preyr(fe et al. 2001), the colonizing period
was defined as the time immediately following walintroduction, when elk were
initially exposed to wolf predation risk, but no Mvpack &2 animals) was routinely
detected in the drainage. Wolves were considerée testablished in a drainage during
the first winter that a pack was consistently dietgen that drainage. The level of wolf
predation risk for elk occupying each drainage tighly variable among winters, and it
was suspected that the magnitude or frequencyybahavioral responses of elk to
predation risk may also have been scaled to thébruof wolves in the immediate area.
Thus, a continuous covariate, WQjfs was constructed which described the estimate of
the number of wolves in each drainage each day.théchome range analysis, this
covariate was the estimated number of wolves iramdge for a given year. A third
wolf metric, KILLS, was also developed that repreasd the number of wolf-killed
ungulates discovered in each drainage in a givan (fer methodology see Becker et al.
2009, Smith et al. 2009). For the site fidelityabssis, | used WOLEzrioa WOLFyays and
KILLS made in that drainage during the first of tia® consecutive years because the

Euclidean distance was a metric based on two catigeg/ears.

Statistical Analyses

Analysis of Variance (ANOVA) and Tukey multiple cparisons with unequal
sample size (Kutner et al. 2005: 750) were usexvé&duate if elk winter home range size
and fidelity changed with varying intensities oflfiyaredation risk. Therefore,
differences in the mean home range sizes and meelid&an distances were compared

between consecutive annual home range centroidagthe pre-wolf, colonizing, and
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established wolf periods (WOL&i.d. Both home range size and Euclidean distance
wereln-transformed and diagnostic residual plots were tigevaluate the assumption
of constant variance and normality of residualasdd 95% confidence intervals to
guantify uncertainty in parameter estimates.

Mixed-effects linear models (Pinheiro and Bates@®@@@ere also used to evaluate
competinga priori models for assessing change in home range sizthariliclidean
distance between years. These multiple regressamtels treated SWikan
DRAINAGE, and WOLF covariates as fixed effectshe home range and fidelity
analyses. Because these datasets included obsesvat the same individuals through
time individual animal identity was treated as ad@am effect (i.e., intercept-only) to
account for individual variability in space use amg@nimals within and between years.
For both response variables, this covariate allofwethe variation between individuals
(intercept) and within an individual (residual)lde partitioned and | could determine
how much of the variation in home range size atelfgielity was accounted for by the
fixed and random effects. Combinations of the cates were included in the additive
form for all analyses. | predicted a fixed ratecbinge in the response variable per unit
change in the predictor variable (i.e., linear farriagnostic plots were used to assess
the assumptions of normality and constant variarficesiduals, and both response
variables were transformed using the natural logptdorm to linear models
assumptions. All continuous covariates were cedtand scaled to facilitate
comparisons and interpretations of covariate coefits. Variance inflation factors
(VIF), which measure multi-colinearity among vates) were calculated for all

combinations of predictors. Those models thauitet predictor combinations with VIF
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<6 were retained in the model list. This was aseovative approach because VIF in
excess of 10 implies multi-colinearity (Kutner €t2005: 409). Correlation coefficients
were also calculated to further check for multihecearity between the predictor
variables. Akaike Information Criteria corrected $§mall sample size (Alwas used
to rank models given the data and compare thawvelability of each model to explain
variation in the data (Burnham and Anderson 200R42. Akaike model weightsv)
were used to address model selection uncertaintgnfam and Anderson 2002) and
evidence ratios (ratio afi./wj.) were used to measure the relative likelihood ofiet
pairs (Burnham and Anderson 2002). Covariate aoefits and variance of the random
effects were estimated using restricted maximuelilood. Comparable AlGralues
were calculated using maximum likelihood estimaiimheiro and Bates 2000). All
statistical analyses were performed using the #&s8tal package (R Development Core

Team 2006).

A Priori Model Suites and Predictions

Hypotheses on elk spatial behavior were expresséaasuites of candidagepriori
models constructed for home range size (15 modaels$ksite fidelity (7 models;
Appendices 2.1 and 2.2). These models were catstribased on literature and field
knowledge of the study system and included onearerof the climate or landscape
covariates independently or with the inclusion siragle wolf covariate. Every model in
both suites also included the individual randone@tf A null model was also

constructed for each suite which hypothesized em$tome range area and site fidelity.
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Snow reduces forage availability and creates anvddpersion of forage over the
landscape. Thus, large herbivores may range oeatay areas when critical resources
are scarce (Geist 2002), resulting in a positiveetation between home range size and
snow (Kjellander et al. 2004, Anderson et al. 2003pwever, snow conditions in the
Madison headwaters routinely reach a depth andtgehat would impose major
constraints to the locomotion of most large herlegdCraighead et al. 1973, Parker et
al. 1984, Fancy and White 1985, Messer et al. 200 der these conditions, | predicted
that elk would constrain their movements and hoamge size would be inversely related
to SWEean(Georgii and Schroder 1983, Schmidt 1993, Krsisa et al. 2000, Grignolio
et al. 2004, Dussault et al. 2005).

| also hypothesized that the distribution of haltyaes, patch size, and topography
would influence the way large herbivores movededally, | predicted that elk
residing in drainages that contained a high demdigeothermally-heated foraging sites
(i.e., the Firehole, and to a lesser degree thédipwould have smaller home ranges
and higher site fidelity as they made localized eroents within and between patches
(Craighead et al. 1973, Kie et al. 2002, Messat.2009). Conversely, mountainous
terrain could facilitate movements around landsdaptures (Kie et al. 2005).
Therefore, it was predicted that elk residing iaidages that were more constrained by
local topography (i.e., the Madison and to a ledsgree the Gibbon) would move
linearly around topographic features and, as dtrdsave a larger area of use.

In addition, it was predicted that elk movementgrais within and between winters
would change as elk responded to variations ingirea risk. There is strong evidence

among wolf-elk systems that elk move between hesiteresponse to predation threat or
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vacate areas of high wolf use (Creel et al. 2008tif-et al. 2005, Frair et al. 2005, Gude
et al. 2006, Hebblewhite and Merrill 2007, WinnrelaCreel 2007). Consequently, |
predicted home range sizes of elk would becomestanith less site fidelity within and
among years as elk were increasingly encountetetkad, and displaced by wolves,
resulting in elk utilizing multiple habitat comparts as they attempted to balance
predation risk and nutritional demands. | was waoe which wolf covariate would be
the best predictor of these responses. Therdfoomsidered priori models with
identical non-wolf covariate structures and eacthefthree wolf covariates (WOL&ioa
WOLFgays KILLS).

Based on the outcome of tagriori model-selection resultppst hocexploratory
analyses were conducted to generate hypothesasdog work. |included a
WOLF*DRAINGE and WOLF*SWAE,eaninteraction in the top model from the home
range model suite because it was predicted thattbegth of the wolf effect would
differ by drainage and/or with increasing snow patklso evaluated different non-linear
forms of the continuous covariatég(quadratic (x + X))), exponential §*(exp(x))), and
negative exponentiap{(exp(-x))). For the site fidelity analysis, | ilcled a
WOLF*DRAINGE interaction and evaluated differentmlnear forms of the continuous
covariates. Changes in AJGcores were used to evaluate if models were ingatovith

the covariate additions and substitutions.

Results

A total of 11,908 eight randomly collected elk ltoas were obtained from repeated

sampling of 115 radio-collared, adult, female alkidg the winters 1991-92 through
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2006-07. From this total, 3927 locations wereesti#d before wolf colonization, 2501
locations were collected during wolf colonizatiamd 5480 locations were collected after
wolf packs became established in the study aréesd data were used to generate 277
home range estimates for 91 radio-collared elkR@5 50 Col., 132 Est.), and 221
Euclidean distances between consecutive winterioestfor 66 radio collared elk (100
Pre, 39 Col., 82 Est.). Wolves were absent froenMiladison headwaters area prior to
reintroduction in 1995-96. Thereafter, the totahier of wolf days increased from 55 in
1996-97 to a peak of 3657 in 2004-05. The Firekdodénage experienced high wolf use
immediately following reintroduction, while the Miadn and Gibbon drainages did not
experience wolf use until several years later atkenreached the magnitude of use
observed in the Firehole (Figure 2.1). Pack simkraumber of packs varied both

spatially and temporally (Smith et al. 2009).
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Figure 2.1 Variations in the use of the Madisondvesters area of Yellowstone National Park by wolves
during the winters of 1996-97 through 2006-07. Nisk was estimated in wolf days, defined as onlé wo
in the study area for one day, respectively. Timaler of wolves, packs, and the frequency with whic
they used the Madison headwaters continued toaserantil 2004-05, after which it decreased
substantially. Wolf use varied substantially betwéhe Firehole, and the Madison and Gibbon draisag
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Home range sizes of radio-collared elk ranged f2o8nknt to 86.0 kn (n = 277,
mean = 21.2 kA sd = 14.3), with an increase of 53 B6< 0.001) in mean home range
size as the system transitioned from no wolves 95, mean = 16.8 kinsd = 10.8),
through wolf colonizationr(= 50, mean = 17.4 kmsd = 9.5), to established wolf packs
(n =132, mean = 25.7 Kinsd = 16.8; Figure 2&}. Ln-transformed home ranges were

significantly larger after wolf packs became egsdi#d in the system compared to the

perIOdS @ |n(estab"shed)_m(Co|0nizing)_— 0.279, 95% Cl. 0.019, 0.53B,= 0.032). NO

significant differences in home range size werected between the pre-wolf and
CO|0n|Zat|on peI’IOdS[(S |n(co|0nizing)-|n(pre-wo|f): 0094, 95% CI '0180, 036P,: 0699)

D defines the difference in transformedan home range size between two wolf
periods. An advantage of log transformations & the results can be interpreted on the
original scale of the variable (Ramsey and Sch20€2). So by taking the exponent of
the difference in the mean log (Y) between two tpeeods a multiplicative value for the
change in the median (Y) between the time pericals @btained. Consequently the
median home range size for the established perasdexp (0.372) =1.451 times bigger
than the median home range size for the pre-wolb@€95% CI: 1.176, 1.791), and
1.322 times bigger than the median home rangefeizbe colonizing period (95% CI:
1.019, 1.712). Median home range size for thergping period was only 1.099 times
bigger (95% CI: 0.835, 1.443) than that of the wiaf period.

Elk were generally faithful to their winter rangéthin a specific drainage from year
to year, with the Euclidean distance between carnsexcentroids ranging from 0.02 km

to 10.15 km i = 221, mean = 1.3 km, sd = 1.5). However, a 68&easel = 0.001)
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in mean Euclidean distance was observed as themsystnsitioned from no wolves €

100, mean = 1.0 km, sd = 1.1), through wolf colaticn (y = 39, mean = 1.0 km, sd =

0.9), to established wolf packs £ 82, mean = 1.7 km, sd = 2.0; Figurel.D defines
the difference in transformedean Euclidean distance between two wolf perioddran

transformed Euclidean distances were significdatiger after wolf packs became

established in the system compared to the pre-pesibd (D In(established)-In(pre-wolii= 0.438;

95% CI: 0.081, 0.79%? = 0.012). No significant differences in Euclidedistances were

detected on the log scale between pre-reintroduetim colonization D In(colonizing)-In(pre-

woly = 0.180; 95% CI: -0.273, 0.63R;= 0.617) or between colonization and

establishmentlf)m(estab“shed).m(cobnizing,- 0.258; 95% CI: -0.208, 0.728;= 0.394). The
lack of a significant difference in Euclidean dista on a natural log scale between the
colonizing and established periods likely refldutgher variance in Euclidean distance
during the established wolf period compared toptteewolf and colonization periods.
Median Euclidean distance for the established desias 1.550 times bigger than the
median Euclidean distance for the pre-wolf perf@sP Cl: 1.084, 2.214), and 1.294
times bigger than the median Euclidean distancéh®icolonizing period (95% CI:
0.812, 2.063). Median Euclidean distance for thlerdzing period was 1.197 times

bigger (95% CI: 0.761, 1.881) than that of the ywiaf period.
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Mixed Effects Linear Regression Results

Model selection results for the home range sizéyaisasupported two top models
that received all of the model weight and contaitiexdcovariates SWkan
DRAINAGE, and WOLRays(Table 2.1). Snow had a negative effectrohome range
size ([}SWEmeanz -0.065; 95% CI = -0.138, 0.008), but SWEonly appeared in one of
the top ranked models and confidence limits spazeeal Thus, | did not find
substantial support for the prediction that thees & linear relationship between
SWEneanand elk home range size. DRAINAGE and WQ@J,Ereceived all of the
predictor weight and appeared in both of the tojxed models. As predicted, the
specific drainage where the animals resided playeahfluential role in the size of the
area used by elk during winter. In the absencgaives, elk in the Madison
( Boramacamadison = 3-092; 95% Cl = 2.936, 3.248) and Gibbghh{,nacacibon = 3-017
95% CI = 2.802, 3.231) drainages used larger dheaselk in the Firehole drainage
(,@DRAlNAGE(F"ehole) = 2.581; 95% ClI = 2.429, 2.732; coefficient estiesaand 95% CI are
provided in the natural-log scale). As predictbere was a positive correlation between

In home range size and the presence of wolves thrak drainages[(,VOLFdayS = 0.265;

95% CI1 =0.168, 0.362; Figures Za3b). Compared to the other wolf covariates
WOLFyays received all the predictor weight, while WQkfqand KILLS received no
predictor weight. Results of the random effechfrine mixed modeling indicated that
within-animal variability @ %w = 0.29) was substantially higher than between-ahim
variability (6 %s =0.09). The interactions includedpost hocexploratory analyses did

not provide any improvement over the most suppatpdori models. However,
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including SWE,eaninto the model as a quadratic or negative expaalantproved the
model (6.22 and 4.48AICc units, respectively) over the linear form. eléstimated
coefficient for SWhcant SWEnear Was -0.189 (95% Cl: = -0.299, -0.078) + 0.082 (95%
Cl: =0.027, 0.139), while exp (-SW&y) was 0.112 (95% CI = 0.032, 0.194). Because
the confidence intervals did not span zero, S\Wappeared to be a strong predictor of
elk home range size when included in the modelnoralinear form. Changing the
functional form changed the coefficients for thaetizepriori model only slightly. Re-
fitting the model with the wolf covariates as driat functional forms did not make any
additional improvements.

Table 2.1. Model selection results for the mogipsuted models examining the natural
logarithms of home range size and site fidelitg.(iEuclidean distance) of elk in the
Madison headwaters area of Yellowstone Nationak Baring 1991-92 through 2006-07.
All models are ranked according to Alalues, and presented along with the number of
parameterskj, AAIC. value (i.e., change in AlGralue relative to the best model), and
the Akaike weightWi). AIC. values for the top home range and site fidelitydeis were
514.4 and 594.6, respectively. Abbreviations &8V Ey.an(mean daily snow water
equivalent), DRAINAGE (Madison, Firehole, GibbolYOLFyeriod (pre-reintroduction,
colonizing, established), WOl (total number of wolf days per drainage per yesany
KILLS (total number of wolf-killed ungulates perainage per year). For the site fidelity
analysis the wolf covariates describe wolf uséhmparticular drainage during the first of
the two consecutive years.

Model structure k* AAIC, Wic
In (homerange area)

SWEneant DRAINAGE + WOLFays 7 0.00 0.62
DRAINAGE + WOLFyays 6 1.03 0.38
SWEneant DRAINAGE + KILLS 7 12.25 0.00
DRAINAGE + KILLS 6 14.76 0.00
SWEneant WOLFyays 5 15.15 0.00
In (Euclidean distance)
DRAINAGE + KILLS 6 0.00 0.59
DRAINAGE + WOLFays 6 2.62 0.16
DRAINAGE + WOLFeriod 7 2.79 0.15
DRAINAGE 5 4.62 0.06
WOLF,eriog 5 7.08 0.02

*Residual error from the mixed modeling accountsdioe parameter value.
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Model selection results for the site fidelity ars$ysupported one top model that
received a model weight of 0.59 and contained twaiates DRAINAGE and KILLS
(Table 2.1). DRAINAGE was a highly influential plietor of Euclidean distance,

receiving a predictor weight of 0.96. In the alzeeaf wolves, the distance between the

centers of consecutive winter distributions wasiggein the Madison[EDRAlN AGEMadison) =
0.016; 95% CI = -0.259, 0.292) and the GibbgﬁgR(MNAGEGibbon) =0.132; 95% CI = -

0.266, 0.530) compared to the Firehole draina@ﬁz&magpneho@ =-0.692; 95% CI = -

0.988, -0.395; coefficient estimates and 95% Clsaewn in the natural-log scale). As
predicted, the distance between consecutive wagtetroids was positively correlated
with the wolf covariate (Figures 2a&} b). The most influential of the wolf covariates on

theln Euclidean distance was the number of kills inveegidrainage the prior year
(,[;’KILLS = 0.229; 95% CI =0.064, 0.394). KILLS receivegradictor weight of 0.60

compared to predictor weights of 0.17 for bothM@LFyerios and WOLFRaysCcovariates.
On the log scale, variance of Euclidean distan¢edxn years was relatively high within
(6% = 0.62) and among& % = 0.31) elk. This finding suggested some animals
remained very faithful to a site from year to yealnjle others demonstrated less
philopatric behavior.Post hocexploratory analyses provided no improvement dvea

priori models.
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Figure 2.4 Mean annual Euclidean distance for theysarea at time T+1 with error bars representing
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Dispersal and Migratory Movements

A total of 115 adult, female elk were radio-colldi@nd monitored during the 17-year
study period (mean elk per year = 27, range = Z5)pconstituting 426 animal years of
movement monitoring from 1991-92 through 2007-0&1ring the first half of the study
(1991-92 through 1998-99), when wolves were abgsemtitially colonizing the study
area, 215 animal years of monitoring were accrunedadl radio-collared elk remained
within the Madison headwaters area during eacheninifter wolf packs became
established in the system (1999-00 through 2007Z18) animal years of monitoring
were accrued during which 19 individuals displagethe form of long-distance
movement away from the study area and were absantthe Madison headwaters
during one or more winters (Figure 2.5). All oéfie individuals were monitored for 1-6
years prior to their long-distance movement, wiitedndicating they had been sedentary
and part of the non-migratory Madison headwatemufagion. Of the 19 long-distance
movements that were recorded, four collared fenthigishad a history of association left
the Gibbon drainage and relocated approximatelyi@ hway. Three permanently left
the drainage, while one became migratory, residirthis new location (Canyon) during
the winters and migrating back to the Gibbon drgénduring the summer. Nine other
collared females (five independently and four jigintlispersed from the Firehole
drainage and were discovered between 18 and 63rkean( = 43 km, sd = 16.7) from
their traditional ranges within the Madison headwsit Four other instrumented females
dispersed from the study area to unknown locationene winter and returned to their
former home ranges in the Madison headwaters fleniog year. These animals

subsequently remained in the study area for 2-Asyaatil death, collar detachment, or
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the end of this study. Two additional individuakcame migratory, leaving the study
area in autumn and returning to the study arethlosummer. These individuals were
relocated aerially approximately 55 km to the nantkhe Gardiner basin area of the
northern range. The three migratory animals wedestary for two, four, and five years
prior to changing their behavior, and remained atigny for six, six, and two subsequent
winters, respectively. All animals that conduclaadg-distance movements resided in the
Gibbon ¢ = 5) and Fireholen(= 14) drainages, where their home ranges the qusvi
year had overlapped wolf use areas (Figure 2.®) cdlared animals in the Madison
drainage performed any long-distance movementsiddiie study. Of these 19 animals
that moved long distances from the study area spewilled by wolves in their new
locations or upon returning the Madison headwatérgotal 15 of the 79 collared elk
which experienced at least one winter with wolfdaton risk permanently dispersed or
became migratory and wintered outside of the Madiseadwaters. Thus, approximately
19% of the collared population altered their triatial patterns of range occupancy in
such a way that they were no longer classifiedaasqd the Madison headwaters

sedentary herd following wolf reintroduction.
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Figure 2.5 The percentages of radio-collared edbetising from the Madison headwaters
area of Yellowstone National Park during 1992-9®tigh 2007-08. The percentage
“dispersed” each year was estimated as the nunilmeilared animals missing from the
Madison headwaters in November divided by the nurobeollared animals that were
being monitored at the start of the winter seasdlhmovements were conducted away
from home range areas that overlapped wolf usesdheaprior year (Figure 2.6).
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Discussion

How predators influence space use by large herbs/bas become of increasing
interest to ecologists over the past decade dtlestonplications these spatial changes
may have on ecosystem structure and functionsigFetral. 2005). For example, wolves
in Yellowstone have been credited with inducingophic cascade of alterations in
vegetation structure and composition by a comboamadif changing elk space use and
decreasing elk numbers (Ripple et al. 2001, Bes20@8, Ripple and Beschta 2003,
Smith et al. 2003, Ripple and Beschta 2004, Creal. 005, Fortin et al. 2005). |
detected changes in elk movement patterns thaostgapfindings from other wolf-elk
systems that showed elk spatially responded toegoht a localized scale (Creel et al.
2005, Fortin et al. 2005, Frair et al. 2005, Gudal 2006, Winnie and Creel 2007) and
over larger spatial scales as well (Hebblewhite Medill 2007). These results
demonstrated modest increases in home range andeckéidelity, and | documented
animals dispersing from the study area or becomiggatory following wolf
reintroduction. Unlike other studies, howeverlsbaobtained direct information on elk
spatial behavior in the absence of wolves becaateabllection spanned a period prior
to and following wolf reintroduction. Thus, thesealyses provided a direct empirical
evaluation of the mechanisms driving ungulate mamnbehavior in the presence and
absence of wolves when elk where exposed to vadoakgical constraints.

Elk occupied smaller ranges before wolf reintrodutor when winter wolf
abundance in the system was low. Smaller homeegaimgthe absence of wolves appear

typical of large herbivores that were minimizingwement and using small areas for
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food acquisition through winter. White-tailed deengregate for thermal shelter and
relief from deep snow (Ozoga and Gysel 1972, VeI, Moen 1976), and likewise
moose (Miquelle et al. 1992, Renecker and Schw@@81Dussault et al. 2005),
woodland caribou (Johnson et al. 2001), red deep(@i and Schroder 1983), and elk
(McCorquodale 1993) restricted foraging activitiesmall isolated patches, or where
snow conditions are locally reduced during wint€hese findings also corroborate the
work of Craighead et al. (1973) who observed sirrslaed home ranges of elk in the
Madison headwaters more than two decades beforeew/@tere introduced into the
system. Movements in the absence of predatorddgkounply reflect nutritional
constraints, and home range sizes should stroefBct the spatial distribution of forage
resources (Ford 1983, Geist 2002, Mitchell and Fd2@®4, Anderson et al. 2005).
These results suggest that elk in the Madison hateig/ranged over a wider area,
thus, occupying larger home ranges as wolf presandeactivity within a given drainage
increased. Mitchell and Lima (2002) suggestedealgtor-prey “shell game” would be
established in the presence of a highly mobile gi@dhat has a good spatial memory
and the ability to seek out prey locations. Consedly, prey movement would be
favored in an attempt to remain unpredictable doslie in space. However, elk in the
Madison headwaters appeared to become more coatzhin their use of preferred
habitats following reintroduction (White et al. H)Gso it is unlikely that movement to
elude detection was being adopted within this syst&ore likely, elk were moving
within their range following a predation event toal any further imminent threat.
Groups of elk with a collared animal were frequgthserved using foraging areas when

wolves were absent, but shifting from one end efdbllared animal’s home range to the



48

other immediately after wolves were active in th@nity. These observations were
similar to those of Gude et al. (2006) who obsemi&deaving wolf encounter sites
before wolves returned to hunt again, and wouldotimrate the suggestions of Bergman
et al. (2006) that elk would dynamically move amadches over short periods and at a
fine spatial scale. Therefore, these ideas suppergame-theoretical notion proposed by
Mitchell and Lima (2002) that increased prey movetrand larger home ranges in the
presence of wolves are consistent with patterrimefscale predator avoidance within an
animal’s range. Sih (1986) distinguished betweandance and escape, defining
avoidance as behavior occurring prior to an attaokl, the escape as behavior occurring
following an attack. Behavioral responses of alkhe Madison headwaters that resulted
in increased movement with wolf presence refleatede of an escape strategy than a
pre-meditated attempt to avoid wolf encounterss ttoubtful that elk had the capacity to
remain elusive in a landscape with a predatorhhatsuch well-developed spatial
memory as wolves (Mech 1970). However, in thislgtilne terminology “avoidance”
was adopted because it was suspect that elk mowaeas of lower immediate predation
risk to avoid further attack and/or re-locateddssl vulnerable locations before further
encounters could occur. Because elk are workitiginvthe confines of a winter
environment, and predation risk is spatially andperally dynamic (Creel and Winnie
2005, Smith et al. 2009, Chapter 3), a pre-emptigezase in movement to avoid being
detected by wolves would not be an efficient oraadageous approach.

