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ABSTRACT

ECOLOGICAL AND SOCIAL DRIVERS OF MEXICAN GRAY WOLF (CANIS
LUPUS BAILEYI) HOME RANGE PATTERNS ACROSS SPATIOTEMPORAL
SCALES

Evelyn Marie Lichwa

Elucidating factors influencing home range size are fundamental relationships that
can be described for any wildlife species, particularly those of conservation concern. The
Mexican gray wolf (Canis lupus baileyi) is an endangered sub-species of the gray wolf
whose home range patterns have not yet been studied. | estimated home range sizes for
22 Mexican wolf packs using Brownian Bridge Movement Models (95% UD).
Generalized linear mixed effect models were used to evaluate environmental and social
variables across four timeframes. Annual home range size was inversely related to human
density and tree cover. During the denning period, home range was inversely related to
litter size and increased with pack size. Post denning home range was inversely related to
ungulate biomass and positively related to pack size. During the non-denning season,
home range was inversely correlated with snow depth. Results found herein both confirm
as well as deviate from results found in other wolf populations, notably, the inverse
correlation with pack size at the annual scale, but positive correlation at seasonal
timeframes. The opposite relationships with home range and pack size, and the
significance of ungulate biomass at the seasonal scale but not the annual scale

demonstrates the importance of evaluating factors influencing home range using a



multiscale approach as home range size may be differentially influenced by the same
variable across timescales. Thus, future home range studies should use a multiscale

approach to discern relevant factors for species across timeframes of interest.
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INTRODUCTION

Elucidating the relationship between wildlife movements and their ecological and
social environment can provide important information for conserving and managing
species and populations, particularly those of conservation concern (Miller et al. 2017).
Home range is a central focus when measuring wildlife movement (Nathan et al. 2008). It
represents the relationship between the environment and an individual’s understanding of
that environment (Powell and Mitchell 2012) and can be viewed as a trade-off between
resource access and energetic costs (Mattisson et al. 2013). Interactions between wildlife
behavior and the environment provide insight into patterns that are often characterized
using home range size (Borger et al. 2006).

Home range size, and the factors influencing it, are fundamental ecological
parameters for describing species-environment relationships. Estimates of home range
size have been used for designing protected areas for wildlife (Gosling et al. 2000), as a
tool for obtaining estimates of population size (Gros et al. 1996), and as a proxy for local
density in an area, especially in territorial species (Mattisson et al. 2013). Elucidating
variation in home range size can assist in predicting a species’ space use or density in
new areas (Herfindal et al. 2005). This can be particularly important for species that roam
extensively and experience human-wildlife conflict (Woodroffe et al. 2005) and is likely
important to recovering populations whose range may expand into new areas.

Home range size in mammals is influenced by both ecological and social factors.

Food biomass and availability represent important ecological factors that are typically



inversely related to home range size both in herbivores (e.g., wallaby (Onychogalea
fraenata), Fisher 2000; elk (Cervus elaphus), Anderson et al. 2005; moose (Alces alces),
van Beest et al. 2011) and carnivore species (e.g., African lions (Panthera leo),
Loveridge et al. 2009; tigers (Panthera tigris), Simchareon et al. 2014; coyotes (Canis
latrans), Ward et al. 2018). Climatic factors such as temperature and snow depth are
other ecological factors that influence home range size in mammals. For example, home
ranges of bobcats (Lynx rufus) in Idaho were restricted by snow resulting in winter home
ranges that were almost four times smaller than summer home ranges due to increased
energetic costs (Koehler and Hornocker 1989). Conversely, home range size of female
elk increased as a result of snow depth in Yellowstone National Park due to forage being
scarce and covered by snow (Anderson et al. 2005). With respect to temperature effects
on animal movement, in a study of African wild dogs (Lycaon pictus), higher ambient
temperature resulted in reduced daily distance traveled (Pomilia et al. 2015), and in red
foxes (Vulpes vulpes), home range size was positively correlated with higher mean
temperature, possibly due to seasonal fluctuations in food abundance (Main et al. 2020).
In addition to ecological factors, social factors are also important variables
shaping home range size. In a study of Ethiopian wolves (Canis simensis), home range
size increased with pack size (Ashenafi et al. 2005), while pack size accounted for 87%
of variation in home range size in coyotes (Bowen 1981), and litter size was the most
influential driver of seasonal home range size in a study of African wild dogs where

larger litters correlated with smaller home ranges (Pomilia et al. 2015). Intraspecific



variation in determinants of home range size has also been documented in gray wolf
(Canis lupus) populations.