Changes in the fidelity of animals to a winter horarege were also observed with the
addition of wolves to the system. Non-migratoty iel the Madison headwaters were

extremely philopatric to their range year afterry@articularly prior to the establishment
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of wolves. This is similar to other investigatiarfsspatial fidelity on sedentary large
herbivores (Franklin and Lieb 1979, Irwin and P&6B3, Edge et al. 1986, Cederlund
and Sands 1992, Kraska et al. 2000, Millspaugh et al. 2004) with ahhaiggree of
philopatry associated with a strong social strietwith conspecifics (Edge et al. 1986),
and familiarity with resource availability and dibution (Franklin and Lieb 1979, Irwin
and Peek 1983, Linnell and Anderson 1995). Geothkareas and meadow complexes
in the Madison headwaters provide access to redoicedow-free foraging year-round
(Craighead et al. 1972, 1973, Watson et al. 200PaTherefore, forage availability
remains relatively constant within these habitedsifyear to year (Messer et al. 2009).
Location centroids for elk before wolf reintrodwstiappear to reflect the spatial
arrangement of these foraging sites and the udeafame areas over consecutive years,
suggesting high site fidelity during this perio€flects an energetically efficient foraging
strategy.

After wolf packs were established in the Madisoadweaters, an increasing trend in
the Euclidean distance between centroids of cotisecwinter ranges was observed,
implying that elk became less faithful to a sitéwmen successive years. Elk shifted
their location of activity when a greater numbewaif kills were detected in the
drainage the previous winter. Bergman et al. (208ported that elk in the Madison
headwaters were more vulnerable in geothermal aitdsvolves selected these areas
non-randomly as they coursed the landscape. Beasmolses have well-developed
learning abilities (Mech 1970) and periodicallyuret to the same area within their range
(Jedrzejewski et al. 2001; R. A. Garrott, unpublishieda) to presumably re-encounter

unsuspecting prey (Lima and Steury 2005, Roth anth12007), it was expected that elk
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would modify their space use from the pre-wolf gy of predictably foraging in
geothermal areas where the majority of kills wesglen(Bergman et al. 2006).
Surprisingly elk did not re-locate permanently frimase areas, as evidenced by the
continued use of vulnerable geothermal sites (Wtitd. 2009).Landscape-level
variability in risk has been discussed in ungulatdf systems (Kunkel and Pletscher
2000, Hebblewhite et al. 2005, Kauffman et al. 20@ith different habitat and physical
attributes of the landscape found to offer diffédenels of security or vulnerability
(Kauffman et al. 2007). Habitats that facilitatdihg or escape may not necessarily
provide the best foraging opportunities. Conversaleas that are attractive for foraging
may be accompanied with increased levels of tl{featin et al. 2005, Bergman et al.
2006). The continued selection of geothermal sitebother habitats with high snow
heterogeneity by elk even after wolf reintroduct{@vhite et al. 2009) was probably
because these sites offered the highest availabilitorage at the lowest energetic costs
during nutritionally critical months. It is likelghat this continued use of preferred
habitats was possible because many of these stiesamdjacent tother habitat
components such as meadows (Hebblewhite et al., 280ke et al. 2008), forests

(Wolff and Van Horn 2003, Creel and Winnie 2005¢€lret al. 2005, Fortin et al. 2005),
deep rivers (White et al. 2009), and areas witln lngman activity (Hebblewhite et al
2005, Hebblewhite and Merrill 2007, White et al08pwhich collectively provided an
area that could facilitate escape or provide ptameavhen predation threat was high.
The increase in mean Euclidean distance does by itmat elk made long-distance
shifts in their use areas or switched drainagesdxt years. Rather, this decrease in site

fidelity can be interpreted as a more variablertiigtion of locations within the elk’s
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winter range, and selecting a home range that epassed a wider diversity of landscape
components would allow elk to mediate the risk stagsivation by moving between areas
of relative risk and safety as the level of peredivisk changed (Kie 1999). This
suggests that predictable behavior may not berdettal if landscape attributes serve as
refuges, but would appear hazardous if landscagtarkes contribute to the vulnerability
of prey, as observed in our system (White et &0920This broader use of landscape
characteristics explains the reduced site fidalitg increased home range sizes for elk
following wolf colonization.

Large-scale movements such as dispersal and noigraéive been widely discussed
as mechanisms to avoid predation risk by spatsdtyregating from predators at a much
coarser scale (Bergerud et al. 1984, Fryxell et288, Seip 1992, Fryxell 1995,
Hebblewhite and Merrill 2007, Bergerud et al. 200Bpng-distance movements by elk
were observed after wolf packs became establishdtkisystem. These movements
were never observed when wolves were absent fremytstem. At the finest temporal
scale, long-distance sallies by elk from their itiadal home ranges were observed
following sequences of successful predation attagksolves. During the established
wolf phase, it was not uncommon to observe elk manily leaving their range and
moving an average of 10-15 km, but returning se\dags later. On one occasion, most
of the elk in the OId Faithful sub-herd were obsermoving north from their typical
range after multiple kills were made by wolves.e3é elk were subsequently located
approximately 20 km away. This movement event ¢adyed for three to four days, after

which the elk returned to their traditional rangel avere again attacked by wolves.
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Elk were also observed temporarily (>1 year) ongaerently dispersing from the
study area the year following intensive wolf usehdr traditional range. These
movements ranged from between 18-63 km away frain tbrmer range in the Madison
headwaters. Dispersal would only appear to beftalle strategy if environmental
conditions varied spatially and temporally (StehsiE183) and the probability of survival
had the potential to be higher in the new locatibmthis system, this assumes predation
risk is not evenly distributed across the landsaapthere are relatively safe places for
elk to occupy. This assumption was likely correatnediately following wolf
reintroduction when packs were unevenly distributedugh the park. However, wolf
packs continued to expand their range and few arethe park were devoid of wolves
during the latter years of these studies (Smitd.e2009). Five of the nineteen collared
elk that were defined as dispersers were subsdgueied by wolves away from the
Madison headwaters, suggesting limited effectivermédong-distance movements for
increasing survival. Dispersing could be considemre perilous than staying within
the former home range if unfavorable conditionsuodmom place to place (Gadgil 1971).
Conversely, a 74% chance of survival for the anintlaht vacated the study area may
have been a better outcome than staying in themdoranges where high predation rates
by wolves have essentially depleted elk from thieb@n and Firehole drainages (Garrott
et al. 2009b, White et al. 2009).

A switch from sedentary to migratory behavior we® aletected in three of the
radio-collared, female elk. These animals wereitnoed as part of the non-migratory
herd during the early colonization period, but aeththeir behavior after wolf packs

became established in the system, suggesting tlaaativity was the probable cause
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for the abandonment of their tradition winter rasig&Vhile these observations involved
only a small number of animals, they allowed uspeculate that while an environment
without predation may favor year-round sedentathyav@r, migratory movements may
be evolving as the environment changes with théiaddf wolves. In African systems
migration has been suggested as a way to enhandeasship (Fryxell 1995).
Theoretical modeling of migration in the Serengebsystem suggests that population
regulation by predators may affect non-migratoryreats, while migratory species are
more commonly regulated by food (Fryxell et al. 828 This implies that the top-down
effect of predation would dominate in a non-migratioerd such as the Madison
headwaters. Thus, it is not surprising that higifwumbers have contributed to low
rates of over-winter adult survival, low calf reitnaent, and a significant population
decrease (Garrott et al. 2009b, White et al. 20@®}he Madison headwaters, winter is a
time when deep snow exacerbates the vulnerabilitgrge herbivores to wolves due to
reduced mobility and potential for escape (Mech Ratersen 2003, Becker et al. 2009).
It is also the time when wolves have an almostinoat presence within the Madison
headwaters (Smith et al. 2009). Under these ciongit seasonally escaping predators
during winter when vulnerability reaches a peak] seturning in summer when
vulnerability is reduced may be more profitablatetestingly, all long-distance
movements that were documented following reintréidncoccurred from areas of
intensive wolf activity (Firehole, Gibbon). No tared animals vacated the Madison
drainage, which is the area wolves frequenteddhastl(Smith et al. 2009). These data
thus allow us to speculate that animals that hasaled strong fidelity to a range can

actually ‘make a decision’ that their traditionahge has changed in a such a
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fundamental way that is no longer conducive to ienrathis area. Thus, while it has
been documented that density dependent factorsasuctowding and resource limitation
would promote animals to relocate in search of npooditable surroundings (Lambin et
al. 2001, Clobert et al. 2004, Ims and Andreas€85), these data suggest that the risk
of predation can promote a similar response. Thesdts also indicate that while the
majority of the decline of the Madison headwatékspepulation was attributed to direct
predator mortality (Garrott et al. 2009b), permardigpersal and animals switching from
non-migratory to migratory seasonal movement sgragealso contributed to the
population decline.

These results show that elk in the Madison headwat@de modest adjustments in
their use of space during winter, presumably taicedheir vulnerability from predators
at a fine-scale within their range (Fortin et &03). It is suspected that these changes
were modest because elk were constrained by otindgruges of the system and the
fundamental energetic limitations of surviving isevere snow-pack environment. This
limited flexibility could explain why elk have beeaduced to low densities in most areas
of the Madison headwaters (Garrott et al. 2009bit&\ét al. 2009) and, also, why a
relatively large proportion of elk left two of tlilgainages where wolf predation pressure
was exceptionally high. It was expected that gotenmal movement strategy would be
manifested throughout the Madison headwaters suely, but these results illustrate the
contrary. Different animals appeared to adopeddht strategies within a given system,
which | propose is characteristic of a heterogerdandscape with considerable

variation in predation risk.



55

In the absence of predation the spatial pattermgkah the Madison headwaters were
heavily influenced by the characteristics of thediscape, as evidenced by the importance
of the DRAINAGE covariate in both the home rangd aite fidelity analyses.
Independent of wolves, smaller home ranges ancehggjte fidelity were observed in the
Firehole drainage compared to the other two drasad his finding is likely a
consequence of the evenly distributed thermal ateasigh much of the Firehole
drainage, providing an essentially contiguous sh@e-foraging area where elk did not
need to travel far between forage sites (Craigletadl 1973). The Gibbon drainage also
contains a high proportion of geothermal areasihmrit configuration is quite different
(Watson et al. 2009b). The Gibbon drainage hasvaddrge geothermal complexes (e.g.,
Norris, Primrose) and numerous smaller geotherited arranged linearly along river
corridors. Therefore, the larger home ranges lfoinethe Gibbon likely reflected
animals feeding within and between these geotheaneals, with more movements due to
the spatial arrangement of these snow-free sitbgse finding support the work of Kie
et al. (2002) who suggested that when patches ehemgped rather than evenly
distributed, home range size of mule dé€add@coileus hemionjisvere larger because
animals had to travel longer distances from ondifgepatch to another. The Madison
drainage differs from the Gibbon and the Firehobarthges in that it does not contain
any geothermal areas. However, movement patteithgwhis drainage could still be
explained by the spatial arrangement of snow-fites §ecause the nearly continuous,
steep, south-facing slope along this drainage desvanother topographic feature with
reduced snow pack. This slope provided a contigawea elk used extensively for

locomotion and foraging. Movements in the Madidoainage also reflected the
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topographic relief (Georgii and Schroder 1983, &ial. 2005) and linear arrangement of
large meadow complexes. The spatial arrangemesriaf-free geothermal areas had a
pronounced effect on the way elk moved within ty&tesm and | strongly suspect that the
assemblage and distribution of these geotherne aiso contributed to the vulnerability
of elk in the Madison headwaters (Bergman et &0620Vhite et al. 2009).

Elk in the Madison headwaters appeared to adograkrisk avoidance behaviors
over multiple temporal and spatial scales, inclgdid) increased use of the landscape at
the local scale; 2) long-distance sallies thaelhsteveral days; 3) temporary (>1 year)
and permanent long-distance movements away frasmael home range; and 4)
transitions from sedentary to migratory behavidthile these findings suggest elk were
using the landscape in an attempt to mitigate pir@daisk, there was limited ability
from this study to discern if and how effectivedbespatial responses were at reducing
risk (Hebblewhite and Merrill 2007). However, thgatial responses observed in the
Madison headwaters elk population suggest animais wiaking movement decisions
under the competing environmental constraints afagang predation risk in addition to
starvation risk. Familiarity with foraging resoescand knowledge of habitat attributes
that help facilitate avoidance and escape will faspatial responses that occur within the
home range (Linnell and Anderson 1995). Spat@giding predators is costly, so
nutritionally vulnerable prey should have a higletance of disturbance by wolves
before they completely abandon their range. Adsimpting an integrative approach that
couples spatial responses within the range witbradhti-predator behaviors such as
grouping (Chapter 3), alterations in foraging bebra(Chapter 4), and effective use of

landscape features that facilitate escape (Whigd @009) may be more effective at
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mitigating predation risk than trying to completeimain elusive in a high predation risk
environment.

These results suggest that elk will manifest a ndgreamic movement behavior as
wolves course the landscape looking for prey. &hesults are consistent with the
predictions of Fortin et al. (2005) and Gude e{2006) that predation may facilitate the
dilution of foraging pressure on plant communitfeslk are constantly moving to reduce
further encounters with wolves. This responseacombine with predation-induced
changes in the abundance and distribution of laggbivores to cause changes in
ecosystem dynamics (Ripple et al. 2001, Bescht&,28ith et al. 2003, Fortin et al.
2005). However, these results also suggest thdstape characteristics substantially
moderate the magnitude of the spatial responsékiip &olves, which could potentially
affect the intensity of the trophic cascade. Tpetial distribution of foraging areas in
relation to the spatial distribution of safe ornetlable attributes of the landscape may

also determine the degree to which predators trdlrect and indirect costs on their prey.

Summary

1. How elk changed their spatial use of the laads in the presence of wolves was
evaluated by collecting 11,908 locations from 1d&io-collared, adult, female elk in
the Madison headwaters area of Yellowstone NatiBaak during winters 1991-92
through 2006-07.

2. Prior to wolf colonization, winter movementsedk were constrained and predictable
as elk attempted to conserve energy and decreas@tsbn risk. Home ranges were

small and elk displayed strong spatial fidelityftek wolf colonization, elk
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movements were more dynamic as elk moved moretbhedandscape as they were
increasingly encountered, attacked, and displagesldives. Home range sizes were
larger, with modest decreases in philopatry.

3. 19 long-distance (>15 km, range = 18-63 km) elispl movements by radio-collared
elk away from high-density wolf areas were docurednit the Gibbon and Firehole
drainages. These apparent predator-avoidance nemtsmwere not observed prior to
wolf colonization or from areas where the risk cégation was lower.

4. Elk in the Madison headwaters are constraimedeep snow and vulnerable
environmental conditions. This provides limiteelbility to mitigate predation risk
by modifications in movement within the traditiomahge. This limited flexibility
could explain why elk have been reduced to low diessn most areas of the
Madison headwaters and, also, why a relativelyelgmgportion of elk left two of the
drainages where wolf predation pressure was exaregty high.

5. Dynamic movements by prey to mitigate predatisk have important implications
for encounter rates, search time, and the fundti@sponses of predators. Likewise,
predation-induced changes in the abundance ambdisdbn of large herbivores may
have substantial effects through the plant-herlehearnivore trophic chain, as well

as important implications for managing elk at twedscape level.
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Appendix 2.1 Complete model list used in the migédcts linear regression analysis to
evaluate factors influencing home range size ofretke Madison headwaters area of
Yellowstone National Park during 1991-92 througbh@®7. Abbreviations are:
SWEnean(mean daily snow water equivalent), DRAINAGE (Msah, Firehole, Gibbon),
WOLFeriod (pre-reintroduction, colonizing, established), Wa4ys (total number of wolf
days per drainage per year), and KILLS (total nundbevolf-killed ungulates per
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drainage per year).

Model Model structure
number

0 NULL

1 SWhEnean

2 DRAINAGE

3 WOLReriod

4 SWEeant DRAINAGE

5 SWEnean"' WOLFperiod

6 DRAINAGE + WOLFRseriod

7 SWEneant DRAINAGE + WOLFseriog

8 WOLFyays

9 SWEneant WOLFyays

10 DRAINAGE + WOLFRays

11 SWEqeant DRAINAGE + WOLFjays

12 KILLS

13 SWEeant KILLS

14 DRAINAGE + KILLS

15 SWEeant DRAINAGE + KILLS
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Appendix 2.2 Complete model list used in the migédcts linear regression analysis to
evaluate factors influencing site fidelity of etkthe Madison headwaters area of
Yellowstone National Park during 1991-92 througbh@@®@7. Abbreviations are as in
Appendix 2.1. Wolf covariates describe wolf us¢hie particular drainage during the
first of the two consecutive years.

Model Model structure
number

0 NULL

1 WOLFseriod

2 DRAINAGE

3 DRAINAGE + WOLReriod

4 WOLFuays

5 DRAINAGE + WOLFjays

6 KILLS

7 DRAINAGE + KILLS
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CHAPTER 3

ELK GROUP SIZE AND WOLF PREDATION: A FLEXIBLE STRREGY WHEN
FACED WITH VARIABLE RISK

Abstract

When predators and prey are in close proximityy pnay change how they aggregate
to reduce their probability of being attacked ank#. However, the best strategy to
reduce the risk of predation may not be the beategjy to acquire the resources needed
to meet physiological demands for body maintenamekreproduction. By collecting
8,373 randomly-selected elk groups during conseewtinters between 1991-92 and
2006-07 the grouping tendencies of non-migratoky(€ervus elaphysn the Madison
headwaters area of Yellowstone National Park weaengned. Using mixed effects
regression models it was determined that groupasgegroup size variation were
negatively correlated with snow pack severity aoditvely correlated to the presence of
wolves Canis lupu} under certain habitat conditions. EIlk altereeittigrouping
behavior at multiple temporal scales, including amgears, within winters, and daily
depending on wolf presence and if a kill had ocadiin a given drainage. Group size
was relatively stable prior to wolf restoration winiwas likely due to elk adopting a
single feeding strategy based solely on energetnsiderations. This behavior became
more dynamic following wolf establishment and | gest this was due to animals trying
to balance the conflicting demands of minimizinggation risk and maximizing food
acquisition. While this study documented elk aggting into larger groups in response

to wolf predation risk, other studies in close gapdic proximity documented different
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aggregation patterns in the presence of wolf predaisk. It seems plausible that this
disparity in a single response can be attributesiitistantial differences in landscapes
characteristics such as snow pack severity anddtdaippes, complexity, and patch size

that influence predation risk and dictate differpregy behavioral responses.

Introduction

It is widespread in the animal kingdom that aninsajgregate (i.e., flocks, schools,
groups, and herds) and has long been consideredadutionary adaptation whereby
members derive benefits of communal foraging, ngatinermal regulation, reduced
costs of movement, and protection against predéfdlese 1927). Animal grouping is a
complex behavioral process driven by a combinatioenvironmental, population, and
community processes that change with ecologicatlitioms over relatively short
temporal and spatial scales (Chapman and Chapntdh Réause and Ruxton 2002).
Thus, decisions by individuals to remain solitaryaggregate, and how large an
aggregation to tolerate, are clearly influence@biptic and biotic factors that
individuals confront.

Many drivers of aggregation patterns have beenestgd, including that predation
risk is reduced when individuals join with conspiiesi. Aggregating into larger groups
has the benefit of enhancing predator detectionreddcing individual vigilance
(Pulliam 1973, Elgar 1989, Roberts 1996), individuatection and numerical dilution
(Hamilton 1971, Bertram 1978, Dehn 1990), confugfiacts, and group cooperative
defense (Caro 2005). However, predation may hbitéded by larger aggregations of

animals because they are more conspicuous to predatd easier to detect at a distance
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(Treisman 1975, Creel and Creel 2002), and largargs may be more likely to be
attacked once detected (Creel and Creel. 2002)er@tential countervailing
consequences of aggregating into larger groupadedncreased intra-specific
competition for resources (Chapman and Chapman)2b@@eased foraging costs due to
local food depletion (Buckel and Strona 2004), kiglevels of aggression (Clutton-
Brock et al. 1982, Molvar and Bowyer 1994), andheigexposures to diseases and
parasites. Eventually, the costs of grouping maeed the benefits, and often these
physiological and competitive constraints limit gposize (Pulliam and Caraco 1984,
Giraldeau and Caraco 2000, Krause and Ruxton 2002).

Forming smaller groups or remaining solitary magsén detection by predators and
is an advantageous strategy if predators prefalgntarget larger groups of prey
(Hebblewhite and Pletscher 2002, Krause and Ru@®2). Under these circumstances,
individuals may form small groups, or adopt a solitexistence as an alternative
response to predation. If animals succeed in r@mgielusive, then they may escape the
attention of a predator and, thus, the probabaftgncounter with a predator may be
lower (Jarman 1974, Semeniuk and Dill 2004, Cradl&innie 2005). Solitary prey can
exploit resources in the absence of competitiohymy also incur foraging costs by not
aggregating in higher-quality foraging patchesowrsizes in many taxa appear to be
determined by trade-offs or interactions betweadfavailability, intra-specific
competition for food, and predation risk (Heard 298lolvar and Bowyer 1994, Grand
and Dill 1999, Parrish and Edelstein-Keshet 1998kl and Strona 2004, Semeniuk
and Dill 2004), with the most advantageous groap seflecting the balance between the

costs and benefits of the competing demands fdr gamup member. Theoretically, this
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optimal size would offer maximum fitness to eacbugr member and may vary for any
given individual, environment, or situation (Sidl983, Pulliam and Caraco 1984, Heard
1992, Higashi and Yamamura 1993, Krause and R2002).

Determining if an optimal group size exists forgherbivores is difficult because
available forage and predation risk are often lyigfalriable in both space and time and
difficult to quantify. Variability in forage bionss due to heterogeneous landscapes,
changes in plant phenology (and thus plant quaktyyl changes in availability of forage
due to herbivory and snow pack conditions all ressugroup size varying predictably
over seasons and among different types of planhuamities (Heard 1992¢drzejewski
et al. 1992, Borkowski and Furubayashi 1998). seasonal environment where the
main predator is absent and snow limits accessaaithbility to forage for a large
proportion of the year, individuals should adope#fitient and predictable grouping
strategy that minimizes physiological costs (Mesdel. 2009). If a system includes
highly-mobile, coursing predators such as wolviesntpredation risk could be highly
variable at a fine temporal scale because predatarisl frequently enter and leave areas
occupied by prey. Considering the constraints iseploduring winter, staying in a large
group for a sustained period is costly to the irdlial. However, remaining solitary or in
a small aggregation provides limited protectiothi@ event the group is detected by
predators. Thus, it is highly unlikely that onegle group size is optimal to balance the
demands of energy conservation while minimizinglpt®n risk. Instead, individuals
may aggregate into groups to reap the anti-predetioavior benefits during times of
high predation risk, but disperse when there isamoimminent threat or as the level of

individual risk diminishes (Lima and Bednekoff 19%h et al. 2000, Sih and McCarthy
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2002). If risk changes over the course of houmsven minutes, then a sustained
response may not occur. Rather, a more ephenss@dmse may be evident, with
frequent fragmenting and combining of groups adetael of risk changes.

It is generally accepted that animals reduce tiighrof predation by associating with
other herd members and, as a result, larger agipagaf large herbivores should be
observed as predator abundance increases (Fr@&ill 1995, ddrzejewski et al. 1992).
However, there is only limited support for this giiction from recent studies of elk-wolf
systems in the northern Rocky Mountains (Hebblesvaitd Pletscher 2002, Creel and
Winnie 2005, Gude et al. 2006). Varied groupingpanses by elk in these different
systems suggest predation alone is not wholly resipte for changes in group sizes and
precludes generalizing one optimal grouping stratgglarge herbivores in the presence
of predators. These findings also indicate add#igesearch is needed to evaluate
competing hypotheses concerning the mechanismsgryouping behavior in large
herbivores.

The goal of this study was to improve understandiintipe mechanisms driving
grouping behavior in large herbivores by initiadlyaluating how elk in the Madison
headwaters area of Yellowstone National Park redgdno environmental conditions in
the absence of predators and, subsequently, evejuaiw their behavior changed when
wolves were added to the system in 1995 and 198fa were collected for 5 years prior
to 1995 when wolves were entirely absent from frstesn and for 11 years after wolf
reintroduction. Information-theoretic model selesttechniques were used to evaluate
the strength of evidence in the data for the comgeidredictions that elk would either

aggregate in response to increasing wolf presenfagrm smaller groups or become



79

more solitary once wolves re-colonized the arelae prediction that elk would exhibit

greater variation in group size as the level ofipt®n risk varied was also evaluated.

Methods

The grouping behavior of elk in the Madison headnsabrea was recorded during 15
November through 30 April for 16 consecutive wistét991-92 through 2006-07) by
repeatedly sampling 20-35 adult female elk per figtad with radio collars (i.e.,
approximately 4-10% of the population). Samplifigallared individuals followed a
stratified random sampling regime, which ensured sampling times were randomly
distributed during daylight hours to capture daidyiation in group size and composition.
For this sampling regime the study area was dividamlgeographically defined
drainages (i.e., the Madison, Firehole and Gibh@amdges), which were further
stratified into areas within each of the threemizges. Radio-collared elk that inhabited
the selected strata were located by randomly d@étergithe order with which they were
to be sampled and all groups within the study arege sampled once before re-sampling
occurred. Hand-held telemetry equipment and hgmmocedures were employed to
obtain direct observations of collared individu@Earrott et al. 2009a) and obtain group
locations, total group counts and compositions, (c&f, cow, yearling bull, adult bull),
and identify the primary habitat occupied (meadth&rmal, unburned forest, burned
forest, riparian).

These data were used to develop three responsdblesrirelated to different elements
of elk grouping behavior: group size, group siaeation, and typical group size. Group

size was defined as a single animal or individtihlat remain together for a period of
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time while interacting with one another to a distip greater degree than with other
conspecifics” (Wilson 1975:585)Group size variation was derived by calculating th
absolute difference between a given group sizetlamdnean group size for that particular
year, and was used to assess the frequency ofgagigne and dispersion of groups.
Typical group size was defined as the size of tlegin which the average animal finds

itself and calculated ag Gz/ , WhereG; is the size of th&éh group (Jarman 1974).
2 G,

This metric of individual behavior is a descriptsfatistic which, in addition to mean
group size, could provide more information for @istng the effects of predation on
prey behavior and the consequences of prey aggragat the predator. Mean group
size is often sensitive to the number of recordsotifary animals and consequently can
underestimate the size of the group that is expeei@ by the individual animal. In
contrast, typical group size is less sensitivéheortumber of records of solitary animals
and less sensitive to the commonly observed meaupggize frequency distribution (a
lot of small groups at the far left of the distritoun, with few larger groups representing
the right tail) (Heard 1992, Lingle 2003). Meagp size is therefore an “observer-
centered” measure that provides useful informagioout how an outsider (i.e. an
observer or a predator) views the group (Lingle30@hereas the typical group size is
an “animal-centered” measure that provides insigiot the group size than an individual
chooses to occupy (Jarman 1974). Typical group sis been used in other studies that
have evaluated large herbivore aggregation pat{éteard 1992, Heard and Ouellet
1994, Lingle 2003, Mao 2003, Festa-Bianchet ana& @0608) and would appear
particularly useful when assessing grouping behawia predator-prey framework.

Because selection acts upon the individual, nogtbap (Heard 1992), this metric was
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used to describe the evolving behavior betweengtoec@nd prey. Because typical
group size is derived from the sum of an assemlddgeoups over a determined time
period, we calculated this metric using 10-day dargpntervals through the winter

season at the study area level (16 periods peewyint

Non-Wolf Covariates of Elk Grouping Behavior

The influence of landscape attributes on elk gnagpendencies was explored using
estimates of snow pack and habitat type. Snow padkhabitat type influence resource
availability which, in turn, could play a vital governing how large herbivores
aggregate (Heard 1992dizejewski et al. 1992, Borkowski and Furubaya$19g). A
validated snow pack simulation model for the cdntedlowstone region (Watson et al.
2008) was used to construct a covariate that repted the average snow water
equivalent value (SWE on the elk winter range (landscape SWE) for etshthat
radio-collared elk were observed. This metric dbgd the mean water content of the
snow (Farnes et al. 1999) and provided an indersafurce availability because higher
values reflected decreased forage accessibilityhagiter energetic costs (Parker et al.
1984). A snow heterogeneity metric (SNhivas also developed to index the continuity
of snow cover across the landscape. This metricusad as a surrogate for snow melt,
which creates patches of available forage durimgpgp In addition, a categorical habitat
covariate (HBT) was defined and classified eachobkervation into meadow, burned
forest, unburned forest, thermal, or riparian catieg based on field observations of the

plant communities the animals occupied at the tifrthe observation.
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SWE and time period (SEASON) were considered as timewwf covariates in the
typical group size analyses. SWiepresented the average daily snow water equivalen
value for the 10 day period. SEASON was a contiisuariable from 1-16 representing
the consecutive 10-day intervals within each wisesason. Foraging dynamics likely
reflect the seasonal variation in the quality andrdity of available forage (Craighead et
al. 1973, Green and Bear 1990, Ager et al. 20@3his covariate was used to evaluate
seasonal trends in typical group size becauserlgrgeps of elk occurred in openings

during spring green up.

Covariates of Predation Risk

The presence of wolves was detected and quaniifidte Madison headwaters from
15 November to 30 April during the winters of 1996+t0 2006-07. National Park
Service biologists captured wolves to maintaingazbllared animals in each pack
(Smith 2005, Smith et al. 2009), and wolf presesmte their locations were monitored
using ground-based telemetry, snow tracking, asdaliobservations of collared and un-
collared individuals. Each drainage was intengivebnitored for wolf presence daily
with crews of 3-4 people using snowmobiles, velsickmowshoes, and high points in the
landscape to facilitate telemetry and observatiohbien packs with radio-collared
wolves were detected, telemetry locations wereregéd using triangulation (White and
Garrott 1990) and multiple locations were obtaittedughout the day. Snow tracking,
visual observations, and counts during aerial nooimity by National Park Service
biologists provided estimates of the number of aténper pack and aid in the daily

assessments of wolf presence or absence (Becakr2€09a, Smith et al. 2009).
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Detection of un-collared wolves was facilitateddpportunistic observations of tracks
and wolves by field personnel that were workingtilghout the study area on elk and
bison investigations (Bruggeman et al. 2009, Gaatal. 2009a, White et al. 2009). The
total number of wolves present in each drainagb day was estimated based on the
information obtained from the various wolf monitagitechniques and was quantified in
the form of wolf-days (i.e., the number of indivadwolves known to be present in each
of the drainages each day).

Using these data on wolf presence, three wolf dates were developed to assess the
hypotheses about the influence of predation riseggregation behavior by elk. The
covariate WOLKgioq Categorized wolf presence within each drainage timtee periods:
before wolf reintroduction, during wolf colonizatipand after wolf establishment. Pre-
reintroduction occurred during the initial yeargiod study (1991-92 through 1995-96),
prior to wolf reintroduction when no wolves wer@gent in the study area. To account
for the potential transitory behavioral dynamice doi the initial naiveté of the prey
(Berger et al. 2001), the colonizing period wadrdef as the time immediately following
wolf reintroduction, when elk were initially expas® wolf predation risk, but no wolf
pack &2 animals) was routinely detected in the drainafee established wolf presence
period began the first winter that a pack was &tastly detected in a drainage. Wolves
became established in different drainages duriffgréint winters (Firehole: 1997-98;
Gibbon: 2000-01; Madison: 2001-02; Smith et al. 20fierefore the WOLfzriod
covariate was drainage-specific. The level of vpoddation risk for elk occupying each
drainage was highly variable among winters, andag suspected that the magnitude or

frequency of any behavioral responses would beeddal predation risk. Thus, wolf
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presence data was used to construct a continudfisov@riate, WOLRa,ys that indexed
the prevalence of wolf activity in each drainageheday. For the group size and group
size variation analyses, WO}dyswas calculated as the estimated number of wolves
within that drainage on any particular day. Wadfys were assigned to multiple
drainages if wolves traveled between drainagesiduwany one day. For the typical
group size analysis, WOlgswas calculated as the total number of wolf daythén
study area during the 10-day period. The covall@_F,eioq could not be used for this
analysis because the study area encompassed darsiaiagjfferent stages of wolf
colonization or establishment. For all three asedy a third wolf metric, KILLS, was
developed that represented the number of wolfkillagulates discovered in each
drainage on a given day (for methodology see Beekal. 2009a, Smith et al. 2009), or
in the case of the typical group size analysestdts number of wolf-killed ungulates

detected in the study area over the 10-day period.

Statistical Analyses

Analysis of Variance (ANOVA) and Tukey multiple cparisons with unequal
sample size (Kutner et al. 2005: 750) were usexv&duate the change in mean elk group
size and identify differences in the means betwikerthree time periods defined by the
predictor variable wolf presence (WOlfod. The data werkn-transformed and
diagnostic residual plots were used to evaluat@asisemption of constant variance and
normality of residuals. | used 95% confidencelinals to quantify uncertainty in

parameter estimates.



85

Mixed-effects linear models (Pinheiro and Bates@®@®ere used to evaluate
competinga priori models for assessing group size and group sizatizer, which
treated the covariates SWHIBT, and WOLKEerioq as fixed effects. Individual animal
identity (ID) was treated as a random effect (irggrcept-only) because these datasets
included observations of the same individual thiotigne, and it was suspected that
individuals tended to repeatedly choose similae gitoups. This covariate allowed for
the variation in group size preference betweenviddals (intercept) and within an
individual (residual) to be partitioned and it cdlle determine how much of the
variation in group size was accounted for by tikediand random effects. | used
multiple regression analyses with the covariate ESVBEASON and WOLEysto
evaluate competing priori models for assessing typical group size because#taset
did not include repeated measures sampling. Caatibims of the covariates were
included in the additive form or as an interactionall analyses. | predicted a fixed rate
of change in the response variable per unit changee predictor variable (i.e., linear
form). Diagnostic plots were evaluated to assesassumptions of normality and
constant variance of residuals for all three resparariables, and the group size and
typical group size response variables were trangtdrusing the natural log to conform
to linear models assumptions. All continuous c@atas were centered and scaled to
facilitate comparisons and interpretations of c@tarcoefficients. Variance inflation
factors (VIF), which measure multi-colinearity angorariables, were calculated for all
additive and interactive combinations of predictofiose models that included predictor
combinations with VIF <6 were retained in the mddsl This was a conservative

approach because VIF in excess of 10 implies nooltrearity (Kutner et al. 2005: 409).
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Correlation coefficients were also calculated talfer check for multi-colinearity
between the predictor variables. Akaike Informat@riteria (AIC) was used to rank
models given the data and compare the relativétyabfleach model to explain variation
in the data (Burnham and Anderson 2002, 2004). ik&kanodel weightsw;) were used

to address model selection uncertainty, and modalaged coefficient estimates for each
covariate were computed across all models (BurndwagnAnderson 2002) when no clear
support for a single model was found. Covariatffoents and variance of the random
effects were estimated using restricted maximuslinlkbod. Comparable AIC values
were calculated using maximum likelihood estimaiiBmheiro and Bates 2000). All
statistical analyses were performed using the #&s8tal package (R Development Core

Team 2006).

A Priori Model Suites and Predictions

Hypotheses representing the relationships betwigegre@uping behavior and
covariates were expressed as suites of candidattiori models for group size (6
models), group size variation (6 models), and gjpgroup size (6 models). Every model
in the group size and group size variation suitegained the covariates snow and habitat
(Hirth 1977, Heard 1992, Bender and Haufler 198S)well as the individual random
effect. A null model was also included into eaaheswhich hypothesized constant
grouping behavior for the respective response bbria

| predicted the covariate estimates for the respeasiables group size and group
size variation would be negatively correlated with landscape snow covariate and

positively correlated with open habitat types. Wlinere is empirical evidence that
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group size in large herbivores is positively catetl with snow depth (Heard 1992,
Jedrzejewski et al. 1992), | predicted the oppositeidd be observed for elk in the
heterogeneous landscape of the Madison headwagéss &roup size is positively
influenced by the size of the food patch (Bergeale1983) and if snow limits forage
availability (Telfer and Kelsall 1984, Jenkins amdight 1987) by reducing the number
and size of available food patches, then the reguttmall foraging areas would be
unlikely to support large aggregations of elk.atidition, | predicted open habitat types
(i.e., meadow and thermal) would promote a foragegponse and have a positive effect
on group size. Social ungulates regularly forngéargroups in more open areas that
contain more abundant, high-quality forage thaisetbhabitat types (Jarman 1974, Hirth
1977, Clutton-Brock et al. 1982, Creel and Wini®2, Gude et al. 2006). Thus, habitat
type often serves as a surrogate for relative ®tagmass that is available in different
plant communities.

There is strong evidence that group sizes of laggbivores increase with predator
density or predation pressure (Fryxell 1991, Hd£92, Jedrzejewski et al. 1992,
Molvar and Bowyer 1994, Mao et al. 2005). Thustddicted that elk group size would
increase from pre-wolf to colonizing to establishealf periods if elk adopted the “many
eyes” strategy (Pulliam 1973) in an attempt to fiefrem risk dilution and better
detection of predators (Bertram 1978, Dehn 199Ma 1995). However, groups of large
herbivores have also been empirically shown toadspin response to predation
presence (Creel and Winnie 2005). Thus, a compétypothesis predicted that a higher

frequency of smaller aggregations and solitaryeskild be observed as the system
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transitioned from pre-wolf through to the estal#diperiod if elk tried to remain elusive
during times of high predation risk (Creel and WenR005).

It was predicted that the influence and strengtthefresponse of elk group size to
snow would vary by habitat type (e.g., a SWHIBT interaction), with more elk
congregating in geothermally-warmed areas as sramk ipcreased in other areas
(Messer et al. 2008). Models with a WO}fod HBT interaction were also included
into thea priori suite because anti-predator strategies may bendietd by habitat
characteristics (Molvar and Bowyer 1994, White &edger 2001). If elk aggregate in
open areas as an anti-predator strategy, then gghquld be even larger in the presence
of predators. However, if elk aggregate in operaaras a foraging response (rather than
a direct response to predation; Clutton-Brock e1882, Creel and Winnie 2005), then
aggregations should become smaller in open arehkeger in closed habitat types as
predation risk increases. If elk are reacting tdf\wresence differently in different
habitat types, then the effect of wolf predatioagsure on elk group size should be
intensified in particular habitat types. | preddtta larger response (either positive or
negative) in thermal areas and meadows because&illlbften occur in these habitat
types (Bergman et al. 2006).

The same suite @ priori candidate models were used to evaluate the impretaf
specific ecological factors causing elk groupsdonin size. | predicted increasing
SWE_ would result in more stable groups because snduces variation in food
resources, while making movement between patches difficult (Sweeney and
Sweeney 1984). | also predicted there would beerfrequent aggregation and

dispersion of groups as elk adjusted to spatialtanmgboral variations in predation risk
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(Lima and Bednekoff 1999, Sih et al. 2000). Far d¢fffects of wolves on typical group
size, | adopted the competing hypotheses descpit®adously for the group size

response variable. It was also predicted thatatmroup size would be negatively
correlated with snow pack, but positively correthtdgth SEASON because elk aggregate
in larger groups during spring green up (Craighetaal. 1973, Ager et al. 2003).

Based on the outcome of thgriori model-selection resultppst hocexploratory
analyses were conducted to generate hypothesésgtdioe work. WOLFKeriodWas
substituted with WOLysin the group size and group size variation analysevaluate
if a finer-temporal scale metric indexing the freqay of encounter with wolves
described grouping behavior better than the defmalli-year wolf presence covariate.
SWE_was substituted with snow heterogeneity (SNItb evaluate if this covariate
made an improvement over tagriori model, and it was hypothesized that elk would
aggregate into larger groups as the snow pack bxzoaone heterogeneous. For all three
of the analyses, the covariate KILLS was addethéadop-ranked model to evaluate if elk
responded to successful predation events by wol@ésnges in AIC scores were used to

evaluate if models were improved with the covaradditions and substitutions.

Results

Temporal Trends in Elk Group Size

A total of 8,373 random elk group sizes were olgdifrom repeated sampling of a
total of 115 radio-collared, adult, female elk agrthe winters 1991-92 through 2006-07.
Group size ranged from 1 to 128 (mean = 7.2, s®9)0 There was a 56 % increaBe (

= 0.001) in mean group size as the system transitidrom no wolvesn(= 3103, mean =



90

5.58, se = 0.17), to wolf colonization € 1810, mean = 7.55, se = 0.09) and, eventually,

to established wolf packs € 3460, mean = 8.70, se = 0.17). Transformedpysmes
differed between the pre-wolf and colonizatio Ik(colonizing)-In(pre-wol= 0.297; 95% CI:

0.230, 0.364P < 0.001) and established wolf period§|.g(estabnshed)_|n(pre_wmf): 0.299;

95% CI: 0.243, 0.3592< 0.001), but were similar during the colonizatard

eStab“Shed W0|f perioddi|n(estab|i5hed)_|n(Co|0nizingj_— 0.002, 95% Cl. '0.064, 0.06B,=

0.998). However, untransformed mean group sizes significantly different
(D established-colonizing 1.152; 95% CI: 0.602, 1.70R;< 0.001) between the colonization

and established wolf periods (Figure 3.1) (Néledefines the difference imansformed

or untransformednean group size between two wolf periods). Theas also a shift in
group size distribution between the colonizatiod aestablished wolf periods (Figure
3.2). Thus, the lack of a significant differennegroup size on a natural log scale
between the colonizing and established period$ylileflects higher variance in group
sizes during the established wolf period compaoetie pre-wolf and colonization
periods. An advantage of log transformations & the results can be interpreted on the
original scale of the variable (Ramsey and Sch2@0€2). So by taking the exponent of
the difference in the mean log (Y) between two tpeeods a multiplicative value for the
change in the median (Y) between the time periatisbe obtained. Consequently the
median group size for the established period wag@x299) = 1.349 times bigger than
the median group size for the pre-wolf period (96%1.275, 1.426). Similarly the
median group size during the colonizing period W26 times bigger than the median

group size for the pre-wolf period (95% CI: 1.2%9139), while the median group size
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for the established period and colonizing periodeaguite similar (1.000, 95% CI:

0.938, 1.073).
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Figure 3.1 Changes in mean elk group size befotéreintroduction, during wolf colonization, andtef
wolf establishment in the Madison headwaters afé&etowstone National Park during the winters of
1991-92 through 2006-07. The plotted values asedan the untransformed data, with error bars
representing standard errors.
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Figure 3.2 Changes in the distribution of elk greige (percentage of groups) before wolf reintraiduc
during wolf colonization, and after wolf establisént in the Madison headwaters area of Yellowstone
National Park during the winters of 1991-92 thro2@i96-07.
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Model Selection Results

Wolves were absent from the Madison headwaterspareiato reintroduction in
1995-96. Thereatter, the total number of wolf dengseased from 55 in 1996-97 to a
peak of 3657 in 2004-05. The Firehole drainageeegpced high wolf use immediately
following reintroduction, while the Madison and ®Gdn drainages did not experience
wolf use until several years later and never red¢the magnitude of use observed in the
Firehole (see Chapter 2; Figure 2.1). Pack sidenaimber of packs also varied both
spatially and temporally (Smith et al. 2009).

Model selection results for the group size analgsjgported one top model that
received all of the model weight and containedatnariates SWE HBT, WOLFyeriog
and a HBT*WOLKerioq interaction (Table 3.1). As predicted, snow hamgative effect
on elk group size and, in the absence of wolvegelagroups were evident in meadow
and thermal areas compared to other habitat tylalsgroup size was positively
correlated with wolf presence, but its influenceswlapendent on habitat type. Elk in
meadows and riparian habitats were aggregatedarger groups during the colonization
and established wolf periods compared to the priépesiod. Elk in forested habitats
aggregated into larger groups during the colororagieriod than the pre-wolf period, but
did not appear to differ in the established peri&tk groups in the thermal habitat

remained similar or became slightly smaller as wo#fsence increased (Table 3.2).
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Table 3.1 Model selection results for elk grougesgroup size variation, and typical
group size multiple regression analyses. All me@ee ranked according to AIC and
presented along with the number of parametgrai{e AAIC value (the change in AIC
value relative to the best model), and the Akaileggivt {(v;). The AlCvalue for the top
model for thdn (group size), group size variation, dndtypical group size) were
21120, 52631 and 213 respectively. Abbreviatioeg@roup size and group size
variation): SWE (landscape-scale snow water equivalent), HBT (agbMWOLReriod
(pre-reintroduction, colonizing, and establish€t)pical group size): SEASON (time
period), SWE (average landscape-scale snow water equivaletiiéat0-day period),
WOLFgays(total number of wolf days within the study areatfte 10-day period).

Model Structure k* AAIC wi
In (Group size)
SWE. + HBT + WOLRyerioa + (HBT * WOLFyeriod 18 0.00 1.00
SWE_ + HBT + WOLRerioa+ (SWE * HBT) 14 20.16 0.00
SWE_ + HBT + WOLRyeriod 10 35.26 0.00
SWE + HBT + (SWE * HBT) 12 35.80 0.00
SWE. + HBT + WOLRyeriod+ (SWE * WOLFperiod 12 38.18 0.00
SWE + HBT 8 50.16 0.00
NULL 3 564.17 0.00
Group sizevariation
SWE_+ HBT + WOLRyerioa+ (SWE * HBT) 14 0.00 0.98
SWE_ + HBT + WOLRyeriod + (SWE  * WOLFeriod 12 7.71 0.02
SWE_ + HBT + WOLRyeriod 10 13.30 0.00
SWE_ + HBT + WOLRygrioa+ (HBT * WOLFperiod 18 16.50 0.00
SWE + HBT + (SWE * HBT) 12 130.00 0.00
SWE + HBT 8 141.00 0.00
NULL 3 353.63 0.00
In (Typical group size)
SEASON + WOLFyays 4  0.00 0.60
Wolf gays 3 159 0.27
SWE. + WOLFjays 4 3.04 0.13
SWE + SEASON 4 5216 0.00
SWE 3 7161 0.00
SEASON 3 7340 0.00
NULL 2 77.27 0.00

*Residual error from the mixed modeling accountsifparameter value for the (group size) and group
size variation analyses.



94

Table 3.2 Coefficient estimates and 95% confiddimeis for the factors influencinfn
(group size) and group size variation. All coveikevels are compared to the intercept
reference level which is the meadow habitat typghépre-reintroduction WO Liiod

Bold font denotes coefficient estimates with 95%fmence limits that do not span zero.

In (Group size) Group size variation

. . Lower  Upper , Lower  Upper
Covariate Estimate Cl %ﬁ) Estimate Cl ‘éﬁ)
Intercept 1.631 1.510 1.752 4.684 4.215 5.152
SWE -0.261 -0.312  -0.210 -2.388 -2963 -1.813
HBT-Riparian -0.499 -0.657 -0.341 -1.837  -2426  -1.249
HBT - BF -0.292 -0.381 -0.203 -1.440 -1.805 -1.075
HBT - UF -0.326 -0.422  -0.230 -1.584 -1.982 -1.186
HBT - TH -0.040 -0.150 0.070 -1.194 -1.712  -0.676
WOLFgeriod- Col  0.213 0.100 0.326 1.717 1.304 2.130
WOLFperiod- Est  0.245 0.130  0.360 2.488 2.061 2914
Riparian*Col 0.077 -0.158 0.313
BF*Col -0.062 -0.192  0.069
UF*Col -0.132 -0.283  0.019
TH*Col -0.254 -0.447  -0.060
Riparian*Est -0.199 -0.400 0.001
BF*Est -0.302 -0.418 -0.187
UF*Est -0.358 -0.489 -0.227
TH*Est -0.125 -0.279  0.029
SWAE *Riparian 0.818 -0.428 2.063
SWE *BF 1.486 0.778 2.194
SWE *UF 1.483 0.658 2.307
SWE *TH 0.355 -0.774 1.485

On the log scale, heterogeneity of group size peefee betweend %) and within
(6%y) individual females was relatively higld€s = 0.18 andd %y = 0.70, respectively).
Individual elk did not routinely seek larger or dleagroups, and their choice of group
sizes was quite variable (i.e. there was considenadriation between different elk, and
each elk displayed considerable variation in thedup size choice)Post hoc
exploratory analyses revealed that substituting \F&kfor WOLFerios and SNH
(snow heterogeneity) for SWEdid not improve models. However, the addition of

KILLS to the original top model improved the modgl 17.96 AIC units. The estimated
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coefficient for KILLS was 0.339 (95% CI = 0.191489) and was a strong predictor of
elk group size. Adding KILLS changed the coeffi¢gefor the besh priori model only
slightly.

Model selection results for the group size varmmtmalysis supported one model that
included the covariates SWHEHBT, and WOLEerioq and a SWEHBT interaction
which received an Akaike weight of 0.98 (Table 3.0Overall, models that contained the
WOLFeriod covariate accounted for all of the model weigt8smilar to the group size
analysis, snow had a negative affect on group\ag@tion. Variation in group size also
appeared to be habitat specific and, for an avesage pack, groups were more stable in
riparian, thermal, and forested habitats compasedeadows. After wolf reintroduction,
grouping behavior by elk became more dynamic anatedicted, more group size
variation was observed during the colonization estéblished wolf periods (Table 3.2).
The interaction term SWEHBT indicated that more variation in grouping beloat was
observed under deep snow conditions in the fordsabdat types No females had a
specific tendency to aggregate and disperse megeiéntly than othersi(% = 1.25),
and variation in grouping behavior was very incstesit within individual elk § %y =
30.84). Post hocexploratory analyses revealed that adding KILL&original top
model improved the model by 19.6 AIC units. Theneated coefficient for KILLS was
2.33 (95% CIl =1.35, 3.31) and was a strong predit elk group size variation. Adding
KILLS changed the coefficients for the bagpriori model only slightly. Substituting
WOLFgaysand SNH for WOLFeriogand SWE, respectively, did not improve models.