Wolves are an extensively studied and wide-ranging species; as a result, there is a
robust understanding of factors influencing gray wolf home range size (see review:
Jedrzejewski et al. 2007). Wolf home range size has been negatively correlated with prey
biomass, wolf density, and pack size, and positively correlated with latitude, elevation,
and human density (Ballard et al 1987, Wydeven et al. 1995, Okarma et al. 1998,
Jedrzejewski 2007, Fuller et al. 2010, Rich et al. 2012, Mattisson et al. 2013). However,
studies from different regions show conflicting results. Home range size in wolves has
been both positively (Guassa, Ethiopia; Ashenafi et al. 2005) and negatively (Montana,
United States; Rich et al. 2012) related to pack size; influenced by (Finland; Jedrzejewski
2007, Rich et al. 2012) and independent of (Scandinavia; Mattisson et al. 2013) prey
biomass; and influenced by (Poland; Mystajek et al. 2018), and independent of
(Mattisson et al. 2013) wolf density. Furthermore, there is a paucity of research on
climatic variables influencing wolf home range size, although snow depth has been
recorded to reduce wolf movements (Alberta, Canada; Droghini and Boutin 2018a), tree
cover has been important in wolf home range selection at annual and seasonal timeframes
(Rocky Mountains, United States; Trapp et al. 2008, Wisconsin and Minnesota, United
States; Unger et al. 2009), and elevation has been important in denning home range
selection (Alaska; Joly et al. 2017).

Inconsistencies in results between studies suggest variables causing variation in

home range between and within gray wolf populations may not be fully understood



(Fritts and Mech 1981, Hayes and Harestad 2000, Gurarie et al. 2011, Rich et al. 2012,
Mystajek et al. 2018). Elucidating factors influencing variation in ranging patterns is
important for any species, and perhaps particularly relevant for endangered species and
species that experience high levels of human conflict (Woodroffe 2011, Morehouse and
Boyce 2017).

The Mexican gray wolf (Canis lupus baileyi; hereafter: Mexican wolf) is an
endangered sub-species of the gray wolf whose home range patterns have not been
explicitly studied. Mexican wolves were extirpated from the wild by 1970 as a result of
predator eradication efforts primarily to prevent livestock loss (Bednarz 1988, Brown and
Shaw 2002). In 1976, the Mexican wolf was listed as endangered under the U.S.
Endangered Species Act (ESA; USFWS 2017). After ESA listing, the remaining wild
individuals were captured and placed in captivity to initiate the captive breeding program
(McBride 1980). In 1998, Mexican wolves began to be reintroduced into Arizona’s
Apache-Sitgreaves National Forest. There are now at least 186 Mexican wolves within
the Mexican Wolf Experimental Population Area (MWEPA; USFWS 2021), which is
located across the states of Arizona and New Mexico. The White Mountain Apache
Tribe, U.S. Fish and Wildlife Service (USFWS), Arizona Game and Fish Department
(AZGFD), U.S. Forest Service (USFS), New Mexico Department of Game and Fish
(NMDGF), and U.S. Wildlife Services (USWS) work collaboratively on the Mexican
wolf recovery program and are collectively referred to as the Mexican Wolf Interagency
Field Team (IFT). Previous Mexican wolf studies have evaluated conflict with livestock

(Amirkhiz et al. 2018), habitat suitability (Martinez-Meyer et al. 2021), diet composition



(Reed et al. 2006), and genetics (Asa et al. 2007), but have yet to assess Mexican wolf
ranging patterns and the factors influencing these patterns.

The goal of this study was to analyze ecological and social factors driving home
range size of Mexican wolves. Home ranges were analyzed at two timescales: annual and
seasonal (referred to collectively as timeframes). The seasons of biological significance
included denning (pack movements constrained by young pups), post denning (pack
traveling with older pups and at maximum size), and non-denning periods (peak timing of
juvenile dispersal and breeding). Incidentally, these seasons also correspond to actions
taken by the IFT to manage Mexican wolves. During the denning season, IFT conducts
cross-fostering, which is when captive born Mexican wolf pups are transferred into wild
dens to bolster genetics of the wild population. During post-denning, IFT conducts
foothold trapping to capture and collar wolves for monitoring. During the non-denning
season, the IFT conducts aerial darting, capture, and collaring as part of the annual
population count.