The sizes of elk aggregations and associated i@riatatched the trend in wolf-days
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among years (Figure 3.3), suggesting a respongetation risk at an intermediate

temporal scale.
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Figure 3.3 Changes in mean elk group skgdr the variance in elk group siZ)(and the total number of
wolf days in the Madison headwaters area of Yeltows National Park during the winters of 1991-92
through 2006-07. Mean annual group size showetbagscorrelation with the total number of wolf day
for the study area (2311- =0.75,F; 14= 47.86,P < 0.001). Mean annual group size is shown witbrdvars
representing standard erro€®)(
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Figure 3.3 Continued. Changes in mean elk group @i or the variance in elk group siz®)(and the

total number of wolf days in the Madison headwasgesa of Yellowstone National Park during the wiste
of 1991-92 through 2006-07. Mean annual group sizaved a strong correlation with the total nunidfer
wolf days for the study areaﬂa =0.75,F;114=47.86,P < 0.001). Mean annual group size is shown with
error bars representing standard err@} (

Typical group size was substantially larger thaaamgroup size (Figure 3.4), which
is always the case when the variance of mean gizeqs larger than zero (Heard 1992).
Model selection results for the typical group sanalysis supported two top models
(Table 3.1). The most- supported model includedctbvariates SEASON and WO{4k
and received an Akaike weight of 0.6023(5\: 0.30,F2217=48.48P < 0.001). The
second-ranked model included only WQLJfand received an Akaike weight of 0.27
(Rzadj =0.29,F1218= 92.31P < 0.001). Models with the WOI4kscovariate accounted
for all the model weight, indicating that modelsanporating the effect of wolf activity
received more support from the data than the nolfitwodels when explaining
differences in typical group size. There was supfoo the predictions of larger typical

group sizes as wolf activity increased and, alsat & slight increase in typical group size
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would occur throughout winter (Table 3.3). AddKU.LS to the top model duringost

hocexploratory analyses provided no improvemers goiori models.
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Figure 3.4 Temporal trends in mean elk group siektgpical group size before wolf
reintroduction, during wolf colonization, and afteolf establishment in the Madison
headwaters area of Yellowstone National Park duthiegwvinters of 1991-92 through
2006-07.

Table 3.3. Coefficient estimates and 95% configdmits for covariates affecting
(typical group size). Bold font denotes coeffitciestimates with 95% confidence limits

that do not span zero. Coefficients for the typgralup size are based on model averaged
results.

In (Typical group size)

Covariate Estimate Lower CI Upper CI
SWE -0.049 -0.181 0.082
WOLFgays 0.517 0.409 0.625

SEASON 0.090 -0.003 0.183
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Discussion

Several investigations of the relationship betwiaege herbivore behavior and
predation risk have been conducted in the Greagiowstone Ecosystem, focusing on
the behavior of naive elk after wolves became éstada on the landscape (Laundré et
al. 2001, Childress and Lung 2003, Wolff and Vani®003). These studies
documented elk behavior in accordance with gerikeairies of prey responses to
predation risk, forming larger group sizes andéasing vigilance as predation risk
increased. However, empirical data documentingnywoit behavior was lacking and
prevented comparisons between behaviors with atitbuti a top predator, and in at least
one of the previously published studies the ingastirs assumed low wolf presence in a
drainage within the Madison headwaters study afezrevthis study documented
substantial wolf activity. Additional insights weegained by incorporating empirical data
on elk grouping behavior before wolf reintroductidaring the colonizing stage, and
when wolf packs were resident in the study ardé.irethe Madison headwaters area
demonstrated changes in aggregation patternsdivatided with the reintroduction of
wolves and provided strong support for the effe¢twolves on elk grouping behavior.
Larger aggregations were positively correlated wuthf presence, activity, and the
number of kills in a drainage each day. Groupsvadso more variable in the presence
of wolves relative to the pre-wolf period, and aysl that wolves had been actively
hunting the drainage and successfully killed prsjodels that contained only non-wolf
covariates received little support from the dat@mwhompared to the models that

incorporated a wolf covariate.
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These results are similar to those of other studipsrting larger aggregations of
large herbivores during times of high predatiok fldeard 1992, ¢tirzejewski et al.
1992, Molvar and Bowyer 1994, Lingle 2001, Maole2805). However, these findings
are in sharp contrast to two other recent studietkdoehavioral responses to wolf
predation risk conducted in the Greater YellowstBoesystem. Creel and Winnie
(2005) studied elk-wolf interactions along the veestborder of Yellowstone National
Park (approximately 75 km north of the Madison eatérs study area) and concluded
elk formed smaller groups when wolves were in trae drainage compared to when
wolves were absent. Also, Gude et al. (2006) tepadhat wolves had no detectable
effect on the size of elk groups in the lower Madi¥/alley (40 km west of the Madison
headwaters area). These equivocal results frodiestin close geographic proximity
suggest wolf predation may not be the only faatfiuencing elk group size and
variation. The top model from our group size asap/contained a habitat*wolf presence
interaction, by which grouping behavior in the grese of wolves was amplified in
certain habitat types. However, the response wasmform across all habitat types in
the entire study area. Likewise, Kunkel and Plezs¢2000) reported that certain habitat
and landscape features affected vulnerability émlation, and Bergman et al. (2006)
found that predators are capable of selecting subiterable conditions, which may
explain this habitat-specific response. Thusgedéhces in habitat, snow pack, and
landscape features among sites in close proximaty imfluence elk grouping behavior in
the presence of wolves. The Madison headwatessisi@ highly heterogeneous
landscape with burned and unburned forest patchesy free thermal areas, steep rocky

canyons, and small open meadow complexes along mnago corridors. In contrast, the
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Gallatin Valley is comprised of large expansesaufesscrub and grassland, with
relatively continuous unburned stands of coniferfmuest and some small riparian zones
(Creel and Winnie 2005). The lower Madison Valteysists of expansive flat grassland
and sage brush on low-elevation benches along #aiddn River, with small riparian
communities and west-facing slopes with coniferfmusst and intermixed stands of
aspen (Gude et al. 2006). Snow conditions alderdaimong the sites. Snow depths
commonly exceeding 90 cm are typical for the Manliseadwaters (Eberhardt et al.
1998), whereas in the lower Madison Valley snow me&ach depths of 40 cm in wooded
areas but rarely exceeds 10 cm in the grasslaggicdlly these large grassland/shrub
areas are windblown and many areas remain snowW@eee et al. 2006). The Gallatin
Valley experiences intermediate snow conditiong(Fe 3.5).

The heterogeneous nature of the landscape iM#8deson headwaters area imposes
numerous hard edges that can impede animal moveamayt from predators (Bergman
et al. 2006). If animals occupy habitats wherepeds not an effective anti-predator
tactic or conditions such as deep snow make movediiicult, then forming groups
rather than fleeing may be an effective alternativena 1992). Elk in the Gallatin and
lower Madison valleys were not as severely cons¢by such landscape heterogeneity
or deep snow conditions, which may explain why ¢helk adopted a strategy of moving
instead of aggregating (Gude et al. 2006). Thdlsmeggregations of elk observed in
forested areas of the Gallatin Valley when wolfdaton risk was high may reduce the
probability of being detected by predators (Crawl ®Winnie 2005) or, alternatively, may
be a result of a bias due to the difficulty of aataly determining group size in dense

forested environments. Regardless, landscaperdispaamong areas may strongly
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influence the behavioral responses of elk to wadspnce, and the degree to which these
behaviors are manifested. As Hebblewhite and éHets(2002) point out, prey grouping
behavior could be a fundamental component affe¢tiegletection and hunting success
by wolves. As a result, grouping behavior coulteptially influence the functional
response of wolves and, consequently, elk populatimamics. We have evidence from
our studies that this may have occurred as indidayethe negative correlation {£0.66)
between mean annual elk group size and mean awalfekill rates on elk (Becker et al.
2009b). Thus, if landscape differences dictatealimral responses, then they could also
alter the strength of top-down effects by predatorsheir prey and therefore sociality
among prey may have important implications for ditgbn predator-prey dynamics
(Fryxell et al. 2007).

Elk in the Madison headwaters area also resporattketpresence of wolves at short
time scales, when wolves were actively hunting lalithg in a given drainage. These
findings suggest elk may adopt risk allocationheit grouping behavior to some degree,
raising the baseline level of anti-predator behawidhe presence of predation risk and
demonstrating the greatest level of anti-predagtralwior during brief, but infrequent,
high risk situations (Lima and Dill 1990, Lima aBddnekoff 1999, Sih et al. 2000, Sih
and McCarthy 2002, Gude et al. 2006; Figure 3A&d}er wolves became established in
the Madison headwaters area, the moderately ségigiegations of elk observed during
the pre-wolf period changed to more dynamic aggdregs with frequent variations in the
aggregation and dispersion of groups. Such vanatin group size may be an effective
anti-predator strategy because unpredictable behasn reduce predator efficiency

(Bowyer et al. 1999). Also, because predator-fpeegback mechanisms are governed
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by the way an individual (rather than a group) oe}s, these results may better explain
evolutionary forces that shape prey and predatioavier over time.

Another explanation for dynamic grouping behaviothie presence of predators
could be that animals are trying to balance comgedemands. Costly anti-predator
behavior is adopted during bouts of elevated preddhreat and relaxed when the
immediate threat of predation subsides (White aedy& 2001, Wolff and Van Horn
2003). These data support this interpretatiortjqudarly considering the extreme
temporal and spatial variation in wolf presenceileixéd within our study tract. The
relatively modest variation in elk group size befarolf reintroduction may reflect elk
adopting a single feeding strategy solely basedrmmngy conservation and food
acquisition. During the colonizing and establisheidf periods, however, elk aggregated
ephemerally when wolf predation risk was high, #reh reverted to smaller
aggregations similar to the pre-wolf period asithmediate risk subsided. An
alternative interpretation for the higher variatmserved during the colonization and
established wolf periods is that the threat of ptesh makes the baseline group size
larger, which then fragments and disperses wheagrihép is attacked. This would also
explain the increased variation observed on daysnwyplves had been successful in
making a kill. Clearly the response is tempordiiypendent and the temporal scale to
which the response is observed may vyield diffenesights.

In the absence of wolves, elk were less aggregaitthdncreasing snow conditions.
The Madison headwaters area is a mosaic of smaljjiiog patches during winter that
likely cannot support large aggregations of elklémrg periods of time. Thus, the small

group sizes that were observed when snow pack ighdikely reflect elk using smaller
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foraging patches with reduced snow. Deep snowralsinicts elk movements and
increases the effective distance between suitaleldiig areas (Heard 1992); thereby
inducing elk to conserve energy and remain in stgbbups. Because snow pack
severity has been related to the risk of preddtotarge herbivores in numerous studies
(Mech 1970, ddrzejewski et al. 1992, Huggard 1993, Becker e2@09a and b), it was
surprising to find no support from the data for@eraction between snow and wolf
presence in these analyses.

A positive correlation between group size and pafioh density has been reported
for several large ungulate species (Clutton-Brac.€1982, Hebblewhite and Pletscher
2002, Krause and Ruxton 2002). Population estisniateelk in the Madison headwaters
area indicate a decreasing trend in abundance $8fif& (Garrott et al. 2009b). Though
population size was not included as a covariainof the models due to correlations
with the wolf covariates, an obvious expectatioruldldoe that decreasing population size
should produce smaller aggregations of elk. Thas not the case because group size
increased as population size decreased. Simildinfys were reported for red deer in
response to human huntingddzejewski et al. 2006) and Gude et al. (2006) neskthe
large elk herds in the lower Madison valley fragteeinas a response to human hunters,
suggesting that predation in any form can haveff@ateon elk grouping behavior
regardless of density.

Garrott et al. (2005) stressed that the effectsa¥es on the demographics of
ungulate prey populations should not be generalis#deen areas and, based on these
findings, | extend this caution to the behaviopcgy at different sites. Variations in the

behavior of subpopulations in close proximity h&aeen previously documented
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(Brashares and Arcese 2002), and geographic variatibehavior has been widely
discussed in relation to evolutionary theory (Fo4@99, Foster and Endler 1999).
Behavior is an important component of the way atsradapt to local conditions (Foster
and Endler 1999), so it is not unexpected thaedifftiation in anti-predator behavior
between locations occurs. As a result, ecologisthecoming increasingly aware that
behavioral and physiological changes resulting feorti-predator constraints should be
considered in predator-prey models (Beckerman. 9817, Schmitz 1997, 1998, Brown
et al. 1999, Hebblewhite and Pletscher 2002, Dextrad. 2003, Nelson et al. 2004,
Preisser et al. 2005, Eshel et al. 2006, Mchici.€2006, Creel and Christianson 2008).
While it could be argued that animals aggregafenm stable optimal groups
(Giraldeau and Gillis 1985), results from this stsdggest the contrary. Optimal group
size is what would be expected under stable camditiwhereby every individual
member’s fitness is maximized. However, this sthiyhlights that the theoretically
optimal group size is unlikely to be met under mestural conditions because of
temporal and spatial variation, uncertainty in pkagpwledge of predation risk, and the
ephemeral nature of animal groups (Sibly 1983 i&ulland Caraco 1984). Individuals
must aggregate in a manner that maximizes theivighehl fitness at a specific location
or circumstance. They do this by individually s#ileg to be part of the typical group
size (Jarman 1974) which could essentially be @efis a composite of individual
decisions made to maximize individual fithess. Bifiere, typical group size consists of
an aggregation of animals where every member igtbep strives for, but potentially
falls short of maximizing their fithess becausevafiation in the environment. As such

“typical group size” would appear to be a moreistial definition to describe the most
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advantageous group to be a part of rather thatofitenal group size”. Typical group
size seems to be an underused metric in most bwlhstudies, however it would appear
to be a valuable and more realistic metric to usenwariable environmental conditions
prevail.

| documented changes in elk behavior that can teegreted as responses to the
reestablishment of predation risk due to the rethiction of wolves into the Yellowstone
Ecosystem. Specifically, elk have adapted to appiith predation risk from wolves by
individually increasing their typical group siz@/ith these prey aggregation responses,
how wolves perceive the vulnerability of their prayst also differ, and predators must
now face the challenge of adjusting their behaammordingly. In summary, results from
this study show how elk respond to the newly esthbt wolf population and the
consequent risk of predation. What we would nopeex to see is an adjustment in wolf
behavior to compensate for this prey behaviorglarse, and we would expect that
optimality and stability in prey behaviors will noetcur as this continuous process of

predator and prey responding to one another caggitmevolve in this study system.
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Figure 3.5 Characteristic landscape and topograptiye Madison headwater8), Gallatin Valley B), and lower Madison Valleyd). The grouping
behavior of elk in response to wolf predation rigks studied at each of these sites which are Bedeographic proximity to one another, but quite
divergent results were found. The large groupllofrethe lower Madison Valley photo is typical ihfis windswept grassland/shrub winter range that
contrasts with the much smaller groups that are&ypf the Madison headwaters study site (Phoyoslatthew BeckerA, David ChristiansonB,

Justin GudeG).
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Figure 3.6 Elk aggregating in response to wolvehéeMadison headwaters. Elk remained clumpedvagildnt as a
single wolf approached near Biscuit basin in thelile drainageX) and were often observed fleeing into deep spots
in the river when wolves were clod®)( Elevated behavioral alertness and tight aggi@gaere maintained when a
predation threat was imminent, but elk often resdifeeding just a short period of time after wollefsthe immediate

vicinity (Photos by Claire Gower).
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Summary

1. Since wolves were reintroduced to Yellowstan&995-96 a considerable amount of
research has contributed to our understandingenf pehavior in response to this
newly established top carnivore. | extended troskwy adding a pre-wolf
component which allowed me to evaluate how thekawers have changed
following reintroduction. Collectively these stediprovide a comprehensive
synthesis of elk grouping behavior over a wide egigial range. This allowed for
possible disparities to be identified, and the na@i$ms responsible could be
explored.

2. Atotal of 8,373 randomly-selected elk groupgevsampled during 16 consecutive
winters between 1991-92 and 2006-07 to comparepgsaes before wolf
reintroduction, during colonization, and after weditablishment. With these data the
non-wolf and wolf covariates influencing elk grosige, group size variation, and
typical group size were evaluated.

3. It was determined that group size and group &iiation were negatively correlated
with snow pack severity and positively correlatedhe presence of wolves under
certain habitat conditions. Elk altered their grimg behavior at multiple temporal
scales, including among years, within winters, dailly depending on wolf presence
and if a kill had occurred in a given drainage.

4. The relatively modest variation in group sieédoe wolf restoration can be
interpreted as a consequence of elk adopting desiegding strategy based solely on

energy conservation and food acquisition. Durhlmgwolf colonization and
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establishment periods, a substantial increaseanpgsize variation that | suggest was
due to animals trying to balance the conflictingnd@ds of minimizing predation risk
and maximizing food acquisition.

5. While I have documented elk aggregating iatgér groups in response to wolf
predation risk, studies similar to this study, amdlose geographic proximity to this
study site, have documented both no detectablegehiarelk group size and elk
aggregating into smaller groups in the presenaeotif predation risk. These
differences in prey behavioral responses can biewatitd to substantial differences in
landscapes attributes such as snow pack sevedthanitat types, complexity, and
patch size that influence predation risk and déecthtferent prey behavioral
responses.

6. Prey individuals can adjust their behavior dapto the presence or absence of
predators and site-specific situations. Ultimatalyw individual animals aggregate
and the influence of these aggregation responséseonsk of predation, could

influence predator-prey dynamics at the commumtel.
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CHAPTER 4

ELK FORAGING BEHAVIOR: DOES PREDATION RISK REDUCEIME FOR
FOOD ACQUISITION?

Abstract

Large herbivores that inhabit seasonal environm@cts considerable challenges
when trying to balance the conflicting demandsatis$ying physiological requirements
and avoiding predation. The harsh environment sepastrong nutritional constraints
which influence activity patterns and foraging s&gaes. In addition, the need to evade
predators strongly determines the way in which frelyave. To evaluate how elk
(Cervus elaphysmanaged food acquisition and predation risk ealvior of elk in the
Madison headwaters area of Yellowstone Nationak Ras observed during 15
consecutive winter field seasons (1991-2006). tajpproximately 3100 hours of
behavioral data before and after walfafis lupu3 reintroduction, logistic and negative
binomial regression were used to evaluate factifestang the likelihood of a foraging
bout and the scanning behavior of elk. It waemheined that the likelihood of a
foraging bout was influenced by snow, time of day] habitat type. Also, the likelihood
of foraging was marginally higher following wolftablishment. This increase may
reflect a strategy of sacrificing foraging for pagor vigilance or avoidance during the
high-risk nighttime period, but increasing foragihgring the day to compensate for this
loss. It was also determined that elk infrequestignned the environment when foraging
during the day, and scans were short in duratiahadien occurred concurrently when

processing food. Results from other areas ofltimg term study suggest little apparent
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reduction in the nutritional status of elk followimvolf reintroduction. | therefore
propose that the ability of elk to mitigate predatrisk with only minimal or no effects
on food acquisition and nutrition is due to theghty acute senses and their ability to
simultaneously scan the environment for predatodspaocess food. Additionally, if a
range of anti-predator behaviors can collectivedyaldopted at appropriate temporal
scales, then the trade-off between food acquisdimh predation risk may be somewhat
reduced. Therefore, from this study it can be psag that high plasticity in prey
behaviors may balance the need to forage and nzrinsk, thereby allowing prey to
remain in an environment that provides adequatgfresources but also poses a high

threat of predation.

Introduction

Animals should make decisions regarding their forgdpehavior by selecting
strategies that ultimately maximize long-term faagPyke et al. 1977, Pyke 1984, Kie
1999). For animals that are not constrained bgadren this strategy would theoretically
appear quite simple and decisions would be basstbprinately on energetic
considerations (Parker et al. 2005, Loe et al. 200Vhen predation risk becomes an
additional selective force, an individual must atpe to minimize their vulnerability to
predators while still obtaining the necessary foegburces for survival. Optimization
theory predicts that animals will maximize thetn&ss by modulating their behavior to
balance energy gain and predator avoidance (Abi®®4). The response often
observed reflects an individual's nutritional stgdéephens and Krebs 1986, Lima 1998a,

Winnie and Creel 2007), the relative frequencyrefdation risk (Lima and Bednekoff
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19994, Sih et al. 2000, Sih and McCarthy 2002, ilaaet al. 2004), and the range of
possible compensatory behaviors (Lind and Cres208b, Ajie et al. 2007, Watson et
al. 2007).

Increased visual awareness by prey, commonly exfd as vigilance, is a universal
behavioral response among many different taxa (E1§89, Treves 2000). In the
presence of predators, prey will increase theiellef behavioral alertness to facilitate
early detection of predators which may reduce thmbability of being attacked and
ultimately killed (Elgar 1989, Quenette 1990, Hurgrd Skinner 1998, Lima and
Bednekoff 1999b, Treves 2000, Caro 2005). Prokwlamif survival may be enhanced if
early predator detection allows prey to find areefive escape route, seek protection
from landscape features in close proximity thaveers refuges (Lima 1992, Berryman
and Hawkins 2006), and/or congregate with consjpsdibr defense (Caro 2005) and
dilution of risk (Hamilton 1971, Bertram 1978, Deh®90). However, anti-predator
responses aimed at reducing predation risk may mmeasurable fitness costs,
particularly if the responses interrupt other fasenhancing activities such as feeding
(Fitzgibbon and Lazarus 1995). Scanning the enment for predators may reduce
nutrition which, in turn, could translate into nt&thal costs, or even indirect lethal
effects if predator presence is severe enoughusecstarvation in prey (Lima and Dill
1990, Lima 1998b).

The threat of predation affects a greater numbénd¥iduals than those that are
killed. Therefore, there is increasing interestore fully understand predator
intimidation and quantify the non-consumptive efégaredators inflict on their prey

(Nelson et al. 2004, Bolnick and Preisser 2005isBee et al. 2005, Creel et al. 2007,
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Creel and Christianson 2008). Experimental maafpuhs in a laboratory or field setting
have revealed behavioral shifts in foraging assaltef predation threat (Beckerman et
al. 1997, Schmitz 1997, 1998), but trying to engailly quantify individual-level
foraging responses in large mammal systems preadatsamore challenging task. In
most large herbivore systems, it is notoriouslydharstudy the effects of predation threat
on prey behavior, particularly if there is a heéawynan influence that causes
confounding effects. Protected areas in Africavjite® conducive systems to study
behavioral alertness under varying levels of rigk tb the lack of any significant human
disturbance and tolerance of human observers hydretlators and prey (Underwood
1982, Hunter and Skinner 1998). However, few systexist in North America where
prey are tractable and/or the system has an iptadator guild and human influence is
negligible. Recently, vigilance levels of elk haveen compared in areas with and
without the presence of wolves, or following readtuction of wolves into Yellowstone
National Park in 1995 and 1996 (Laundré et al. 2@ildress and Lung 2003, Wolff
and Van Horn 2003, Lung and Childress 2006, Wiamni¢ Creel 2007, Halofsky and
Ripple 2008, Liley and Creel 2008). These studiapirically documented noticeable
changes in vigilance levels as the threat of predatsk by wolves increased. While
there were differences among the studies, they detraded strong relationships between
variation in vigilance with group size, sex and af@ss, and maternal state. In a few
cases, a corresponding decrease in the propoftiome foraging with increasing
vigilance was also observed (Laundré et al. 200dldéess and Lung 2003, Wolff and
Van Horn 2003, Winnie and Creel 2007). Howeveretlier increased vigilance actually

results in any detrimental consequence for the pmains uncertain.
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Vigilance is normally addressed by measuring tlogertion of time prey spend
scanning the environment for predators. This isroftonsidered time that would
otherwise be invested in searching for and consgritiad (Quenette 1990). While this
is a reasonable assumption when foraging and soguané mutually exclusive behaviors,
it is not always the case for prey that can sinmgtausly conduct both activities. The
extent to which foraging opportunities are comprmediand, thus, the cost of vigilance,
consequently depends on how much visual attensioequired when searching for and
handling food (Studd et al. 1983, Lima 1988, Coldw et al. 2003, Cresswell et al.
2003, Fortin et al. 2004 a, b; Caro 2005). Theeeft is more difficult to directly assign
a cost of vigilance for prey animals that can pssdheir food and survey their
surroundings at the same time because vigilance nlaenecessarily imply that feeding
activities are interrupted. Large herbivores oftenform additional activities such as
scanning their immediate surroundings, while siam#busly searching for, chewing, and
physiologically processing food (Owen-Smith and Blée 1982). Illius and Fitzgibbon
(1994) theoretically proposed that this efficieaewf time can enable large herbivores to
essentially forage cost free, and Fortin et al0&{) empirically showed that if the two
behaviors somewhat overlap, the foraging costdeareduced.

While there have been many investigations addrgsbm anti-predator behavior of
prey, few can draw unequivocal conclusions aboeifithess consequences associated
with the behavioral response (Lind and Cresswedb20 This is particularly true for
studies of vigilance in large mammal predator-mgstems that assumed vigilance was
conducted at the exclusion of foraging. While mahthese studies have been able to

correlate changes in vigilance behaviors with pgeckvariation in predation risk,
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assessments of potential reductions in foragirm@msequence of increased vigilance
could only be suggested or inferred.

To avoid the inherent and subjective difficultydicerning if foraging is actually
interrupted while being vigilant, this study focdsen quantifying foraging behavior
directly and correlating variation in the time deaaebto foraging with varying levels of
predation risk. The likelihood of changes in foragactivity by elk associated with
varying levels of perceived predation risk befahering, and after wolf colonization of
the Madison headwaters area in Yellowstone NatiBaak were evaluated. Due to the
tractable nature of the elk occupying this areaas possible to accurately quantify elk
behavior and wolf predation risk simultaneouslyedatively fine temporal and spatial
scales. Working with a non-hunted, non-migratceydhprovided a rare opportunity to
isolate the effects of wolf predation on elk foragbehavior where the confounding
effects of human hunting were absent. It was ptedithat elk would respond to wolves
by altering their level of behavioral alertness amatifying the time devoted to foraging
activities. It was also predicted that foragingpdé@or would be strongly influenced by
environmental conditions that also vary substayte relatively fine spatial and

temporal scales.

Methods

The winter foraging behavior of non-migratory etkthe Madison headwaters area
was recorded over 15 consecutive winters from 18®1krough 2005-06, during which
time a VHF radio-collared population of 20-35 adidtv elk per year (i.e., approximately

4-10% of the herd) was maintained. The collarelividuals were repeatedly sampled



125
annually from November 15 to April 30 using a stradl random sampling regime to
select the focal collared cow to be monitored fehdioral data (Garrott et al. 2009a).
This sampling design also ensured that daily vianat elk behavior was captured
because sampling times were randomly distributesutyh the daylight hours. For this
sampling regime the study area was divided intaygggahically defined drainages (i.e.,
the Madison, Firehole and Gibbon drainages), whieke further stratified into areas
within each of the three drainages. Radio-collal&dhat inhabited the selected strata
were located by randomly determining the order withch they were to be sampled and
all groups within the study area were sampled d&tere re-sampling occurred. Hand-
held telemetry equipment and homing procedures em@oyed to locate the selected
animal. When the focal animal was observed, a &8sl Transverse Mercator (UTM)
location, total group count and composition of lieed (calf, cow, yearling bull, adult
bull), the predominant habitat type used throughrttajority of the observation
(meadow, thermal, unburned forest, and burned tipr&sd if the focal animal was
positively identified to have a calf were recorded.30-minute continuous behavioral
observation (Altmann 1974) was then conducted.aFagimal watches were typically
carried out from a distance of 20-300 m to avoatudbing the animal’s normal
activities, with the observation bout terminateth# animal walked out of view or if its
behavior was altered by an anthropogenic distuda@bservation bouts with <15
minutes of data were censored from all analysdten@bservations were conducted on
more than one collared elk in the same group,®uttain independence of the data only

one observation per group was used in all analyses.
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For each observation period, the time the focahahspent in each of five discrete
behavioral states: foraging; bedded; standinggtinag; and grooming/socializing was
guantified. A number of specific behaviors wereluled into our classification of a
foraging bout including cropping plant materialsglacing snow to access forage,
traveling short distances at a slow pace with l@ddread, and brief periods when the
animal would raise its head apparently surveyiagitrroundings. These ephemeral
look-resume behaviors were often performed whigeghimal masticated plant material
prior to swallowing and, thus, this behavior wassidered to be part of a foraging bout.
However, the number of times this behavior occudedng the observation was also
recorded. If the head-up posture was maintainec ti@n momentarily, then the
behavior was recorded as standing. These datausetkto develop two response
variables, including the proportion of time foragiiand the total number of look-resume
behavioral scans that an animal made during aifogdgput. The proportion of time
spent foraging was the product of time spent séagdior and consuming food divided
by the total length of the observation. This neefriovided an estimate of the proportion
of the daytime activity allocated to maintainingypiological condition during winter.
The total number of look-resume behavioral scaasttie animal made during a foraging
bout was not mutually exclusive from processingdf@masticating or swallowing plant
material), so it merely provided an index of thecaimt of time extracted from searching
for and cropping plant material. The number okleesume behavioral scans was only
evaluated for 30-minute behavioral observationsweae exclusively composed of
foraging behaviors. Using the term “vigilance” wagentionally avoided because it is

often associated with the assumption that otheoimiggactivities are interrupted
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(Quenette 1990) or that surveillance is directestgally towards predator detection.
Due to the uncertainty surrounding these two assiomg | refrained from using this
terminology and contend the term “behavioral scaas more appropriate. There is the
potential for an observer effect and confoundingaldes of other human presence
during any behavioral study. However, elk in thtisdy area exhibited habituation to
humans (White et al. 2009a), so there was no re@ssuspect this would be confounded

with any wolf influence.

Landscape, Temporal, and Social Covariates of Btading Behavior

Three landscape, three temporal, and one sociakriede that were suspected to
influence large herbivore foraging behavior dunvigter were considered. Snow is a
fundamental factor limiting the availability of fmge in temperate and high latitude
environments. Thus, a validated snow pack simanatiodel for the central Yellowstone
region (Watson et al. 2009) was used to constretcbvariates that captured important
attributes of snow pack. The mean snow water edgm (SWE, water content of snow)
of all 28.5 m x 28.5 m pixels within a 100-m radafghe elk location (SWE(m)) was
calculated and was specific to the day the radltaiad elk was observed. The standard
deviation of all pixels within a 100-m radius ofcheelk location was also calculated as a
metric of snow heterogeneity across the local leaps (SNH). Different habitat types
offer different feeding opportunities for large bieores (Craighead et al. 1973, Hobbs et
al. 1981). Thus, a categorical habitat covariat®T) was defined and classified each
elk observation into meadow, burned forest, unbdifoeest, or thermal based on field

observations of the plant communities the animaeevpredominately using at the time
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of the observation. Meadow habitat type was usati@reference category with which
to compare foraging behavior in other habitat types

Covariates were generated at three temporal staesterature suggested may be
biologically meaningful with respect to foragingnaeior. The covariate YEAR was
constructed, which was a continuous variable fretd Yepresenting the successive
winters from 1991-92 through 2005-06. Extensivilfives burned approximately 48%
of the study area in 1988 (Newman and Watson 200Bys, this metric was used to
index the temporal trend in forest succession amdrpial changes in forage availability
for large herbivores post-fire (Houston 1973, Knighd Wallace 1989, Pearson et al.
1995). It was hypothesized that the effect ofsfineould only influence foraging
behavior in the burned forest habitat type. Thius,covariate YEAR was only included
as a YEAR*BF interaction (BFYR). Foraging behav®also likely influenced by
seasonal variation in the quality and quantity\aikable plant material (Craighead et al.
1973, Green and Bear 1990, Ager et al. 2003) aadgds in body condition and
physiological requirements of elk. To capture thithin season variability, the covariate
SEASON was generated, which was a continuous \larfedm 1-167 (168 in leap years)
and represented the day within the season stdrongNovember 15. Because large
herbivores have daily behavioral cycles or rhytli@iseen and Bear 1990, Ager et al.
2003), the covariate TIME&ywas developed. This metric was a continuous bhja
calculated as the number of hours and proporticdghe@hour between 6:00 am and the
time the behavioral observation was initiated. afyj the covariate GROUP was
included to define the size of the group the f@zamal occupied during the time of the

observation. Foraging behavior may be affectethtvg-specific competition for
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resources (Ranta et al. 1993, Fritze and De Garioiatitsky 1996, Rita et al. 1996),
attraction towards conspecifics in foraging patat@dark and Mangel 1984, Valone
1989, Ruxton et al. 1995), and anti-predator bedra\such as vigilance (Elgar 1989, Kie
1999). While others have reported adult, femateshbwing elevated anti-predator
responses if they are accompanied by young (HamiSkinner 1998, Laundré et al.
2001, Childress and Lung 2003, Wolff and Van Hdo03), | did not include maternal
status in these analyses because it was oftenudiffo discern how long a female
retained a calf. Also, once calves become patieherd they must learn to avoid
danger independently and there is often littlestasce provided by the mother (Geist
2002). Adult, female elk in the Madison headwateese often observed fleeing when
approached by wolves, without waiting for theines to join them. Thus, there was no

reason to suspect maternal status would be an tengaovariate in these analyses.

Covariates of Predation Risk

The presence of wolves was detected and quaniifidte Madison headwaters from
November 15 to April 30 during the winters of 199B6through 2005-06. Each drainage
was intensively monitored daily for wolf presengng ground-based telemetry, snow
tracking, and visual observations of collared anetallared individuals. When packs
containing radio-collared wolves were detectedneley locations were estimated using
triangulation (White and Garrott 1990) and multifgeations were obtained through the
day. Snow tracking, visual observations, and codating aerial monitoring by National
Park Service biologists were used to provide esémaf the number of animals per pack

and aid in the daily assessments of wolf presenedsence (Becker et al. 2009, Smith et
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al. 2009). Detection of un-collared wolves waslitated by opportunistic observations
of tracks and wolves by field personnel that weogking throughout the study area on
elk and bison investigations (Bruggeman et al. 2@rott et al. 2009a, White et al.
2009b). The total number of wolves present in elteinage each day was estimated
based on the information obtained from these vanmalf monitoring techniques.

These data on wolf presence were used to devetep Wolf covariates, reflecting
different temporal scales, and were used to askedsypotheses about the influence of
predation risk on elk foraging behavior. The coatar WOLF,erioqd Categorized the 15-
year data set into three periods: before wolf redhiction, during wolf colonization, and
after wolf establishment. The WO}dr.q covariate was drainage-specific because
wolves established in different drainages duriritedent winters (Firehole: 1997-98;
Gibbon: 2000-01; Madison: 2001-02; Smith et al. 200No wolves were present in the
study area during the initial years of the stud39(1-92 through 1995-96). To account
for the potential transitory behavioral dynamice daoi the initial naiveté of the prey
(Berger et al. 2001), a colonizing period immediatellowing wolf reintroduction was
defined when elk were initially exposed to wolf gagion risk, but no wolf pack-@
animals) was routinely detected in the drainaglee dstablished wolf presence period
began during the first winter that a pack was csiestly detected in a drainage. Wolves
were wide-ranging, routinely moving among drainaged in and out of the study area
(Becker et al. 2009, Smith et al. 2009). Thusich@tomous covariate, WOlfssence
was also developed to indicate whether or not wooWere present in a drainage on a
given day (0 = absent, 1 = present). To evaldaerviving elk responded to successful

hunting and killing by wolves, a third wolf metri€]LLS, was developed that
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represented the number of wolf-killed ungulatesalgred in each drainage on a given

day (Becker et al. 2009, Smith et al. 2009).

Statistical Analyses

Analysis of Variance (ANOVA) was used to evaludte thange in mean proportion
of time foraging by elk during winter and Tukey riplle comparisons with unequal
sample size (Kutner et al. 2005: 750) was usedentify differences in the means
between the pre-wolf, colonizing, and establishetlf periods (WOLFeriod). The
response variable, the proportion of an observdiart that an elk was engaged in

foraging behaviors, was transformed using the lvgitsformation: logit®) = loge
P : . . :
-p Because logit transformations cannot be appbgatoportions of exactly zero or

+05

one, the proportions were adjusted using the follgvequation;P'= F (Fox

1997: 80), wheré& is the frequency of the focal category (e.g.,rthmber of minutes
foraging) anoN is the total number of minutes included in theesaation bout. The
adequacy of the logit transformation was evaluatgdg diagnostic residual plots to
assess the assumption of constant variance. ageastic plots showed that assumption
of normality of the residuals was not met. Howe¥dMOVA is robust to the assumption
of normality, particularly when evaluating averagdues and the sample size is large
(Gelman and Hill 2007: 46). | used 95% confideimtervals to quantify uncertainty in
parameter estimates.

The ANOVA analysis that assessed differences imtban proportion of time elk

spent engaged in foraging behaviors among the thmeeperiods was complimented
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with a regression analysis to gain further insigha the potential influences of wolf
predation risk on foraging behavior. A large numtieobservations were comprised of
animals either feeding through the entire obseowapieriod or not feeding at all. These
long sequences of a single behavior preventeddb@iia generalized linear model with
the logit link and binomial error structure on g@portions directly because they
violated the assumptions of independence. Thisdhandependence was consistent
with the extremely large over-dispersion paramgder 29). Therefore, a dichotomous
response variable was created from these datadggobservation bouts where the elk
spent 0-25% of the observation time in foragingawstrs as zero, and bouts where the
elk spent 75-100% of the observation time engagédraging behaviors as one. Fifteen
percent of the observation bouts with intermediataging proportions (0.26-0.74) were
censored (Figure 4.1). Thus, each observationibnolutded in the analysis was
classified as either a foraging or non-foragingthwehich allowed for the use of logistic
regression (logit link, assuming binomial errousture) to estimate the log odds. These
odds were then used to generate the odds ratpgl0g odds)) which were used to
define the ratio of probability of the event ocdogrto the probability that it does not
occur (Agresti 1996), thereby providing a ratialod likelihood of foraging under certain
conditions. Odds ratios lie between zero anavith values larger than one indicating
higher probability of an event occurring, valuessl¢han one indicating lower probability
of an event occurring, and values of one indicatiggal probability of an event
occurring. Log odds lie betweenc-and +«, so the coefficient values from the logistic
regression provided an interpretation of the stiteagd direction of the relationship

(Agresti 1996).
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Figure 4.1 Frequency distribution of the proportadran observation bout that radio-
collared, adult, female elk in the Madison headvwsgaté Yellowstone National Park
engaged in foraging behaviors. Note the bimodstribution of these data.

A subsidiary analysis was conducted on a substitteafiata (1998-99 through 2005-
06) to evaluate if the frequency of look-resumedwatral scans was influenced by the
daily presence or absence of wolf predation thré&ais data set included only 30-minute
behavioral observations that were entirely compadddraging and occurred during the
colonizing and established wolf periods. | did fe®tl comfortable using the complete
15-year data set due to potential inconsistencigstvow we recorded look-resume
behavioral scans in the field prior to 1998-99.e Hata set was based on counts (i.e.,
total number of scans in 30 minutes), and madef agdarge proportion of zero’s (53%).

While the distribution showed a large proportiortled observations at the left tail and
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few high counts representing the right tail, it vaa$ Poisson distributed. The dispersion
of the data was larger than expected for a Poidstnbution, but histograms of the
expected versus observed showed a good fit toabative binomial distribution.
Therefore, a model assuming a negative binomiadibligion and a log link (Venables
and Ripley 2000) was used to evaluate the scarrehgvior of elk during and after wolf
colonization. Such a model assumes an over-digpecempared to a Poisson
distribution described by the relationship variaramean + medt 6, rather than
variance = mean, as would be expected with thesBoidistribution.

Competing hypotheses that were expressed as stiggsriori candidate models
were developed for both the logistic and negativemial regression and Akaike
Information Criteria (AIC) was used to rank modgigen the data and compare the
relative ability of each model to explain variationthe data (Burnham and Anderson
2002, 2004). Akaike model weights; were used to address model selection
uncertainty, and evidence ratios (ratiomfwj) were used to measured the relative
likelihood of model pairs (Burnham and Anderson 200

The same collared elk were repeatedly sampled gifwrauvinter and frequently over
numerous consecutive winters. Thus, for the lagrsigression analysis the over-
dispersion parameter, was calculated to assess potential violatiorte@fassumption of
independence in the data (Burnham and Anderson)2@®as calculated by dividing
the residual deviance of the most general modéhéyleviance degrees of freedom
(McCullagh and Nelder 1989). Because this is adaehigh estimate of the true over-
dispersion (White 2002), | also estimatedsing the Pearson’s residuals (Faraway 2006).

Goodness of fit for the most general model wasuatal using the le Cessie’s test for
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binary response variables (le Cessie and van Hoogezl 1991, Hosmer et al. 1997).
This was conducted using the Irm function in thsigie library in R (R Development
Core Team 2006). The negative binomial takesaetmunt over-dispersion through the
extra parametdl. Therefore, it was not necessary to evaluate-diggersion for this
analysis. All continuous variables were centemad scaled prior to analyses to facilitate
interpretation of the coefficient estimates andlteviate problems with correlation
among covariates. Variance inflation factors (VM#hich measure multi-colinearity
among variables, were calculated for all combimetiof predictors. Those models that
included predictor combinations with VIF <6 wer¢aiged in the model list. This was a
conservative approach because VIF in excess ahplas multi-colinearity (Kutner et
al. 2005: 409). Correlation coefficients were atatculated to further check for multi-
colinearity between the predictor variables. Aditistical analyses were performed using

the R statistical package (R Development Core T220).

A Priori Model Suites and Predictions

To evaluate the likelihood of a foraging bout, tkestricteda priori model suites of
additive models were formulated which were basetiterature and field knowledge of
the study system. One suite of 14 models repredehe non-wolf hypotheses and, also,
included a null model (constant likelihood of agging bout), while the second suite of
13 models had the same structure, but with thetiadddf the WOLFerioq COvariate
(Appendix 4.1). Every model contained the covariatiexing mean snow pack in the
vicinity of the elk, SWE, and the habitat covariate, HBT due to their inignace in the

foraging ecology of large herbivores during wint€ompeting hypotheses regarding the
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effects of snow on the probability of foraging i were proposed. It was hypothesized
that the probability of foraging would be negatwebrrelated with SWEbecause
increasing snow pack diminishes forage availabflignkins and Wright 1987) and
increases energetic costs associated with locomatd displacing snow to expose
forage (Fancy and White 1985). Alternatively, aspredicted that elk would need to
spend more time searching and displacing snowofage when snow conditions are
high. Because foraging was being defined as tbéyat of time invested into searching
and actually consuming forage, the absolute timjaired to obtain the baseline level of
food would be amplified when elk foraged under hsglow pack conditions. Feeding
and other activities are often related to spetifibitat types (Craighead et al. 1973,
Collins and Urness 1983, Green and Bear 1990), gvdbses and shrubs typically
constituting the winter diet of elk (Kufeld 1973pbbs et al. 1981, 1983; Christianson
and Creel 2007, White et al. 2008c). Becausergéinsively use areas of high
herbaceous biomass while foraging, it was predittiatithe probability of observing a
foraging bout would not be uniform across all hatliypes, but observations of elk in
open habitats (meadow and thermal) would refldagher probability of foraging than
in the less productive forested habitats. It waspected that in the initial years after the
extensive 1988 wildfires high quantity and quabfyforage may have been available in
the burned forests (Hobbs and Spowart 1984, Peatsain1995), but that the
reestablishment of lodgepole pine saplings graguatuced forage quantity and quality
over the duration of this study. Since this patdrffect would be limited to the burned

forest habitat type, a YEAR*BF interaction was adesed and | predicted the
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probability of a foraging bout in burned forest habwould gradually decrease over the
period of this study.

Foraging dynamics reflect seasonal fluctuationthénquantity and quality of
available forage (Hobbs et al. 1981, Green and B880),and changes in physiological
demand (Clutton-Brock et al. 1989) that occur overter. Therefore, SEASON was
expressed as a quadratic function predicting tiebtlds of foraging would be highest
during the late autumn and early spring periodedticed snow pack and higher forage
availability (Craighead et al. 1973, Georgii andh®cler 1983, Green and Bear 1990,
Ager et al. 2003). It was hypothesized that thesoaf foraging would not be uniform
across the daytime hours, but feeding bouts woaildcade with sunrise and sunset and
extended periods of rest would occur during the (@sorgii and Schréder 1983, Green
and Bear 1990, Ager et al. 2003). Therefore, TdMas also expressed as a quadratic
function to capture crepuscular foraging activitywas also hypothesized that if larger
groups are formed as a foraging response (Creéi\andie 2005), then the odds of
foraging would be positively correlated with GROUP.

Finally, competing hypotheses regarding the effetisolf period on the likelihood
of a foraging bout were proposed. If elk in thedidan headwaters cannot
simultaneously forage and scan for predators (Mcitarand Houston 1987), then anti-
predator vigilance should carry a cost of reducedding time. Thus, the odds of a
foraging bout would be lower during wolf colonizatiand establishment than the pre-
wolf period. Alternatively, if a large proportiaf foraging time is at night or during the
crepuscular hours (Green and Bear 1990, Ager 08B), coinciding with the most

active hunting time for wolves (Mech 1970, Peterand Ciucci 2003, Becker et al.
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2008), then it was predicted that elk would traffdfaraging when wolves are most
active and adopt a strategy of increased foragumong the daytime hours when
predation risk was lower. Therefore, the odds dégime foraging bout would increase
from the pre-reintroduction to the established wpelfiod. Lastly, it was proposed that
there would be no effect of the covariate WQ@lsFson the probability of a foraging bout
by elk due to digestive system constraints ancathity of large herbivores to remain
vigilant while still foraging (lllius and Fitzgibbv1994, Fortin et al. 2004 a, b).

Based on the outcome of thgoriori model-selection resultppst hocexploratory
analyses were conducted to generate hypothesasgdoe work. In the top model for
both the non- wolf and wolf suite, the mean snovewaquivalent covariate, SWEwas
replaced with the snow heterogeneity covariate, §Niyipothesizing that elk would
spend a greater proportion of their time foraginthwicreased heterogeneity of snow
pack. The WOLFeriodWas replaced with the WOLEsenccOvariate to evaluate if a
metric indexing daily presence or absence descnbeadtion in foraging behavior better
than the coarse temporal scale of WQiik: The possibility that elk behavioral
responses to daily wolf presence differed whenatred risk was a relatively novel
phenomenon during wolf colonizing period compaiethtter years after wolves had
been established in the system was also expldrecaccomplish this both WOlsfesence
and WOLFeriog main effects and their interaction were includdthe covariate KILLS
was added to the top wolf model to evaluate ifltkedihood of foraging by surviving elk
was influenced by successful predation events dyago Though it was suspected that
SWEx and HBT would contribute heavily to the best sufipg model because of the

importance these covariates play in the winteragpbf large herbivores, | removed
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them and their associated interactions from themogels to verify their importance.
Similarly, other covariates were removed from i todel to verify their significance.

To evaluate scan behavior, ampriori model suite was formulated with a null model
(hypothesizing constant number of scans) and 23fadbat included the covariates
GROUP, HBT, TIME, WOLK;esence and KILLS independently or in the additive form
(Appendix 4.2). Competing hypotheses were propésethe effect of group size on the
scanning behavior of elk. First it was predictiedltta decrease in the frequency of scans
within a 30-minute foraging bout would be obserweth larger groups. This would
support the assumption of reduced individual vigska (Pulliam 1973, Elgar 1989),
which is suspected to be one of the principal benef group living. Alternatively,
larger groups would facilitate more scans whichendirected towards con-specifics
within the group (Quenette 1990, Beauchamp 200fgland Childress 2006). It was
suspected that the number of scans would increadesed habitats where visibility is
impaired (Underwood 1982) or the ability to escegpleindered (Halofsky and Ripple
2008). It was also predicted that there wouldméarease in the number of scans in the
morning and evening to coincide with the main hugptimes for wolves. Thus, the
covariate TIMEaywas included in the model in the quadratic forfimally, it was
predicted that elk would increase their level dfidbgoral alertness on a given day that
wolves were present within the same drainage aslkh@.iley and Creel 2008), or if a
kill had been made within the drainage. Thusnimaber of scans would be positively

related to the WOLffesenccand KILLS covariates.
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Results

A total of 186,823 minutes (3114 hours) of behaalidiata (6428 observation bouts)
were accrued through repeated sampling of a totHD® radio-collared, adult, female elk
during the winters 1991-92 through 2005-06. Taireindependence of the data for
analyses only one radio-collared animal was inadygler observation bout, thus reducing
data to 113,806 minutes (1897 hours) of observatamerued during 3749 independent
behavioral observation bouts (mean = 249 obsemnvatmnually; range = 115-553, se =
26.6; range 15-180 minutes per observation, me2M4 minutes, se = 0.11). A total of
1700 independent observation bouts were conductedtp wolf reintroduction, 657
bouts during wolf colonization, and 1392 bouts raftelf packs were established in the
area. Feeding comprised a mean proportion of 3&8& 0.007) of elk activity budgets,
compared to bedding (0.33; se = 0.007), standir@p(&e = 0.002), traveling (0.03; se =
0.001), and grooming/socializing (0.01; se = 0.00@ply modest variation in the
proportions of each of these behaviors was recoadeahg the pre-reintroduction,
colonizing, and established time periods define®LFyeriod (Figure 4.2). The
proportion of time spent foraging was the only bebial category that demonstrated a
consistent trend across the three periods, witic@tions of a slight increase in time
devoted to foraging from the pre-reintroductiornthie established periods (Figure 4.3).
Results of the ANOVA analysis of the logit transfed adjusted proportion of time

foraging (logit (P")), indicated no significant tefence in the proportion of time spent

foraging between the pre-reintroduction and wolbo@ation period f) colonizing-prewolf =

0.292; 95% CI: -0.056, 064P;= 0.12) or between the colonizing and establisheld
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periods O estabiished-colonizing 0-115; 95% Cl: -0.244, 0.47R;= 0.73). However, a
significant difference was detected between ther@irdroduction and established wolf

periods @ established-prewoir 0.408; 95% CI: 0.133, 0.68P;< 0.001). The lack of a
significant difference in the proportion of timedging on a logit scale between the
colonizing and the established periods, or betwkerctolonizing and pre-wolf period
likely reflects higher variance during the colongiwolf period compared to the other
two periods. D defines the difference between the logit transeatmean proportion

of time foraging between two wolf periods.