Factors reported to influence home range size in gray wolves have been
inconsistent between and within populations. Even so, it is currently assumed that
Mexican wolf ranging patterns are influenced by the same factors and assumed to display
similar patterns as other gray wolf populations (USFWS 2017). However, free ranging
Mexican wolf life history and ecology were not systematically studied before extirpation
from the wild. Therefore, this is the first study to assess factors influencing Mexican wolf
home range size at annual and seasonal timescales and will provide new information on

specific factors that affect Mexican wolf ranging patterns. Mexican wolf home range



sizes may be differentially influenced by multiple factors at different timescales due to
varying resource needs during seasonal changes in pack dynamics, behavior, and caring
for young. Thus, a multiscale approach is critical for understanding spatiotemporal
variation in Mexican wolf ranging patterns and should be useful to their conservation and

management.

Predictions

In accordance with previous research, | predicted that both ecological and social
factors would be influential in determining Mexican wolf home range size at all
timeframes. Specifically, | predicted home range size would be positively correlated with
human density, and inversely correlated with tree cover, ungulate biomass, pack size, and
wolf density at the annual timescale. During the denning season, | predicted that home
range size would be positively correlated with elevation, but that denning home range
size would decrease with increasing tree cover, ungulate biomass, litter, and pack size. |
predicted a positive correlation between home range size and elevation, and an inverse
correlation with tree cover, ungulate biomass, and pack size during the post denning
period. Lastly, | predicted that during the non-denning period, home range size would
positively correlate with elevation, and that home range size would be inversely

correlated with snow depth, tree cover, ungulate biomass, and pack size.



MATERIALS AND METHODS

Study Area

The MWEPA begins from the western edge of the Arizona state line to the eastern
edge of the New Mexico state line, extending south of Interstate 40 to the Mexico border
and is comprised of three Mexican wolf management zones. The study area was wolf
management Zone 1, which includes all the Gila, Apache-Sitgreaves National Forests;
the Payson, Pleasant Valley and Tonto Basin Ranger Districts of the Tonto National
Forest; and the Magdalena Ranger District of the Cibola National Forest (Fig. 1; USFWS
2017). Elevation in Zone 1 ranges from 501 to 3,480 m. Vegetation types in Zone 1 differ
considerably across the MWEPA: lower elevation areas of southern Arizona and New
Mexico are desert, comprised of creosote bush (Larrea tridentata) and succulent species
(e.g., Agave spp., Opuntia spp.); between 900-1,200 m are woodlands dominated by
junipers (Juniperus spp.), pinyon (Pinus spp.), and oaks (Quercus spp.); beginning
around 1,500 m, the dominant vegetation is comprised of ponderosa pine (Pinus
ponderosa), and as elevation increases so does the occurrence of Douglas fir
(Pseudotsuga menziesii), true firs (Abies spp.), and spruce (Picea spp.) (USFWS 2017).
Land ownership is also diverse; 43.5% of the MWEPA is managed by federal agencies;
state agencies manage 15.3%, Tribal 9.9%, and private land comprises 31.30% (USFWS
2017). Other potentially competing species include black bears (Ursus americanus),

mountain lions (Puma concolor), and coyotes (Canis latrans).
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Experimental Population Area outlined in blue.




Pack Selection and Representation

Mexican wolf packs were selected based on established packs that maintained at
least one member of the breeding pair wearing a GPS collar for at least one year between
1 April 2017 - 31 March 2021. Established packs were targeted because they were
expected to utilize their range more efficiently compared to singles or new pairs by
having accumulated knowledge of prey movements within their range, for example
(Pomilia et al. 2015). The breeding pair, together, establish and maintain territories
(Mech and Boitani 2003), and is expected to lead the pack to obtain necessary food and
other resources with better knowledge of the environment than younger pack members.
Data from a single collared breeding male or female wolf from each pack were used to
estimate home range size within timeframes (similar to: Ciucci et al. 1997, Benson and

Patterson 2014, Mancinelli et al. 2018).