0.7 1 O Pre-reintroduction
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Foraging Bedding Standing Travelling  Other

Figure 4.2 Variation in daytime activity budgets ek in the Madison headwaters of
Yellowstone National Park during periods beforerimy, and after wolf colonization.
Data were collected over 15 consecutive winters9Q{i92 through 2005-06) from
November 15 to 30 April annually. Proportion regaets the mean proportion of all
observation time, with error bars representingdsach errors.
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Figure 4.3 Changes in the mean proportion of tiatko-collared, adult, female elk in the
Madison headwaters of Yellowstone National Parkaged in foraging behaviors before,
during, and after wolf colonization. The plottedlues are based on the untransformed
data with error bars representing standard errors.

Model Selection Results

Wolves were absent from the Madison headwaterspareato reintroduction in
1995-96. Thereatter, the total number of wolf degseased from 55 in 1996-97 to a
peak of 3657 in 2004-05. The Firehole drainageeggpced high wolf use immediately
following reintroduction, while the Madison and ®Gdn drainages did not experience
wolf use until several years later and never red¢the magnitude of use observed in the
Firehole (see Chapter 2: Figure 2.1) . Pack sizeraumber of packs varied both
spatially and temporally (Smith et al. 2008).

Conversion of the observation data to a dichotomesigonse variable resulted in
classifying 1925 foraging observation bouts (fonagproportion 0.75-1.0), 1248 non-
foraging bouts (foraging proportion 0-0.25), and ®bservation bouts with intermediate

foraging proportions (0.26-0.74) that were censor€ldus, a total of 3173 behavioral
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observations of15 minutes in length were used to evaluateatpeori logistic
regression model suites. The residual devianceddsgf freedom for the most general
model suggested slight over-dispersiar=(  ),3aut the Pearson’s test indicated no
evidence of over-dispersioit & 1P1Because the deviance/degrees of freedom
method yields estimates ofwhich are usually biased high, and because thibadas as
well approximated as the Pearson’s method for lagageple sizes (White 2002), there
was no reason to suspect over-dispersion was @&oandhe goodness of fit tests
revealed the most general model from the wolf ditithe data only reasonably wel &
0.042), but because of the large sample sizet téehfortable that this was a satisfactory
fit.

Model selection results for the non-wolf suite sonp@d two top models that received
approximately 0.85 of the model weight (Table 4.Ak predicted, the SWiEcoefficient
was negative, with the odds of a foraging bout péass likely with increasing SWE
(Table 4.2). Also as predicted, the odds of a foraging bouturned forest and
unburned forest were 0.79 and 0.61 times, respgtilower than the odds of a foraging
bout in meadow habitats, while the odds of foragmgeothermal was not significantly
different from meadow. These results suggestdhah habitats rather than closed
forested habitats types offered better foragingoojpmities and hence, higher probability
of elk foraging bouts. There was strong supparttie hypothesis that elk in the
Madison headwaters exhibited crepuscular foragetwabsior as illustrated by the
predicted temporal curves from the top-ranked muodhan other coefficients were fixed
at their means (Figure 4.4). Also, the likelihaddh foraging bout decreased with

increasing elk group size. While the seasonalyaadl by burned forest interaction
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covariates were included in top-ranked models,idente intervals of coefficient
estimates spanned zero. Thus, there was no stkadgnce supporting an effect of

season or forest succession in predicting the pibtyeof a foraging bout.



Table 4.1. Model selection results for the mogtpguted logistic regression models (non-wolf andfsoites) examining the likelihood of a foragingut by
elk in the Madison headwaters area of Yellowstoa&dwal Park during 1991-92 through 2005-06. Adidels are ranked according to AIC values, and
presented along with the number of parametdraAQAIC value (change in AIC value relative to the bestdel), and the Akaike weightsj. AIC values for the
top non-wolf model and top wolf model were 4195081 4191.22, respectively. Among-suit&lC values were calculated based on the differemeédC
value from the top wolf model (AIC value of 4191)22Abbreviations are: SWHlocal-scale snow water equivalent), HBT (habjtBffYR (burned
forest*year interaction), SEASON (day within thesen), TIME, (time of day), GROURelk group size), and WOL;.q4 (pre-reintroduction, colonizing, and
established).

Within Suite Among Suite
Modd structure k AAIC Wi AAIC W
Non-wolf models
SWE, +HBT + TIMEyy +TIMEg,? + SEASON + SEASORH+ GROUP 10 0.00 0.55 3.81 0.08
SWE, + HBT + BFYR + TIMEiay + TIMEgs? + SEASON + SEASORH+ GROUP 11 1.23 0.30 5.05 0.04
SWE, + HBT + BFYR + TIMEy + TIMEga, >+ GROUP 9 3.56 0.09 7.38 0.01
SWE, + HBT + BFYR + TIMEy+ TIMEgay? + SEASON +SEASORI 10 5.60 0.03 9.41 0.00
SWE, + HBT + TIMEgay + TIMEuy’ 7 7.03 0.02 10.84 0.00
Wolf-models
SWE, + HBT + TIMEgay + TIMEgs?+ SEASON + SEASORN+ GROUP + WOLFeriod 12 0.00 0.60 0.00 0.52
SWE, + HBT + BFYR + TIMEjy + TIMEga?+ SEASON + SEASOR+ GROUP + WOLKeriod 13 1.72 0.26 1.72 0.22
SWE, + HBT + BFYR + TIMEjy + TIMEga?+ GROUP + WOL Fyeriod 11 3.24 0.12 3.24 0.10
SWE, + HBT + BFYR + TIMEy + TIMEgay’+ SEASON + SEASOR + WOLFeriod 12 8.52 0.01 8.52 0.01

SWE, + HBT + TIMEgay + TIMEga? + WOLFeriod 9 8.68 0.01 8.69 0.01

14
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Table 4.2. Coefficient estimates (log odds) and 95% comfa#elimits for the best
supported logistic regression model from #heriori non-wolf model suite examining the
factors affecting the probability of a foraging bdwy elk in the Madison headwaters area
of Yellowstone National Park during 1991-92 thro@§l95-06. All covariate levels are
compared to the Meadow habitat type. Bold fontodes coefficient estimates with 95%
confidence limits that do not include zero. Abhbatwens are explained in Table 4.1.

Covariate Estimate L.Cl U.Cl Oddsratio
SWEA -0.099 -0.175 -0.024 0.905

HBT - BF -0.239 -0.431 -0.048 0.787

HBT - UF -0.499 -0.719 -0.279 0.607

HBT - TH 0.190 -0.050 0.430 1.209
GROUP -0.095 -0.171 -0.020 0.909
TIME gay 0.119 0.045 0.193 1.126
TIME gy’ 0.117 0.037 0.197 1.124
SEASON -0.001 -0.003 0.001 0.999

SEASON 0.075 0.002 0.148 1.078




147

1.8
1.6 -
1.4 -
1.2 -
1.0 -
0.8 4™,
0.6 -
0.4 -
0.2 -
0.0 ' ' ' ' ' ,
6:00 800 10:00 12:00 14:00 16:00 18:00

Pre-reintroduction

Established

Log odds of aforaging bout

Time of day

Figure 4.4 The estimated log odds of a foraging blowing the day for radio-collared,
adult, female elk in the Madison headwaters of de#itone National Park before and
after wolf colonization. Predicted values are lbase the top wolf model (Tables 4.1 and
4.2b) for elk foraging in meadow habitat type.

Within and between model suite comparisons magdessible to evaluate if models
with the wolf covariate were more supported bydata. The inclusion of the wolf
period covariate improved the model performanceafiomost all model pairs, with
evidence ratios suggesting that the top model ftwarwolf suite was approximately
seven times more supported than the top non-wotfelhhoModel selection results for the
wolf suite supported two top models that receivigpraximately 0.86 of the model
weight (Table 4.1). The most parsimonious modaigte wolf suite consisted of SWE
HBT, TIMEgay and TIMEja 2 SEASON and SEASONBFYR, GROUP, and
WOLFerios With coefficient values and confident intervalgnging little for the

landscape and temporal covariates between the otfrand wolf suite (Table 413).
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The coefficients for the wolf covariate indicatéat the likelihood of a foraging bout
was slightly higher in the colonizing and estal#diperiod compared to the pre-wolf
period, thus the baseline level of the likelihod@ doraging bout was raised following
reintroduction (Figure 4.4). None of thest hocexploratory analyses provided
improvements over the t@ppriori models and the decision to include both SVdEd
the HBT covariates in all priori models was supported because dropping eitheeséth
covariates singly or in combination resulted inrgases of 5.1 to 34.6 AIC units.
Dropping TIME from the top model resulted in anrgese of 15.3 AIC units, which
further highlighted the importance of time of daythe foraging behavior of elk.
Table 4.. Coefficient estimates (log odds) and 95% comfwgelimits for the best
supported logistic regression model from #heriori wolf model suite (and best among-
suite model) examining the factors affecting thebability of a foraging bout by elk in
the Madison headwaters area of Yellowstone NatiBaak during 1991-92 through
2005-06. All covariate levels are compared toNfeadow habitat type, pre-

reintroduction. Bold font denotes coefficient psites with 95% confidence limits that
do not include zero. Abbreviations are explainedable 4.1.

Covariate Estimate L.Cl U.Cl Oddsratio
SWE, -0.108 -0.188 -0.029 0.897

HBT - BF -0.223 -0.415 -0.031 0.800

HBT - UF -0.468 -0.689 -0.247 0.627

HBT - TH 0.229 -0.012 0.471 1.258
GROUP -0.116 -0.193 -0.039 0.891
TIME gay 0.103 0.027 0.178 1.108

TIM Eday2 0.136 0.054 0.218 1.146
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Table 4.5. Continued. Coefficient estimates (log odds) 85% confidence limits for
the best supported logistic regression model flioeatpriori wolf model suite (and best
among-suite model) examining the factors affectirggprobability of a foraging bout by
elk in the Madison headwaters area of Yellowstoagdwal Park during 1991-92
through 2005-06. All covariate levels are compdoethe Meadow habitat type, pre-
reintroduction. Bold font denotes coefficient psies with 95% confidence limits that
do not include zero. Abbreviations are explainedable 4.1.

Covariate Estimate L.Cl U.Cl Oddsratio
SEASON -0.040 -0.116 0.035 0.960
SEASON 0.070 -0.003 0.143 1.073
WOLFpgriop- COL 0.256 0.044 0.469 1.292
WOLFpgriop- EST 0.196 0.024 0.369 1217

From 1998-99 through 2005-06 (i.e., the post-welfitroduction period), 435
independent observations of 30 minutes in lengtithvwvere made up entirely of
foraging (217.5 hours of observation time) weressiited. Overall, the number of
behavioral scans performed by an individual whiéleding was extremely low, and in the
majority of the observations (53%), the individudid not look up from foraging once (
=435, mean = 1.6, se = 0.15, range = 0 to 23pugh this data set did not incorporate
observations from the entire colonization periberé was still a sufficient sample of
observations that could be compared between wéheation o = 75) and
establishmentn(= 360). Using the negative binomial distributiarsignificant
difference between the two time perio&#s0.001) was observed with a mean number
of scans increasing from 0.47 (se = 0.15, rangeci0) to 1.92 (se = 0.17, range = 0 to
23) as the system transitioned from colonizingdialelishment. There was also a

significant difference in the number of scans matien wolves were detected in the
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same drainage as the elk compared to days wheeewas a high probability that no
wolves were using the drainage£ 0.03). When there was no detection of wolveth@n
drainage, elk scanned the environment on averdgenies during a 30-minute foraging
bout (= 255, se = 0.18, range = 0 to 21), with 58% efdhservations not including a
single scan response. Even when wolves were pregstre same drainage as the
collared elk, 46 % of the observations showed aima&inimal did not actively scan the
surroundings once, and the mean number of lookaresscans was only 2.05 which is
still low for a 30-minute foraging bouh &180, se = 0.25, range = 0 to 23).

Model selection results from the negative binomegiression analysis supported one
top model that contained the covariates GROUP a@d M esence receiving

approximately 0.57 of the model weight (Table 4.8% predicted, GROUP was
negatively correlated with the behavioral scan oesp ([}GROUP =-0.234, 95% CI = -
0.416, -0.053) and there was an increase in théoauof scans when wolves were
present in a drainag@ﬁ,wpreseue =0.397, 95% CI = 0.054, 0.741). Predictor wesght

showed that the most important predictors were GR@bld WOLKesence receiving a
weight of 0.95 and 0.75, respectively. The cotasaiBT, TIME.y and KILLS were
not influential predictors and received predictaights of 0.09, 0.13, and 0.07,

respectively.
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Table 4.3. Model selection results for the bespsuied negative binomial linear
regression models to evaluate factors affecting sb@nning behavior of elk in the
Madison headwaters area of Yellowstone Nationak Baring 1998-99 through 2005-06.
All models are ranked according to AIC values anespnted along with the number of
parametersk, AAIC value (change in AIC value relative to the bestdel), and the
Akaike weight (v). AIC value for the top model was 1447.8. Abkaé&ons are:
GROUP(elk group size), HBT (habitat), TIM& (time of day), WOLEesence(presence
or absence of wolves within a drainage on a givagy),dand KILL (number of wolf-killed
ungulates within a drainage on a given day).

Model structure k* AAIC Wi

GROUP + WOLFResence 4 0.00 0.57
GROUP 3 3.15 0.12
GROUP + TIME,y + TIMEday2 + WOLFyresence 6 3.87 0.08
GROUP + HBT + WOLDEesence 7 4.60 0.06
GROUP + KILL 4 5.13 0.04

* Extra parameter to account for thelistribution

Discussion

A prediction of foraging theory is that animals hailter their feeding behavior under
the risk of predation (Lima and Dill 1990), whichshbeen demonstrated empirically in a
wide variety of predator-prey systems (Sih 1980y&mds 1983, Brown et al. 1988,
Kohler and McPeek 1989, Schmitz 1997, Abramsky.€2G02). One of the predominant
behavioral responses that is enhanced during thlegh predation threat is vigilance
(Lima 1987). This response has lead to the assamittat increased vigilance will
decrease foraging consumption (Lima and Dill 192@wn 1999) which, in turn, could
lead to reduced growth and decreased survival gmduction (Lima 1998a). In recent
years, there has been a substantial amount ofrobsie@estigating vigilance levels of elk
following the re-introduction of wolves to Yellovste National Park (Laundré et al.

2001, Childress and Lung 2003, Wolff and Van Hdd02, Lung and Childress 2006,
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Winnie and Creel 2007, Halofsky and Ripple 200&y.and Creel 2008). As expected,
these studies documented that elk expressed devighof awareness when wolves were
present in the system. Several of these studsesd@monstrated less time foraging in
areas that contained wolves compared to wolf-frtes.s While these studies support the
majority of theoretical predator-prey models ofilgce, which assume that foraging by
prey will be sacrificed at the expense of remairbefaviorally aware for predators, |
present results indicating the risk of predatiorymat reduce time for food acquisition to
any detrimental degree. Because recent litergpuestions the traditional foraging-
vigilance trade-off, particularly in large herbiesrwhere these two behaviors can be
conducted simultaneously (Caro 2005: 117), | predasdifferent method that used a
direct measure of foraging (i.e., likelihood ofameging bout) to provide additional
insights regarding the effects predators have elherbivore feeding strategies.

Results from the logistic regression analysis gtedistrong evidence that the
likelihood of a foraging bout was influenced by firesence of wolves. The direction of
this response supported theriori prediction that elk would manifest a strategy of
increasing the frequency and length of foragingtbauthe presence of wolves. These
analyses also corroborated the results of the AN@WAlysis in which the proportion of
time foraging marginally increased as wolves caediand eventually became
established in the Madison headwaters. In addittmese results suggested that elk did
not excessively allocate time to scanning the emvirent during a foraging bout when
wolves were colonizing the Madison headwaters arester they were well established
in the system. In fact, there was a high prevaefacomplete observation periods

where elk never looked up from feeding. In accoogawith my predictions, the level of
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scanning subtly increased when wolves were presiémin the drainage, but | suspect
this modest increase did not inflict any foragingts.

It was observed that wolves in the Madison headwatere most often found on a
kill at dawn and spent a large proportion of therdal period resting (Becker et al.
2009), a pattern also documented by others (Me@b,1Peterson and Ciucci 2003). This
implied that the majority of hunting occurred agimi or during early morning. Thus, one
explanation for the increase in the likelihood ddeaging bout following wolf
reintroduction could be that elk were forced to poomise feeding during the night
when wolves were actively hunting, but increasedde during the diurnal period to
compensate for this loss. EIk likely remained alyuaware during the main hunting
period and increased the intensity or number adong bouts during the diurnal period
when wolves were typically not hunting and, assaltg relative risk of predation was
lower.

The modest increase in the likelihood of a foragogt that was associated with
increased wolf predation risk would initially impllgat these results were in sharp
contrast to other studies that observed increaggdivce when wolves were associated
with the observed elk (Laundré et al. 2001, Chédrand Lung 2003, Wolff and Van
Horn 2003, Lung and Childress 2006, Winnie and IC2667, Liley and Creel 2008).
However, this study evaluated whether or not agimgbout occurred during each
observation. Thus, although it would appear thatrethe Madison headwaters were not
trading-off foraging time for anti-predator awarssgthe way that “foraging” was
recorded in this study meant that short duratigilamce was incorporated into this

“foraging” category. Even if vigilance levels weskevated in the presence of wolves,
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there would not necessarily have been any obsendialinge in the likelihood of a
foraging bout in this study. This limitation inetimethodology precludes making a
strong conclusion regarding whether changes itikeghood of a foraging bout came
with any nutritional costs. Similarly the inheretdility of ruminants to routinely overlap
behaviors (lllius and Fitzgibbon 1994, Fortin et2004a,b), which would allow a large
herbivore to essentially continue foraging withoueérruption while other activities are
simultaneously being carried out (Fig. 4.5), hights that using vigilance as a metric
comes with its own set of limitations. Thus, ivexy challenging for observational
studies of this kind to provide a quantitative mgaghat associates predation and
foraging, and this becomes more of a task whenwets observations are being
conducted at a time when the threat of predatioprew is relatively reduced (i.e.,
daylight hours).

These results suggest that there is no obvioustiedun diurnal foraging by elk, but
one can speculate that wolves may still have indaceost which these analyses were
unable to detect. For example, costs could haga Herived if foraging and scanning
did not completely overlap and consequently animalsld be less effective at gaining
adequate nutrition (Fortin et al. 2004a). Simyladlk may have been scanning for
predators through the observation while at the sam® masticating forage. While they
may have partially compensated by increasing thgtkeor number of foraging bouts in a
day, when wolves were in the system, if interrupgiavere abundant, bouts may have
been less efficient and elk could have sustainedaging cost. These costs would have
most likely occurred due to a reduction of the leatvate of forage, which was too fine a

behavioral response to capture with the methodalodlyis study. However, | suspect
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these costs were inconsequential because the nlinumréber of look-resume scans that
were recorded during foraging bouts would not hexyeated to any significant cost.

If elk were trading vigilance behavior at the exgpenf reduced foraging at night
when relative risk was high, then they may haveiired costs which were only partially
offset by increased foraging during the day. Heagkd behavioral alertness is an
obvious behavioral response when the threat oflatigt a predator is imminent (Chapter
3; Figures 3.6a and 4.5a). Loss of foraging wdndaexpected during or immediately
following a direct encounter between a predatorigsdrey. However, elk are in poor
nutritional condition over winter (Cook 2002) ané suspect this interruption of feeding
only was sustained for a short duration followingredation event. The main hunting
period for wolves occurred outside the samplingqokof this study, which could explain
why | was unable to empirically or statisticallytelet any apparent change in the
likelihood of a foraging bout by elk.

One could also speculate that foraging costs doaleé been incurred by elk if they
were forced into safer but poorer quality habitatdhe presence of wolves. This is a
commonly adopted strategy by prey in many aquatictarrestrial systems (Sih 1980,
1982, Brown et al. 1988, Werner and Hall 1988, Beclan et al. 1997, Schmitz 1997,
1998, Lima 199B). In some wolf-ungulate systems, prey have stiftebitats to reduce
their level of predation risk (Creel et al. 200G austained a decrease in diet quality as
a consequence (Edwards 1983, Hernandez and LaR@ds. However, Mao et al.
(2005) and Kauffman et al. (2007) did not show sigpificant changes in resource
selection by northern Yellowstone elk due to wolv&smilarly, other work conducted in

the Madison headwaters study area provides no eegd® indicate that elk were moving
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to nutritionally less profitable habitats or thasts were being accrued via this
mechanism. On the contrary, resource selectionr@lagvely stable before and after
wolf colonization (Messer et al. 2009, White eR@09b), with no definitive changes in
the nutritional status of elk during this time (\Wéhet al. 2009c, d).

These results suggest that elk maintain the saveédé foraging time, and retain a
relatively constant level of nutrition, by adoptiather behaviors to mitigate indirect
predation costs. Results from this system, andratiolf-elk systems, demonstrated
many responses to predation risk such as changegnmegation patterns (Hebblewhite
and Pletcher 2002, Creel and Winnie 2005, Chaptdrabitat shifts (Creel et al. 2005),
and distribution and movement (Fortin et al. 20BGde et al. 2006, Hebblewhite and
Merrill 2007, White et al. 2009b, Chapter 2). keased group size by elk after wolf
colonization of the Madison headwaters was accompary a decrease in the number of
behavioral scans. Thus, these additional behdwaodifications may be balancing
trade-offs between resource acquisition and vigaafwhite et al. 2009c, d). If plasticity
in behavioral responses allowed elk to forage ieffitty in the presence of wolves, then
these findings support the work of Lind and Cresdk(2805), Ajie et al. (2007), and
Watson et al. (2007) who suggest that predatiotsa@ be mitigated if prey integrate
multiple behavioral responses collectively. Mdstdges correlate a single behavior with
the apparent fitness cost of predation, but adohgs®llective responses simultaneously
may provide a more realistic understanding of ttme$s costs that predators inflict on
their prey (Lind and Cresswell 2005, Ajie et al0Z).

Integrating anti-predator behaviors in a multipiiea fashion, rather than considering

these behaviors as additive could provide anotkgiaaation for the ability of prey to
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maintain adequate foraging activities in the presesf predation risk. Frid (1997)
explored the possibility that vigilance will incsmaas group sizes decrease, but this
relationship will not be as strong if prey are elds a refuge. Vigilance in Dall's sheep
(Ovis dalli dalli was negatively correlated with group size, betitiagnitude of the
response decreased as they foraged closer todtiéep This implied that animals did
not redundantly invest in anti-predator behavioewhisk was perceived as low (i.e.
close to a refuge), even if they were in a smalugr Alternatively, animals did not need
to employ strong vigilance with increasing distatwa refuge when they were in larger
groups. Following wolf reintroduction, a redisution of elk in the Madison headwaters
was observed, which can be attributed to differemeerulnerability within the
heterogeneous landscape of this study system (Gatral. 2009b, White et al. 2009b).
If elk select safe areas on the landscape to eshttaea survival (i.e., refuge habitat such
as rivers; Garrott et al 2009b, White et al. 200¢gn the integration of anti-predator
behaviors could effectively reduce predation rigkleymaintaining foraging activities in
the presence of wolves. Thus, remaining closefiegra may be more profitable and less
costly than sustaining vigilance for long periodsime. In the Madison headwaters, this
would appear even more attractive because the ityagbthe meadows are adjacent to
rivers and increased vigilance is likely an unnsaggadjustment if elk can continue to
feed, or conduct other daily activities, and simipde into the river upon detection of

wolves (Chapter 3; Figure 3.6 b).
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Figure 4.5 The typical definition of vigilance asses mutually exclusive behaviors. Thus, all othedmaviors are interrupted while animals resporahto
external stimulus/A). However, large herbivores have the capacityotwdact multiple behaviors simultaneously. Thisadk in the Madison headwaters of
Yellowstone National Park continues to processgenahile remaining aware of its surroundinB$. (Also, a bedded bull elk surveys the area widesticating
a bolus of regurgitated forag€); Further, an adult, female elk masticates asofuegurgitated forage while walking and scannmthe direction of her

travel O) (PhotosA, B, andD by Kevin Pietrzak. Phot@ by Claire Gower).
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In addition to adopting behavioral compensatiomtxliate the effects of wolves, it
appears elk adaptively manage their foraging gjyatte cope with environmental and
temporal conditions - both in the presence andratgsef wolves. These results
supported predictions that the decision to forage eavily influenced by depth and
density of the local snow. On days when level®odl SWE, at a specific location were
high, the likelihood of foraging by elk was stropgéduced. Deep snow impedes access
to forage and induces high energetic costs of beaydor and moving between foraging
patches (Sweeney and Sweeney 1984, Fancy and W&t Jenkins and Wright 1987).
Thus, periods of reduced activity would be typiebanimals attempting to minimize
energy expenditure (Craighead et al. 1973). Dubddaluration and the severity of the
winter, however, high levels of local SWpersist for long periods of time and elk
cannot give up feeding for extended periods. Thisgems elk attempted to minimize
the detrimental effects of snow by selecting sitéh reduced local SWE(Messer et al.
2008). In the absence of predation, elk genesalgcted low elevation meadows and
geothermal areas (Messer et al. 2009), which cdé&tcwith the areas that a foraging
bout was most likely to occur. This supportedphediction that these open habitat types
were selected because they permit easier locomatidraccess to relatively high quality
forage than the closed habitat types (Craigheatl 4073). The strength of selection for
these sites increased after wolf reintroduction if@/ét al. 2009b), implying elk did not
adopt the strategy of permanently moving to difféteabitats in the presence of
predators (Mao et al. 2005, Kauffman et al. 20ather, elk continued to forage in
these areas at similar rates to that documentedgdtlre pre-wolf period. Even though

these areas were heavily selected for by wolvegyfBan et al. 2006), they clearly
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possessed foraging attributes which would appesangisil to elk during these time of
nutritional hardship.

Surprisingly, there was no evidence to supporptieeliction that the effect of forest
succession would alter foraging by elk in the bdrfegest. Rather the consistently low
likelihood of foraging among years in this habtigie may have been because sapling
regeneration curbed the benefits of foraging seéwe@s after the initiation of this study.
Also, a large proportion of the burned forests wareslopes or higher elevation plateaus,
offering very little opportunity to forage withostbstantial energetic costs. Contrary to
the predictions, the probability of foraging didt @ppear to coincide with periods of
higher quantity and quality of forage, low snow lpdaring autumn and spring, or times
of high nutritional demand (Craighead et al. 1938prgii and Schroder 1983, Green and
Bear 1990). These results suggested that theHddi of foraging remained constant
through winter. This is not surprising in an eowiment like the Madison headwater
where both the quantity and quality of forage biemaere lowest during winter and elk
need to forage consistently through winter to awaivation. Time of day also played a
significant role determining the likelihood of fgiag by elk, with the likelihood of
foraging coincided with dawn and dusk (Craigheaal e1973, Green and Bear 1990,
Ager et al. 2003). It has been suggested thaetfeesling patterns may be linked to
maximizing energy intake rates, but could alsorbeesponse to predators (Leuthold
1977, Loe et al. 2007). If crepuscular foragingwaked solely to predation it would
not explain why we observed crepuscular foragiregwolf reintroduction, though this

inherent behavior evolved in the system with aaghpredator guild and likely may not
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be lost over the short evolutionary time span sar@@ropogenic activities have altered
large predator abundance.

These studies provided insights into the adaptarekioral strategies of elk to
accommodate harsh environmental constraints dwinger. Complementary
components of this study (White et al. 2009b, dafitérs 2 and 3) provide additional
evidence that wolf colonization of the system maymecessarily be contributing
detrimentally to these constraints. There wasvidesice that foraging bouts were
decreasing with wolves, and during the colonizingd the established periods elk did not
scan the environment at a level that would contelha any significant decrease of forage
intake. The level of scanning did not substantiedtrease when wolves were present,
and did not increase on days when a kill had beatlerwithin the drainage. Also, there
was no evidence that elk selected poorer qualitg fa the presence of wolves (White et
al. 2009b) or that nutrition was substantially lowdnen wolves occupied the system
(White et al. 2009d). These results can be ingtegras evidence that large herbivores
have evolved to live and forage efficiently in presence of predators. | suspect this
ability to apparently minimize nutritional costsedator detection may at least partially
be due to numerous senses elk may employ for pmedatection (Hudson and Haigh
2002, Mech and Peterson 2003). Sight is just diseeral senses that large herbivores
employ to detect predators, as their acute audédndyolfactory senses would also allow
them to forage and remain aware at the same timaddition, the ability of large
herbivores to simultaneously process food and seally aware (lllius and Fitzgibbon
1994, Fortin et al. 20044, b), and the developroéatcomplex and sophisticated range

of possible compensatory behaviors exhibited byddrerbivores (White et al. 2009b,
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Chapters 2 and 3), would provide elk with the c#ydo cope with environmental
constraints and lessen the effects of predatidénsimaultaneously (Figure 4.5).

While | did not directly observe any indication tmatritional costs are being derived
via predation in the Madison headwaters, | do atd that the addition of wolves to
central Yellowstone is an added complication t@geady strained foraging strategy of
elk. Contrary to other studies that have infeade significant reductions in foraging
time due to wolves (Laundré et al. 2001, Child@sd Lung 2003, Wolff and Van Horn
2003, Winnie and Creel 2007), this study conclutthed potential detriments of predation
pressure on foraging and nutrition were not sulbstiyrealized in Madison headwaters
elk. These unequivocal results between studiedyliteflect emphasis on differing
behavioral activities, the subjective nature irsslfying behaviors such as vigilance, and
monitoring of elk that are in different physiologistates. Also, the potential for several
behaviors to occur simultaneously, the range o$ibtes compensatory behaviors, and the
types of sampling designs and statistical analgsgsloyed by various studies will
contribute to these disparities. These compligafiittors demonstrate that employing
observational studies to assess the indirect sffgfgbredation in wolf-ungulate systems
and obtain insights about this potentially impotte@mponent of predator-prey

interactions is fundamentally challenging.

Summary

1. Throughout the duration of this study 113,806utes of independent behavioral
observations were collected from 108 individualioazbllared, adult, female elk

during daytime in the Madison headwaters of Yellmne National Park, to evaluate
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changes in the proportion of time elk devoted tading before, during, and after
wolf colonization.
The results showed that the likelihood ofradng bout by elk was marginally
higher in the presence of wolves. This finding meffect that wolves actively
hunted primarily during the crepuscular and nighétiperiods, but were relatively
inactive during the day. Thus, elk could sacrificeging for predator vigilance or
avoidance during the high-risk nighttime periodi bempensate by increasing
foraging during the relatively low-risk daytime heu
Elk never looked up during a high proportidmbservation periods, even after
wolves were established in the system. Behavswahs by elk were short in
duration and often occurred while the animals vedy@wving food prior to
swallowing. Thus, there was little apparent reaturcin foraging efficiency.
Elk can likely mitigate predation risk with grmhinimal effects on food acquisition
due to their highly acute senses, ability to siam#iously scan the environment for
predators and process food, and high plasticitiaéir behaviors.
In contrast to other studies, this study folittié evidence that vigilance during
foraging significantly reduced foraging efficienciowever, the literature is
conflicting because different studies emphasiziediht behavioral activities,
classifying vigilance behavior is subjective, faragand vigilance behavior can
occur simultaneously, and prey could compensatentgyloying other behaviors.
Thus, studies of anti-predator behaviors come iwititations when trying to assess

the foraging costs that wolves inflict on their ufege prey.



164

Acknowledgements

This work is a result of fifteen years of extendbehavioral observations by numerous
field technicians and graduate students since 1891am very grateful to all who
invested thousands of hours observing the behavitbre Madison headwaters elk. |
would like to thank Bob Garrott and P.J. Whitedbaring this data set, and for their
knowledge, expertise, and time which contributgghiicantly to the quality of this

manuscript.



165

Literature Cited

Abrams, P. A. 1984. Foraging time optimization amtdractions in food webs.
American Naturalist 124:80-96.

Abramsky, Z., M. L. Rosenzweig, and A. Subach. 200he cost of apprehensive
foraging. Ecology 83:1330-1340.

Ager, A. A., B. K. Johnson, J. W. Kern, and J. G.K2003. Daily and seasonal
movements and habitat use by female Rocky Moumt&iand mule deer. Journal of
Mammalogy 84:1076-1088.

Agresti, A. 1996. An introduction to categoriciata analysis. John Wiley and Sons,
New York, New York, USA.

Ajie, B. C., L. M. Pintor, J. Watters, J. L. Kerhj;,I. Hammond, and A. Sih. 2007. A
framework for determining the fitness consequemdéesti-predator behavior.
Behavioral Ecology 18:267-270.

Altmann, J. 1974. Observational study of behawieampling methods. Behaviour
49:227-267.

Beauchamp, G. 2001. Should vigilance always deserevith group size? Behavioral
Ecology and Sociobiology 51:47-52.

Becker, M. S., R. A. Garrott, P. J. White, C. Nv&o, E. J. Bergman, and R. Jaffe.
2009. Wolf prey selection in an elk-bison systehwoice or circumstancé R. A.
Garrott, P. J. White, and F. G. R. Watson, editdh ecology of large mammals in
central Yellowstone: sixteen years of integratetbfstudies. Academic Press, San
Diego, California, USA. pp693.

Beckerman, A. P., M. Uriarte, and O. J. Schmit297. Experimental evidence for a
behavior-mediated trophic cascade in terrestriadifohain. Proceedings Natural
Academy of Science 94:10735-10738.

Berger, J., J. E. Swenson, and I.-L. Persson. .2&&Lolonizing carnivores and naive
prey: conservation lessons from Pleistocene exdnst Science 291:1036-1039.

Bergman, E. J., R. A. Garrott, S. Creel, J. J. Badki, R. Jaffe, and F. G. R. Watson.
2006. Assessment of prey vulnerability throughlysia of wolf movements and Kill
sites. Ecological Applications 16:273-284.

Berryman, A. A., and B. A. Hawkins. 2006. Theugd as an integrating concept in
ecology and evolution. Oikos 115:192-196.



166

Bertram, B. C. R. 1978. Living in groups: predaod prey. Pages 64-86J. R. Krebs
and N. B. Davies, editors. Behavioural ecologyewsolutionary approach.
Blackwell Scientific, Oxford, UK.

Bolnick, D. 1., and E. L. Preisser. 2005. Resewompetition modifies the strength of
the trait-mediated predator-prey interaction: aavetalysis. Ecology 86:2771-2779.

Brown, J. S. 1999. Vigilance, patch use and habgkction: foraging under predation
risk. Evolutionary Ecology Research 1:49-71.

Brown, J. S., B. P. Kotler, R. J. Smith, and WM0rtz. 1988. The effects of owl
predation on the foraging behavior of heteromyiderts. Oecologia 76:408-415.

Bruggeman, J. E., P. J. White, R. A. Garrott, an@ FR. Watson. 2009. Partial
migration in Central Yellowstone bisom.R. A. Garrott, P. J. White, and F. G. R.
Watson, editors. The ecology of large mammals mreéYellowstone: sixteen years
of integrated field studies. Academic Press, Sagd,j California, USA. pp693.

Burnham, K. P., and D. R. Anderson. 2002. Moeé&aion and multimodel inference:
a practical information-theoretic approach. Springerlag, New York, New York,
USA.

Burnham, K. P., and D. R. Anderson. 2004. Mulw®lanference - understanding AIC
and BIC in model selection. Sociological Methodd &esearch 33:261-304.

Caro, T. M. 2005. Antipredator defenses in badd mammals. University of Chicago
Press, Chicago, lllinois, USA.

Childress, M. J., and M. A. Lung. 2003. Predatisik, gender and the group size effect:
does elk vigilance depend upon the behavior of mecifics? Animal Behavior
66:389-398.

Christianson, D. A., and S. Creel. 2007. A revavenvironmental factors affecting elk
winter diets. Journal of Wildlife Management 7141676.

Clark, C. W., and M. Mangel. 1984. Foraging and@Kiag strategies: information in an
uncertain environment. American Naturalist 123:628.

Clutton-Brock, T. H., S. D. Albon, and F. E. Guisse 1989. Fitness costs of gestation
and lactation in wild mammals. Nature 337:260-262.

Collins, W. B., and P. J. Urness. 1983. Feedeigalior and habitat selection of mule
deer and elk on northern Utah summer range. Jbafn&ildlife Management
47:646-663.



167

Cook, J. G. 2002. Nutrition and food. Pages 2%9in D. Toweill and J. Thomas,
editors. North American elk: ecology and managemé&tackpole Books,
Harrisburg, Pennsylvania, USA.

Cowlishaw, G., M. J. Lawes, M. Lightbody, A. MartiR. Pettifor, and J. M. Rowcliffe.
2003. A simple rule for the cost of vigilance: angal evidence from a social
forager. Proceedings Royal Society of London 27-B2.

Craighead, J. J., F. C. J. Craighead, R. L. Ruaff, . W. O'Gara. 1973. Home ranges
and activity patterns of non-migratory elk of thadison drainage herd as
determined by biotelemetry. Wildlife Monographs 33

Creel, S., and D. Christianson. 2008. Relationshgi&/een direct predation and risk
effects. Trends in Ecology and Evolution 23:194-201

Creel, S., D. Christianson, S. G. Liley, and JWAnnie, Jr. 2007. Predation risk affects
reproductive physiology and demography of elk.eSce 315:960.

Creel, S., and J. A. Winnie, Jr. 2005. Respomnstkdherd size to fine-scale and
temporal variations in the risk of predation by wed. Animal Behavior 69:1181-
1189.

Creel, S., J. A. Winnie Jr., B. Maxwell, K. Hamlemd M. Creel. 2005. Elk alter habitat
selection as an antipredator response to wolveslogy 86:3387-3397.

Cresswell, W., J. L. Quinn, M. J. Whittingham, é.Butler. 2003. Good foragers can
also be good at detecting predators. ProceedingalfSociety of London 270:1069-
1076.

Dehn, M. M. 1990. Vigilance for predators: detactand dilution effects. Behavioral
Ecology and Sociobiology 26:337-342.

Edwards, J. 1983. Diet shifts in moose due tdge avoidance. Oecologia 60:185-
189.

Elgar, M. A. 1989. Predator vigilance and groige $n mammals and birds: a critical
review of the empirical evidence. Biological Revi64:13-33.

Fancy, S. G., and R. G. White. 1985. Incremerdats of activity. Pages 143-180R.
J. Hudson and R. G. White, editors. Bioenergetfasild herbivores. CRC Press,
Boca Raton, Florida, USA.

Faraway, J. L. 2006. Generalized linear, mixedot$éfand nonparametric regression
models. Chapman and Hall/CRC, Boca Raton, FlotikgA.



168

Fitzgibbon, C. D., and J. Lazarus. 1995. Antipted behavior of Serengeti ungulates:
individual differences and population consequendgages 274-29@ A. R. E.
Sinclair and P. Arcese, editors. Serengeti ll:n&yics, Management, and
Conservation of an Ecosystem. University of ChicRBgess, Chicago, lllinois, USA.

Fortin, D., M. S. Boyce, and E. H. Merrill. 2004Multi-tasking by mammalian
herbivores: overlapping processes during foragiagology 85:2312-2322.

Fortin, D., M. S. Boyce, E. H. Merrill, and J. Mryikell. 2004. Foraging costs of
vigilance in large mammalian herbivores. Oikos:10@2-180.

Fortin, D., H. L. Beyers, M. S. Boyce, D. W. Smith,Duchesne, and J. S. Mao. 2005.
Wolves influence elk movements: behavior shapesphic cascade in
Yellowstone National Park. Ecology 86:1320-1330.

Fox, J. 1997. Applied regression analysis, limeadels, and related methods. Sage
Publications, Thousand Oaks, California, USA.

Frid, A. 1997. Vigilance by female Dall's shegjeractions between predation risk
factors. Animal Behavior 53:799-808.

Fritze, H., and M. De Garne-Wichatitsky. 1996.rdgpng in social antelope: effects of
group size on foraging choices and resource paorept impala. Journal of Animal
Ecology 65:736-742.

Garrott, R. A., P. J. White, and J. J. Rotella.200rhe Madison headwaters elk herd:
transitioning from bottom-up regulation to top-doilmitation. in R. A. Garrott, P. J.
White, and F. G. R. Watson, editors. The ecologhafe mammals in central
Yellowstone: sixteen years of integrated field stadAcademic Press, San Diego,
California, USA. pp693.

Garrott, R. A., P. J. White, M. S. Becker, and CQdwer. 2009b. Apparent competition
and potential regulation of large herbivores in €aryellowstonein R. A. Garrott,
P. J. White, and F. G. R. Watson, editors. Theagpobf large mammals in central
Yellowstone: sixteen years of integrated field stgadAcademic Press, San Diego,
California, USA. pp693.

Geist, V. 2002. Adaptive behavioral strategiPages 389-43® D. E. Toweill and J.
W. Thomas, editors. North American elk: ecologg amnagement. Smithsonian
Institute Press, Washington, D.C., USA.

Gelman, A., and J. Hill. 2007. Data analysis gsi&gression and multilevel/hierarchical
models. Cambridge University Press, Cambridge, UK.



169

Georgii, B., and W. Schroder. 1983. Home rangkautivity patterns of male red deer
(Cervus elaphus )Lin the Alps. Oecologia 58:238-248.

Green, R. A., and G. D. Bear. 1990. Seasonaésyahd daily activity patterns of Rocky
Mountain elk. Journal of Wildlife Management 5422779.

Gude, J. A., R. A. Garrott, J. J. Borkowski, an&khg. 2006. Prey risk allocation in a
grazing environment. Ecological Applications 1&G2898.

Halofsky, J. S., and W. J. Ripple. 2008. Fine-spaéslation risk on elk after wolf
reintroduction in Yellowstone National Park, USAecdlogia 155:869-877.

Hamilton, W. D. 1971. Geometry for the selfismcheJournal of Theoretical Biology
31:295-311.

Hebblewhite, M., and E. H. Merrill. 2007. Multede wolf predation risk for elk: does
migration reduce risk? Oecologia 152:377-387.

Hebblewhite, M., and D. Pletscher. 2002. Effeftelk group size on predation by
wolves. Canadian Journal of Zoology 80:800-809.

Hernandez, L., and J. W. Laundré. 2005. Foraiirige "landscape of fear" and its
implications for habitat use and diet quality d€ €lervus elaphuand bisorBison
bison Wildlife Biology 11:215-220.

Hobbs, N. T., D. L. Baker, J. E. Ellis, and D. Mvi§. 1981. Composition and quality
of elk winter diets on Colorado. Journal of WifdiManagement 45:156-171.

Hobbs, N. T., D. L. Baker, and R. B. Gill. 1988omparative nutritional ecology of
montane ungulates during winter. Journal of WikdManagement 47:1-16.

Hobbs, N. T., and R. A. Spowart. 1984. Effectpmafscribed fire on nutrition of
mountain sheep and mule deer during winter anchgprdournal of Wildlife
Management 48:551-560.

Hosmer, D. W., T. Hosmer, S. le Cessie, and S. lsbow. 1997. A comparison of
goodness-of-fit tests for the logistic regressiardel. Statistics in Medicine 16:965-
980.

Houston, D. B. 1973. Wildfires in northern Yellstwne National Park. Ecology
54:1111-1117.

Hudson, R. J., and J. C. Haigh. 2002. Physicdlnysiological adaptations. Pages
199-257in D. E. Toweill and W. J. Thomas, editors. North &inan elk: ecology
and management. Smithsonian Institution Presshiigion D.C., USA.



170

Hunter, L. T. B., and J. D. Skinner. 1998. Vigite behavior in African ungulates: the
role of predation pressure. Behaviour 135:195-211.

lllius, A. W., and C. Fitzgibbon. 1994. Cost efilance in foraging ungulates. Animal
Behaviour 47:481-484.

Jenkins, K. J., and R. G. Wright. 1987. Dietaighe relationships among cervids
relative to winter snowpack in northwestern Monta@anadian Journal of Zoology
65:1397-1401.

Kauffman, M. J., N. Varley, D. W. Smith, D. R. Skath D. R. MacNulty, and M. S.
Boyce. 2007. Landscape heterogeneity shapestpmedaa newly restored
predator-prey system. Ecology Letters 10:690-700.

Kie, J. G. 1999. Optimal foraging and risk ofgmaon: effects on behavior and social
structure in ungulates. Journal of Mammalogy 804:1129.

Knight, D. H., and L. L. Wallace. 1989. The Yaillstone fires: issues in landscape
ecology. BioScience 39:700-706.

Kohler, S. L., and M. A. McPeek. 1989. Predatisk and the foraging behavior of
competing stream insects. Ecology 70:1811-1825.

Kufeld, R. C. 1973. Foods eaten by the Rocky Maumelk. Journal of Range
Management 26:106-112.

Kutner, M. H., C. J. Nachtsheim, J. Neter, and W.2005. Applied linear statistical
models. McGraw-Hill, New York, New York, USA.

Laundré, J. W., L. Hernandez, and K. B. Altendd@@01. Wolves, elk, and bison:
reestablishing the "landscape of fear" in YellowstdNational Park, USA. Canadian
Journal of Zoology 79:1401-14009.

Laurila, A., M. Jarvi-Laturi, S. Pakkasmaa, antérila. 2004. Temporal variation in
predation risk: stage-dependency, graded resp@mseftness costs in tadpole
antipredator defenses. Oikos 107:90-99.

le Cessie, S., and J. C. van Houwelingen. 199goddness-of-fit test for binary
regression models based on smoothing methods. éim$47:1267-1282.

Leuthold, W. 1977. African ungulates. Zoophysiol@nd Ecology 8:1-307.

Liley, S., and S. Creel. 2008. What best explaiggance in elk: characteristics of prey,
predator, or the environment. Behavioral Ecology2é5b-254.



171

Lima, S. L. 1987. Vigilance while feeding andrétation to the risk of predation.
Journal of Theoretical Biology 124:303-316.

Lima, S. L. 1988. Vigilance and diet selectidme tlassical diet model revisited.
Journal of Theoretical Biology 132:127-143.

Lima, S. L. 1992. Strong preferences for appdyetangerous habitats? A consequence
of differential escape from predators. Oikos 6Z:690.

Lima, S. L. 1998&. Stress and decision making under the risk ofatfend: recent
developments from behavioral, reproductive andagiodl perspectives. Advances
in the Study of Behavior 27:215-290.

Lima, S. L. 199B. Non-lethal effects in the ecology of predatorypirgeractions: what
are the ecological effects of anti-predator deaisiaking? BioScience 48:25.

Lima, S. L., and P. A. Bednekoff. 1999Temporal variations in danger drives anti
predator behavior: the predation risk allocatiopdthesis. American Naturalist
153:650-659.

Lima, S. L., and P. A. Bednekoff. 199®Back to the basics of anti-predatory vigilance:
can non-vigilant animals detect attack? Animal &abur 58:537-543.

Lima, S. L., and L. M. Dill. 1990. Behavioral deions made under the risk of
predation: a review and prospectus. Canadian dbafrzoology 68:619-640.

Lind, J., and W. Cresswell. 2005. Determiningfitreess consequences of antipredation
behavior. Behavioral Ecology 16:945-955.

Loe, L. E., C. Bonenfant, A. Mysterud, T. Severmsd. A. @ritsland, R. Langvatn, A.
Stien, R. J. Irvine, and N. C. Stenseth. 2007tivitg patterns of arctic reindeer in a
predator free environment: no need to keep a daylthm. Oecologia 152:617-624.

Lung, M. A., and M. J. Childress. 2006. The iefige of conspecifics and predation risk
on the vigilance of elkGervus elaphysn Yellowstone National Park. Behavioral
Ecology 18:12-20.

Mao, J. S., M. S. Boyce, D. W. Smith, F. J. Singer). Vales, J. M. Vore, and E. H.
Merrill. 2005. Habitat selection by elk beforedaafter wolf reintroduction in
Yellowstone National Park. Journal of Wildlife Megement 69:1691-1707.

McCullagh, P., and J. A. Nelder. 1989. Generdlirgear models. Chapman and Hall,
New York, New York, USA.



172

McNamara, J. M., and A. |. Houston. 1987. Staovaand predation as factors limiting
population sizes. Ecology 68:1515-1519.

Mech, L. D. 1970. The wolf: the ecology of an englened species. Natural History
Press, Garden City, New York, USA.

Mech, L. D., and R. O. Peterson. 2003. Wolf-medgtions. Pages 131-160L. D.
Mech and L. Boitani, editors. Wolves: behaviomlegy, and conservation.
University of Chicago Press, Chicago, lllinois, USA

Messer, M. A., R. A. Garrott, S. Cherry, P. J. WhE. G. R. Watson, and E. Meredith.
2009. Elk winter resource selection in a severavgoack environmenin R. A.
Garrott, P. J. White, and F. G. R. Watson, editdhe ecology of large mammals in
central Yellowstone: sixteen years of integratetbfstudies. Academic Press, San
Diego, California, USA. pp693.

Nelson, E. H., C. E. Matthews, and J. A. Rosenhe2@04. Predator reduced population
growth by inducing changes in prey behavior. Egpl85:1853-1858.

Newman, W. B., and F. G. R. Watson. 2009. The @élllowstone landscape: terrain,
geology, climate, and vegetation.R. A. Garrott, P. J. White, and F. G. R. Watson,
editors. The ecology of large mammals in centrdlovestone: sixteen years of
integrated field studies. Academic Press, San Di€gtifornia, USA. pp693.

Owen-Smith, N., and P. Novellie. 1982. What sdauktlever ungulate eat? American
Naturalist 119:151-178.

Parker, K. L., P. S. Barboza, and T. R. Stephen2005. Protein conservation in female
caribou Rangifer tarandup effects of decreasing diet quality during wintdournal
of Mammalogy 86:610-622.

Pearson, S. M., M. G. Turner, L. L. Wallace, andiWRomme. 1995. Winter habitat
use by large ungulates following fire in northerelldwstone National Park.
Ecological Applications 5:744-755.