Home Range Estimation

Methodological Considerations

There are many types of home range estimators available to evaluate an animal’s
space use. There is likely no single best home range estimator, and the choice of home
range estimator should be chosen to address one’s specific research questions (Powell
and Mitchell 2012). | considered three different home range estimators based on previous

wolf studies and current IFT management practices. These were minimum convex



10
polygon (MCP), kernel density estimator (KDE) using the reference bandwidth (hrer)
(currently used by IFT), and Brownian bridge movement model (BBMM).

MCP may be the most prevalent home range estimator used in wolf studies and is
one of the simpler estimations to calculate. MCP creates a home range polygon by
connecting the outermost points and generating the smallest convex polygon around the
points (Mohr 1947, Hayne 1949). MCP’s disadvantage is that it often overestimates space
use, especially in species associated with large home ranges (Douglas-Hamilton et al.
2005). Further, the polygon estimate produced by MCP is not based on probability of
space use. Although still prevalent in the literature, MCP is well documented as no longer
being most suitable for estimating home range, with the advent of better methods (Bdrger
et al. 2006).

KDE is regarded as a better estimator as it incorporates a probabilistic model, and
therefore results in a more accurate home range estimate than MCP (Worton 1989,
Borger et al. 2006). However, KDEs are statistically biased, and assume location points
are independently and identically distributed in probability, and thus, does not account for
spatial or temporal autocorrelation of GPS points (Noonan et al. 2018). Spatial or
temporal autocorrelation can be remedied with KDE by subsampling data; the caveat to
subsampling one’s data is that it removes pertinent information from home range
estimation because animals do not move randomly (Del Solla et al. 1999). Additionally,
KDE, especially with href, has consistently been linked to overestimating home ranges

(Kie 2013, Fletcher and Fortin 2019).



11
Brownian bridge movement model improves on non-independence of GPS

locations by estimating use between successive locations via a random-walk process from
the time and distance between locations (Fletcher and Fortin 2019). In addition, BBMM
uses the Brownian motion variance, which estimates the probability of the individual
occurring in an area during a given period of time (Horne et al. 2007). BBMM uses the
time of GPS locations and animal specific parameters including collar error and animal
speed, which has proven to be more reliable than those home range estimators that do not
have these parameters (Walter et al. 2015). Most importantly, and unlike KDE methods,
BBMM does not assume that GPS locations are independent (Fletcher and Fortin 2019).
Due to the pros and cons among the home range estimators in consideration, | selected
BBMM as the home range estimator for this study.

Home Range Estimation

Mexican wolf GPS location data were used to estimate home range at two
biological timescales: annually and during three biological seasons. Annual home ranges
were estimated from locations collected starting on 1 April through 31 March of the
following year as most pups were born in April. Biological seasons were based on data
provided by IFT on timing of reproductive events and divided into: denning,
corresponding to the period of time with young pups in the den and at rendezvous sites, 1
April — 31 July; post denning, when packs are traveling with pups and at maximum size,
1 August - 30 November; and non-denning, during peak dispersal and breeding time, 1
December - 31 March (IFT pers. comm. 2020, and similar to: Kunkel and Pletscher 2001,

Smith et al. 2004, Houle et al. 2010, Mancinelli et al. 2018). GPS collar fixes from 2-4
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points a day were included, and only data from one wolf were used at a time. After
separating the location data into the appropriate timeframes, data were brought into the
statistical program R for home range estimation with the package adehabitatHR (Calenge
2015). BBMM requires two smoothing parameters for home range estimation: 1) the
Brownian motion variance (c1), which sets the animals speed, and 2) the GPS error (c2),
which was set to 20 m (Mancinelli et al. 2018). | estimated the first smoothing parameter
using the R function liker in the adehabitatHR R package (Calenge 2006, Mancinelli et
al. 2018). Annual and seasonal home ranges were estimated using a 95% utilization
distribution (UD) isopleth, as that is typically considered the total range, and the same
isopleth across timeframes allowed for home range size comparison. If any outliers are
identified they will be kept in analyses since it represents real biological variability.

There was concern that data from a breeding female’s collar may not be a good
representation of an entire pack’s home range during the denning period as she is
suspected to stay closer to the den more often to care for pups. To alleviate this concern,
a paired t-test was conducted comparing home range sizes of each member of a breeding
pair across timeframes to ascertain if there was any significant difference between them

when both were collared in a pack.