Peterson, R. O., and P. Ciucci. 2003. The wo# earnivore. Pages 104-1B0L. D.
Mech and L. Boitani, editors. Wolves: behavior,legy, and conservation.
University of Chicago Press, Chicago, lllinois, USA

Preisser, E. L., D. |. Bolnick, and M. F. Bena2D05. Scared to death? The effects of
intimidation and consumption in predator-prey iat#tons. Ecology 86:501-5009.

Pulliam, H. R. 1973. On the advantage of flockidgurnal of Theoretical Biology
38:419-422.



173

Pyke, G. H. 1984. Optimal foraging theory: aicaltreview. Annual Review of
Ecology and Systematics 15:523-575.

Pyke, G. H., H. R. Pulliam, and E. L. Charnov. 199ptimal foraging: a selective
review of theory and tests. The Quarterly RevieBiology 52:137-154.

Quenette, P.-Y. 1990. Functions of vigilance lveta in mammals: a review. Acta
Oecologica 11:801-818.

R Development Core Team. 2006. R: alanguagesamironment for statistical
computing. R Foundation for Statistical Computi¥ggnna, Austria. ISBN 3-
900051-07-0, URL http://www.R-project.org.

Ranta, E., R. Hannu, and K. Lindstrom. 1993. Cetitipn versus cooperation: success
of individuals foraging alone or in groups. AmamcNaturalist 142:42-58.

Rita, H., E. Ranta, and N. Peuhkuri. 1996. Coitipatin foraging groups. Oikos
76:583-586.

Ruxton, G. D., S. J. Hall, and S. C. Gurney. 1988raction towards feeding
conspecifics when food patches are exhaustibleerfan Naturalist 145:653-660.

Schmitz, O. J. 1997. Behaviorally mediated tropfascades: effects of predation risk
on food web interactions. Ecology 78:1388-1399.

Schmitz, O. J. 1998. Direct and indirect effadftpredation and predation risk in old-
field interaction webs. American Naturalist 15173242.

Sih, A. 1980. Optimal behavior: can foragers bedatwo conflicting demands?
Science 210:1041-1043.

Sih, A. 1982. Foraging strategies and the avaidani predation by an aquatic insect
Notonecta hoffmanniEcology 63:786-796.

Sih, A., and T. M. McCarthy. 2002. Prey resporisgsulses of risk and safety: testing
the risk allocation hypothesis. Animal BehavioGr437-443.

Sih, A., R. Ziemba, and K. Harding. 2000. New iigggon how temporal variation in
predation risk shapes prey behavior. Trends indggoand Evolution 15:3-4.

Smith, D. W., D. R. Stahler, and M. S. Becker. 200®I|f recolonization of the Madison
headwaters area in Yellowstome R. A. Garrott, P. J. White, and F. G. R. Watson,
editors. The ecology of large mammals in centrdlovestone: sixteen years of
integrated field studies. Academic Press, San Di€gdifornia, USA. pp693.



174

Stephens, D. W., and J. R. Krebs. 1986. Forategry. Princeton University Press,
Princeton, New Jersey, USA.

Studd, M., R. D. Montgomerie, and R. J. Robertsb®83. Group size and predator
surveillance in foraging house sparrowsagser domesticius Canadian Journal of
Zoology 61:226-231.

Sweeney, J. M., and J. R. Sweeney. 1984. Snothsle@gluencing winter movements
of elk. Journal of Mammalogy 65:524-526.

Treves, A. 2000. Theory and method in studieggifance and aggregation. Animal
Behaviour 60:711-722.

Underwood, R. 1982. Vigilance behaviour in grgziirican antelopes. Behaviour
79:81-107.

Valone, T. J. 1989. Group foraging, public infatmon, and patch estimation. Oikos
56:357-363.

Venables, W. N., and B. D. Ripley. 2000. Modeppleed statistics with S. Springer,
New York, New York, USA.

Watson, M., N. J. Aebischer, and W. Cresswell. 2200igilance and fithess in grey
partridgesPerdix perdix the effects of group size and foraging-vigilatreele-offs
on predation mortality. Journal of Animal Ecoloff.211-221.

Watson, F. G. R., T. N. Anderson, W. B. Newman$ SCornish, and T. Thein. 2009.
Modeling spatial snow pack dynamias.R. A. Garrott, P. J. White, and F. G. R.
Watson, editors. The ecology of large mammals nire¢Yellowstone: sixteen years
of integrated field studies. Academic Press, Say®i California, USA. pp693.

Werner, E. E., and D. J. Hall. 1988. Ontogenedibitat shifts in bluegill: the foraging
rate-predation risk trade off. Ecology 69:1352-4.36

White, G. C. 2002. Discussion comments on: thaliauy variables in capture-
recapture modeling. An overview. Journal of ApgliStatistics 29:103-106.

White, G. C., and R. A. Garrott. 1990. Analysismidlife radio-tracking data.
Academic Press, San Diego, California, USA.

White, P. J., J. J. Borkowski, T. Davis, R. A. GétrrD. P. Reinhart, and D. C. McClure.
2009a. Wildlife responses to park visitors in winte R. A. Garrott, P. J. White, and
F. G. R. Watson, editors. The ecology of large maisrm central Yellowstone:
sixteen years of integrated field studies. Acaddrmass, San Diego, California,
USA. pp693.



175

White, P. J., R. A. Garrott, S. Cherry, F. G. R.t¥¢a, C. N. Gower, M. S. Becker, and
E. Meredith. 2009b. Changes in elk resource sele@nd distribution with the
reestablishment of wolf predation risk.R. A. Garrott, P. J. White, and F. G. R.
Watson, editors. The ecology of large mammals mreéYellowstone: sixteen years
of integrated field studies. Academic Press, Sagd, California, USA. pp693.

White, P. J., R. A. Garrott, J. J. Borkowski, JBgrardinelli, D. R. Mertens, and A. C.
Pils. 2009c. Diet and nutrition of Central Yelloase elk during winterin R. A.
Garrott, P. J. White, and F. G. R. Watson, editdhe ecology of large mammals in
central Yellowstone: sixteen years of integratetbfstudies. Academic Press, San
Diego, California, USA. pp693.

White, P. J., R. A. Garrott, J. J. Borkowski, K.Hamlin, and J. G. Berardinelli. 2009d.
Elk nutrition after wolf recolonization of Centrgkllowstonein R. A. Garrott, P. J.
White, and F. G. R. Watson, editors. The ecologhafe mammals in central
Yellowstone: sixteen years of integrated field stgadAcademic Press, San Diego,
California, USA. pp693.

Winnie, J. A., Jr., and S. Creel. 2007. Sex-dmelbehavioural responses of elk to
spatial and temporal variation in the threat offvpoedation. Animal Behaviour
73:215-225.

Wolff, J. O., and T. Van Horn. 2003. Vigilancedaioraging patterns of American elk
during the rut in habitats with and without predatc&Canadian Journal of Zoology
81:266-271.



Appendices

Appendix 4.1 Complete model suite for the non-veolfl wolf models used in the logistic regressionyamato evaluate the factors
influencing elk foraging behavior in the Madisoratiaters area of Yellowstone National Park durigg@l1192 through 2005-06.
Abbreviations are: SWi(local-scale snow water equivalent), HBT (habjtBfYR (burned forest*year interaction), SEASONyda
within the season), TIM&y (time of day), GROURelk group size), and WOLioq4 (pre-reintroduction, colonizing, and established).

M odel

. M oded structur e - non-wolf models
number

NULL

SWE, + HBT

SWE, + HBT + BFYR

SWE, + HBT + SEASON + SEASON

SWE + HBT + TIMEgay + TIMEgay’

SWE, + HBT + GROUP

SWE, + HBT + BFYR + SEASON + SEASON

SWE + HBT + BFYR + TIMEjay + TIMEga/

SWE, + HBT + BFYR + GROUP

SWE, + HBT + BFYR + TIMEjy*+ TIMEgay® + SEASON +SEASOR
10 SWE + HBT + BFYR + TIMEjay + TIMEgay >+ GROUP

11 SWE + HBT + BFYR + SEASON + SEASON- GROUP

12 SWE + HBT + BFYR + TIMEjy +TIMEga” + SEASON + SEASORH+ GROUP
13 SWE + HBT + TIMEgay +TIMEga,” + SEASON + SEASOR+ GROUP
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Appendix 4.1 Continued. Complete model suite ferribn-wolf and wolf models used in the logisticresgion analysis to evaluate
the factors influencing elk foraging behavior ie tadison headwaters area of Yellowstone Natioagt Buring 1991-92 through
2005-06. Abbreviations are: SWHocal-scale snow water equivalent), HBT (habjtBfYR (burned forest*year interaction),
SEASON (day within the season), TIME(time of day), GROURelk group size), and WOLsi.q (pre-reintroduction, colonizing,
and established).

LT

Model Mode structure - wolf models
number
14 (1) SWE + HBT + WOLReriod
15 (2) SWE + HBT + BFYR + WOLFeriod
16 (3) SWE + HBT + SEASON + SEASON+ WOLFyeiod
17 (4) SWE + HBT + TIMEgay + TIMEgay + WOLFseriod
18 (5) SWE + HBT + GROUP + WOLriod
19 (6) SWE + HBT + BFYR + SEASON + SEASON- WOLFyeriod
20 (7) SWE + HBT + BFYR + TIMEiay + TIMEgay® + WOLFyeriod
21 (8) SWE + HBT + BFYR + GROUP + WOLid
22 (9) SWE +HBT + BFYR + TIMEjy + TIMEgay *+ SEASON + SEASOR+ WOLFeriog
23 (10) SWE + HBT + BFYR + TIMEjay + TIMEgay? +GROUP + WOLBeriod
24 (11) SWE + HBT + BFYR + SEASON + SEASOM GROUP + WOLKeriod
25 (12) SWE + HBT + BFYR + TIMEjy + TIMEga,” + SEASON + SEASORN+ GROUP + WOLFEeioq
26 (13) SWE + HBT + TIMEgay + TIMEga,” + SEASON + SEASORH GROUP + WOLBeriod

* Model number in parentheses represents the agedanon-wolf model pair.



Appendix 4.2. Complete model suite for the modesksd in the negative binomial regression analgsevaluate the factors
influencing the scanning behavior of elk in the Mdad headwaters area of Yellowstone National p@88199 through 2005-06.
Abbreviations are: GROUgIk group size), HBT (habitat), TIM#& (time of day), WOLKEesencdpresence or absence of wolves
within a drainage on a given day), and KILL (numbgwolf-killed ungulates within a drainage on aen day).

Mod€

Model structure
number

NULL

GROUP

HBT

TIMEgay + TIMEgay

WOLFpresence

KILL

GROUP + HBT

GROUP + TIMEay+ TIMEga?
GROUP + WOLFesence

GROUP + KILL

10  HBT + TIMEjay+ TIMEga)?

11 HBT + WOLFyesence

12 HBT +KILL

13 TIMEgay + TIIVIEdc’:tyz‘|' WOLFyresence
14 TIMEgay+ TIMEgay? + KILL

15  GROUP + HBT + TIMBsy + TIMEga/?
16  GROUP + HBT + WOLresence

17 GROUP + HBT + KILL
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Appendix 4.2. Continued. Complete model suitethermodels used in the negative binomial regresanatysis to evaluate the
factors influencing the scanning behavior of elkhie Madison headwaters area of Yellowstone Natipaik 1998-99 through 2005-
06. Abbreviations are: GROU®@k group size), HBT (habitat), TIMf (time of day), WOLEesencdpresence or absence of wolves
within a drainage on a given day), and KILL (numbgwolf-killed ungulates within a drainage on & day).

Model Model structure
number

18 HBT + TIMEgay + TIMEday + WOLFyresence

19 HBT + TIMEgay + TIMEday + KILL

20 GROUP + TIMEgy + TIMEday + WOLFyresence

21 GROUP + TIMEay + TIMEday + KILL

22 GROUP + HBT + TIME,y + TIMEday + WOLFyresence

23 GROUP + HBT + TIMEy + TIMEday + KILL

6.1
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CHAPTER 5

SYNTHESIS, DIRECTIONS FOR FUTURE RESEARCH,
AND MANAGEMENT AND CONSERVATION IMPLICATIONS

Synthesis

Long-term monitoring of the Madison headwaterspakulation since 1991 has
resulted in an extensive database to assess dgrhagchanges of elk before and after
the reestablishment of wolves (Garrott et al. 20@09a Direct off-take by wolves was
high and significantly contributed to a decreasthaelk population due to relatively
high wolf kills rates and heavy selection on elle¢Ber et al. 2009a, b). In addition to
the significant direct lethal consequences of welve the Madison headwaters elk
population, there is also evidence to documentdhaappeared to respond behaviorally
to the presence of wolves, presumably to mediasetidirect lethal effects.

Relative to the pre-wolf observation period, elkhe Madison headwaters responded
to wolves by altering their behavior in severafetiént ways. Some behaviors changed
only subtly while others were modified quite draitaty. Several modifications in elk
space use (Chapter 2) were observed relative tpréievolf reintroduction period,
including subtle increases in home range size arall seductions in annual site fidelity.
Based on empirical observations in the field, thenge in both of these parameters
appears to reflect an increase in fine-scale monemiighin the animals’ range. This
would seem characteristic of animals using thedaage and the associated habitat

components to balance competing demands. Moreadi@spatial shifts were also
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exhibited after wolves became an established coemtarf the landscape. Long-distance
sallies of short duration (1-3 days) were docunetitenediately, or shortly after,
consecutive predation events upon a sub-herd., Alag-distance movements (up to 63
km) were observed subsequent to a year with highpredation pressure within the
animals’ typical range. These range shifts lagbe@n entire winter or resulted in
permanent dispersal away from the Madison headsiataraddition, some animals that
had exhibited strong sedentary behavior when welfigtion pressure was low, adopted
seasonal range shifts after reintroduction, andipied a different winter range where the
relative magnitude of wolf use was lower. Thesgldistance movements and shifts
from sedentary to migratory behavior were only doeated during the second half of
the study and occurred only in areas where the matgof wolf use was high. This
strongly suggests that spatial modifications cdaddattributed to the presence of wolves.
Changes in aggregation patterns were also obsésllediing wolf reintroduction
(Chapter 3). The general trend showed a slighease in group size compared to the
average pre-wolf group size, and there was a ratheng correlation between the annual
number of wolf days and annual mean elk group skrally, from this research |
documented very little change in the way elk fochggth and without the presence of
wolves on the landscape (Chapter 4). While | askedge that | was unable to quantify
foraging cost that may have been incurred duriegiighttime hours, | was able to
conclude that there is very little evidence thatwee were causing any daytime foraging
loss in this study. On the contrary, the number faequency of foraging bouts may have
actually increased after reintroduction, which segig that elk may have been

compensating for nighttime foraging loss when wslwere most actively hunting.
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Regardless, in concert with other components sfshidy (White et al. 2009a) it would
appear that the overall nutritional costs of preshatvere negligible.

A higher level of variation was associated with snahthe behavioral responses
after wolf reintroduction, suggesting that elk nieve been adjusting their behavior at a
fine temporal scale. The high energetic limitasiaf surviving in an environment with
severe snow-pack allows limited flexibility for g herbivores to invest into anti-
predator behavior for sustained periods. Therelmaspect that this more dynamic
behavior reflected the need to balance competintades, a reasonable explanation
considering elk in the Madison headwaters are vmgykvithin the confines of a severe
winter environment. Additionally, the Madison headers is an environment where
wolf predation pressure varies spatially and teralbprso maintaining prolonged anti-
predator behavior may lead to excessive energesitsc Similarly, there appeared to be
discrete differences in the same behavioral respbatveen elk herds at different
geographical locations within close proximity. @posize in particular, seemed to vary
quite significantly among sites (Chapter 3, Crew ®innie 2005, Gude et al. 2006) and
these differences in prey behavioral responsedeattributed to substantial differences
in landscapes attributes such as snow pack sewrithabitat types, complexity, and
patch size that influence predation risk and decthfferent prey behavioral responses.
This illustrates that we cannot expect to genezadiziniform behavioral response.
Rather, it would seem plausible that landscapéatts set the scene for the type of
behavioral response that we would expect to see.

The benefit of anti-predator behavior is to redtineerisk of predation, but it is very

hard to assess how effective these strategied aedwcing predation rates. The
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functional response of the predator can be defaseithe rate of prey captured by a
predator as a function of prey abundance (Solon®d®)Jl Therefore, any action that
reduces either the prey’s relative availabilityd/m increases predator capture efficiency
or handling time will reduce the rate of being captl and consumed. Using long-term
trend data on predator kill rates provides a ciméasure with which to evaluate the
efficacy of these behavioral responses, espedfdhere is some kind of association
between increased anti-predator behavior and charigk rate over time. In the
Madison headwaters, it appeared that even thouglesavere causing a substantial
decrease in the elk population size (Garrott e2@09b), behavioral perturbations
appeared to be affecting the efficiency in the wayves successfully killed their prey.
Larger groups of elk effectively seemed to curbdbesumption rate of wolves in our
system as shown by the negative correlation betwessan annual elk group size and
mean annual wolf kill rates on elk (Becker et 802b). Also, effective use of habitat
attributes within our study system may have beanreason for the lower kill rates in the
Madison drainage (White et al. 2009b). Collectiyelyanges in behavior and changes in
prey density due to direct mortality would both tdyute to a change in the functional
response of wolves. Creel and Creel (2002) desdrihat an individual’s risk of
predation is not just defined at one stage of teelgtor sequence, but the probability of
risk occurs at many different stages. Therefdareg@ms plausible that different
behaviors act to reduce the probability of beidtp#iat different stages. If prey can
adopt plasticity in their behaviors to alter théed#ion efficiency, encounter rate, the
hunting and handling time of the predator, andésutts in the dilution of risk, it would

allow prey to reduce the combined probability af threct lethal effects.
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Conversely, while risk effects are most commonfgmed to as non-lethal, there is
extensive literature expressing that defensive \iehaf prey may have lethal
ramifications, and can play a central role in shggrey population demography and
predator-prey dynamics (Lima and Dill 1990, Lim#®&9Bolnick and Preisser 2005,
Preisser et al. 2005, Schmitz 2005). If indirethél consequences transpire, then anti-
predator behavior may not alleviate the effectpi@y communities. Rather, they may
exacerbate the total predation effect. Work by Mgeet al. (1983), and more recently by
Schmitz (1998) and Nelson (2004), were able to tiiyathe direct effects of the predator
from the trait-mediated indirect effects in smadltebrate and invertebrate systems. This
approach showed that the demographic and develdphearsts associated with
predation risk could be quite substantial becahedhreat of predation alone could be
responsible for reduced growth and maturation natgsey. Reduced survivorship and
subsequent reductions in prey population growthdcalso occur due to the loss of
feeding opportunities and/or shifts to less proghadhabitat type. Additionally, reduced
fecundity could contribute to population level dzases if prey sacrifice mating
opportunities in risky environments, and/or rediresources from reproduction to
chemical or structural defenses.

Creel et al. (2007) discuss these same demograptdiceproductive perturbations in
relation to large herbivore systems, specificatikihg anti-predator responses to
reduced pregnancy and juvenile recruitment in €keel and Christianson (2008)
expand on this work by conceptually partitioning thdirect costs that are associated
with the risk effects, from the direct mortalitysts of predation; they draw upon an

empirical case study to exemplify their point. TiMsrk provides an innovative view of
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predation costs, clearly illustrating that it issteading to assume that risk effects are
totally benign to prey populations. It also prasarew hypotheses pertaining to the
strength of the risk effects in predator-prey syste However, the lack of any empirical
data showing reduced pregnancy rates in elk frarthdison headwaters study (Garrott
et al. 2009b), and other studies in close geogeapproximity (Hamlin et al. 2009),
preclude any generalization of these indirect legffacts in wolf-elk systems. Also,
there are many gaps in our knowledge base concgtiménmechanisms of these
physiological effects, and so many confoundingdecthat could also be responsible for
these demographic changes, that strong conclustgasding these indirect lethal effects

cannot easily be made.

Direction for Future Research

Future work will need to confront these discrepasc¢hat have been identified
between wolf-elk studies, and additional reseasthgilonger term datasets within and
between locations is needed to test the hypotleseéseel and Christianson (2008).
Trying to quantify indirect costs of anti-predab@haviors will be a daunting task
considering that each different behavioral respdikeé/ comes with a different cost.
Behaviors also seem to change at short temporigssaad prey can adopt interacting
responses at the same time. If additional resedoel support these predictions,
however, then we can make stronger inferencesaeggbehavior and consequences at
the individual and population levels.

Unlike direct mortality, population losses thatsarfrom indirect lethal effects do not

provide any consumptive benefits to the predatwad, o not result in any increase in
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predator numbers (lves and Dobson 1987). Algaeg¥ adopt anti-predator behaviors
that reduce the chance of predators actually caugftinese extremely wary prey, it
would seem rather unprofitable for predators taigcedsuch strong, persistent, and costly
behaviors in prey, such that their rate of consumnpactually decreases. Instead, it
would seem more advantageous for the predator tageathe behavior of their prey in
such a way that the indirect lethal consequenaesraall and prey relax their anti-
predator behavior when the threat of being kilededuced — such relaxed behavior may
in fact assist predators to capture unsuspectiaeg (Brown et al. 1999, Lima 2002, Roth
and Lima 2007). Therefore, while | have predomihadiscussed prey behavior in this
dissertation, we could gain some valuable insiglgtevaluating the predator’s behavior
as well. Indeed, the behaviors of each shouldeatonsidered independent from one
another, but we should expect predators to streatlgirespond to the behavior of their
prey, which in turn would likely further affect tlaati-predator decision making of the
prey (Lima 2002). Expanding the focus of this drtstion to develop hypotheses
relating to the predator-prey shell games theory pravide important new insights into
predator-prey dynamics. It is a relatively newsanéresearch which needs to be more
extensively explored in an empirical setting, arayrhelp us to more fully understand
the important link between individual ecology arapplation biology of both predator

and prey.
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Management and Conservation Implications

In general, these results show that elk do respoiiteé strongly to the presence of
wolves, with these modifications having potentraplications for management of both
species. Probably one of the most widely discussedifications is the changing spatial
patterns of large herbivores and the strong eccébgelevance pertaining to trophic
cascades. This work and the work of others (Fettial. 2005, Gude et al. 2006) suggest
that elk will manifest a more dynamic movement hétraas wolves course the
landscape looking for prey. If elk no longer adthg strategy of predictably feeding at
one site, but are constantly moving to reduce &rrémcounters with wolves, then
predation may facilitate the dilution of foragingepsure on plant communities.
Subsequently, these distributional changes coutdrimhave significant implications for
resource managers because of the changes in emosyghamics (Ripple et al. 2001,
Beschta 2003, Smith et al. 2003, Fortin et al. 20@milarly, how elk aggregate and
move across the landscape could have importantdatgins when managing elk at the
landscape level. Knowledge from an elk-wolf systauld be applied into elk-human
systems whereby human hunting pressure could beulated to encourage movement
of large concentrations of elk that are seekinggefon private patches adjacent to public
lands. In fact, the recent work by Proffitt et@h press) quantified the effects of humans
and wolves on elk behavior, with the effect of hmsheing more substantial on elk
aggregation patterns and movement than the efééetslves.

State agencies that manage large ungulate pomsatlwuld also be aware that

hunter opportunities could be affected if largeyugrs of elk are harder for hunters to
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successfully harvest. Conversely, wolves may bparsible for moving elk out of
Yellowstone National Park to areas where they becpant of the harvestable
population, leading to an increase in the oppotiemior hunters adjacent to wildlife
preserves such as parks. The accuracy of annpalgimn estimates may also be
affected if smaller aggregations of elk, and/oftstio more closed habitat types impede
the accuracy of aerial counts. Conversely, ifaglk clumped in larger aggregations
and/or use open meadow complexes when predatopsesent, counting could be
facilitated. Additionally, decreasing ungulate ptgtions may be confused with
distributional shifts.

Finally, the seminal publication by Paine (196&dadissed the ecological
consequences of keystone species on ecosystertustraad function, and points out the
implications of predator removal on food web comfileand species diversity in an
intertidal marine system. More recently, Heithaual. (2008) furthered this work and
discussed the wider ecological consequences afdbeease of top marine predators,
outlining both the direct and indirect consequerafasarine predator loss. From this
work it is evident that density and risk-driven legical processes are both important
mechanisms due to the cascading effects top pmadadwe on entire marine
communities. Prior to wolf reintroduction to YeNetone, there was much uncertainty
regarding the effects wolves would have on thesypbut their direct impacts have been
well documented since their establishment (Whital.€2003, Vucetich et al. 2004, White
and Garrott 2005a, b, Becker et al. 2009b, Gaetadt. 2009b, Hamlin et al. 2009).
While there is certainly some debate regardingatiditive contribution wolves play in

population-level decreases, it is widely acknowktithat the direct demographic effects
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have been larger than initially expected. Undexditeg the behavioral aspects of
predator-prey dynamics contributes significantlyhis body of ecological knowledge,
and while this is certainly not a new concept, usténding the behavioral consequences
of elk to wolves raises our understanding of theéewiecological role that top carnivores
play in terrestrial environments. Insights fronststudy, and similar work elsewhere in
the Greater Yellowstone Ecosystem, can be usedaloate and predict the broader
implications of future eradication and reintrodootprograms, and can be applied to

current and future conservation work.
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