Generalized Linear Mixed Effect Model Statistical Analyses

Generalized and linear mixed effect models (GLMM) are an extension of
traditional generalized linear models, that has been steadily increasing in popularity over

the last decade due to its ability to fit both fixed and random effects (Zuur et al. 2009,
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Harrison et al. 2018). Fixed effects are variables that are hypothesized to influence the
response variable (synonymous with covariates from traditional generalized linear
models), and random effects typically relate to a grouping variable (e.g., packs within a
population) that can control for and estimate the amount of variance from the random
effect in the dataset (Zuur et al. 2009, Zuur and leno 2016, Harrison et al. 2018). There is
no standardized protocol for which variables should be set as fixed or random, as it
depends on the research questions. | chose GLMM for this analysis as the data set was
biologically complex and benefitted from being able to fit both fixed and random effects.

Mixed effect models have been used to evaluate factors influencing home range
size in various mammal species for over a decade, including for ungulates (e.g., roe deer,
Borger et al. 2006; red deer, Rivrud et al. 2010; moose, van Beest et al. 2011; African
buffalo (Syncerus caffer), Naidoo et al. 2012), canids (gray wolf, Mattisson et al. 2013;
African wild dog, Pomilia et al. 2015; gray wolf, Mancinelli et al, 2018), and felids
(jaguars (Panthera onca), ocelot (Leopardus pardalis), cougar, Figueira Machado et al.
2017).

To examine factors influencing Mexican wolf home range size during different
timeframes, I employed generalized linear mixed effect models in the R library “Ime4”
(Bates et al. 2015), similar to other studies on pack-living canids (Mattisson et al. 2013,
Pomilia et al. 2015, Mancinelli et al. 2018). Home range size (in km?) was fitted as the
response variable in all models. To ascertain the estimated significance of fixed effects

(p-values) in final models the R package “ImerTest” was employed (Luke 2017).
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Model Fixed Effects

Elevation (m above sea level) and percent tree cover (30 x 30 m resolution) for
2019 were acquired through the Land Fire and Resource Management Planning Tools
program and downloaded from “Download Mosaic Data Products” of the land fire
website (DMDP 2021). Human population density was acquired from the Gridded
Population of the World, ver. 4.11 (CIESIN 2018) raster map at 1 km resolution. Daily
measurements for snow depth (cm) for each non-denning season came from the Snow
Data Assimilation System (SNODAS; NSIDC 2003), which is remotely sensed data
collected and interpolated by the National Oceanic and Atmospheric Administration’s
(NOAA). The 2019 existing vegetation cover (EVC) reflects change and disturbance
since the 2016 vegetation cover layer. This new layer includes vegetation cover and
disturbance for the years 2017, 2018, and 2019. To get the tree cover within each home
range (annual and seasonal), the EVC layer was clipped to each home range, and the
resulting raster from the clip output was exported and run through the R library
landscapemetrics (Hesselbarth et al. 2019) to get the percent of tree canopy cover within
each home range.

The ungulate biomass index layer (0.01 x 0.01 m resolution) was developed from
prey densities estimated by aerial surveys of elk, mule deer (Odocoileus hemionus), and
white-tailed deer (Odocoileus virginianus; Martinez-Meyer et al. 2021). This layer
represents the first spatial layer to display relative prey biomass available to Mexican
wolves and was suitable for use in this study as Mexican wolves have been recorded to

consume the ungulate species identified within the layer; wolf diet composition from scat
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included 72.8% elk and 15.8% other prey including mule and white-tailed deer (Reed et
al. 2006). The ungulate biomass index (hereafter referred to as ungulate biomass; by km?)
layer for the entire range of Mexican wolves was developed by Martinez-Meyer et al.
(2021) and acquired through CyVerse Data Commons (CyVerse 2020). Litter and pack
size for each season were obtained through IFT records. Wolf density was calculated at
the time of the annual population count in January of each study year with the total
number of individual wolves by the size (km?) of their occupied range estimated by the
IFT.

Raster data for elevation, human density, snow depth, percent tree cover, and
ungulate biomass were brought into R and extracted by each home range polygon using
the raster::extract() function in the R library raster to get the average value per fixed
effect in each home range shapefile. All fixed effects were centralized and standardized
to improve model performance and interpretability, and to facilitate interpretation of the
relative strength of fixed effect estimates (Harrison et al. 2018). Standardizing the fixed
effects was done by subtracting the mean and dividing by the standard deviation giving
each fixed effect a mean of zero and a standard deviation of one. Fixed effects in
candidate models were checked for collinearity using Pearson’s correlation and for
multicollinearity using the variance inflation factor (VIF).

Model Random Effect

“PackID” was set as a random effect to account for patterns in the residuals of the
fixed effects due to repeated observations of packs (Mattisson et al. 2013, Pomilia et al.

2015, Mancinelli et al. 2018). Further, designating pack as a random effect allowed
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comparison with other similar studies as well as application of results to the rest of the
Mexican wolf population (Harrison et al. 2018).

Preliminary Analyses

Year was set as both a fixed and random effect in preliminary models to test for
significance and variance explained. As the data spanned 4 years, the variable year was
tested for significance to support combining all years of data for each timeframe into one
analysis and for amount of variance to see if it should be included as a random effect.

Food caching is a management technique that supplements food to packs to divert
the activity of Mexican wolves away from human-wildlife conflict over livestock or
supplement packs that were given additional pups to take care of via cross fostering.
Food caching schedules and intensity (how much food and how frequent) varied between
pack and season. Providing supplemental food to packs may influence home range size;
thus, food caching was included in preliminary models to evaluate whether it should be
included as a fixed or random effect and was denoted as “0” for not being food cached
during that timeframe and a “1” if that pack was food cached during that timeframe.

Model Selection and Validation

For each timeframe, I fit a global model with a combination of the following
standardized fixed effects: elevation, human density, snow depth, percent tree cover,
ungulate biomass, litter size, pack size, and wolf density. For each global model (one for
each timeframe), the “dredge” command in the R library “MuMIn” was used to evaluate
all possible combinations of fixed effects to develop candidate models based on AICc

(Akaike Information Criterion adjusted for small sample size) values and select the most
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parsimonious model (Mattisson et al. 2013, Pomilia et al. 2015, Mancinelli et al. 2018).
Dredge is a reasonable model selection tool in this research; the selected fixed effects
affected wolf home range size in other systems. Models were listed by AAICc, and the
most parsimonious model was selected.

While using AIC is useful for selecting the most parsimonious model and
evaluating relative fit between a set of candidate models, AIC does not tell us about the
absolute model fit (Burnham and Anderson 2002, Nakagawa and Schielzeth 2013). To
assess goodness-of-fit of the fixed effects and entire mixed model, | used the R function
r.squaredGLMM() in the library MuMIn to obtain the marginal R? and conditional R?
values for each final model. The marginal R? assesses the variance explained by the fixed
effects and the conditional R? assesses the variance explained by both fixed and random

effects (i.e., the variance explained by the entire model; Nakagawa and Schielzeth 2013).
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RESULTS

Home Range Representation and Size Estimation

Twelve Mexican wolf packs contained a breeding pair collared together during
the same time period. No significant differences in home range size were found among
timeframes between individuals of the breeding pair (annual: ts=-1.14, p = 0.30; denning:
ts = -0.65, p = 0.54; post denning: ts = -1.31, p = 0.24; non-denning: ts = -0.44, p = 0.67.)
Therefore, it was appropriate to use location data for packs from one member of the
breeding pair. This resulted in a total of 22 wolf packs represented by 24 individual
wolves available for analysis: 11 packs from Arizona (Pack ID: Bear Wallow, Hoodoo,
Panther Creek, Elk Horn, Pine Spring, Prime Canyon, Saffel, Sierra Blanca, Rocky
Prairie, Castle Rock, Eagle Creek) and 11 packs from New Mexico (Pack ID: Lava,
Leopold, Luna, Mangas, Prieto, Sheepherders Baseball Park, Frieborn, Iron Creek, San

Mateo, Colibri, Pitchfork Canyon; Fig. 2).
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Figure 2. Distribution of annual home ranges for 22 Mexican wolf packs in the MWEPA
Zone 1 between 1 April 2017 and 31 March 2021. Panels represent annual distribution of
packs for 2017 (A), 2018 (B), 2019 (C), and 2020 (D). Home ranges were clipped at

tribal land boundaries.
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In total, 43,822 GPS location were recorded, yielding 216 home ranges (54 for
each season: annual, denning, post denning, non-denning) estimated with 95% UD
Brownian Bridge Movement Model for 22 Mexican wolf packs over a period of 4 years
and 4 timeframes (Table 1, Appendix A). Three packs were removed from the denning
season analysis since they did not have a litter. Across the study period, annual home
range size averaged 446 km? (range: 174-860 km?); denning: 234 km? (range: 34-920
km?); post denning: 373 km? (range: 120-1,892 km?); and non-denning: 518 km? (range:
162-1,722 km?; Table 1). Denning home range size contracted to 47% of annual home
range size; post denning size contracted 15% from annual size and increased 59% from
denning size; and non-denning home range size was 14% larger than the annual home

range size and 35% larger than post denning size (Fig. 3).

Table 1. Average home range sizes (km?) per year and timeframe as estimated using
Brownian Bridge Movement Model (BBMM) 95% UD for 22 Mexican wolf
packs by year and timeframe in the MWEPA Zone 1, United States.

Primary Year Annual Denning Post Denning  Non-Denning
2017 477 243 347 640
2018 436 186 370 523
2019 471 238 340 508
2020 402 274 425 401

All Years 446 234 373 518
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Figure 3. Boxplots demonstrating Mexican wolf home range size fluctuation throughout the 4
timeframes for 22 packs. Boxes represent the interquartile range, the thin lines in the
middle represent the median, and dots indicate outliers.
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Home Range Patterns

Ecological variables of elevation, human density, tree cover, snow depth, and
ungulate biomass did not vary much between timeframes (Table 2). The social variables
of litter and pack size showed more variation across time periods than the ecological
variables. Across the study period, average litter size was 5 pups (Table 2). Pack size
increased by 75% from the denning to the post denning period and then decreased by
28% into the non-denning period. The annual density of wolves did not change much

between the years 2017-2021 (Table 2).



Table 2. Average and range (in parentheses) of ecological and social variables
influencing Mexican wolf home ranges across 4 timeframes and 4 years in the
MWEPA Zone 1, United States. -- denotes no value for that variable at that

timeframe.
Variable Annual Denning Post Denning  Non-Denning
Elevation (m) - 2,481 2,484 2,424
(2,182-2,761)  (2,209-2,720) (2,149-2,646)
Human Density 0.27 - -- -
(per 1 km) (0.00-1.65)
Snow Depth (cm) - - -- 28.25
(3-75)
Tree Cover (%) 76.46 75.69 76.04 77.40
(49-96) (37-96) (45-95) (51-95)
Ungulate Biomass 0.81 0.83 0.82 0.80
(per km?) (0.62-0.92)  (0.55-0.93)  (0.62-0.92)  (0.58-0.92)
Litter Size -- 5 - -
(1-11)
Pack Size 6 4 7 5
(2-10) (2-7) (2-13) (2-11)
Wolf Density (per 0.003 -- -- --
km?) (0.002-

0.004)
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Generalized Linear Mixed Effect Models

Preliminary Analysis

Year was not significant in shaping home range size during any season, and R?
values explained <5% of variation across timeframes (annual 0.4%; denning 0.06%; post
denning 1%; and non-denning 4.9%). Therefore, year was neither included as a fixed nor
random effect and data were pooled across years. Similarly, food caching did not show
significantly different effects in shaping home range size (p values: denning 0.09; post
denning 0.97; and non-denning 0.75), and R? values explained <2% of variation across
seasons (denning 1.7%; post denning 0.4%; and non-denning 1.6%) and thus was not
included in seasonal models as a fixed or random effect.

Model Selection

Fixed effects evaluated in all models were not correlated; Pearson’s correlation
(¥) values were <0.6 and checked for multicollinearity using the variance inflation factor,
with all VIF values <5 (Zuur et al. 2009). The annual timescale was fit with a global
model of human density, tree cover, ungulate biomass, pack size, and wolf density. The
model selection output produced 32 models for evaluation, where the top model at this
timescale was the global model (Table 3).

The denning period was fit with a global model of elevation, tree cover, ungulate
biomass, litter size, and pack size. The model selection output yielded 16 models for
evaluation where the top model excluded the fixed effect of elevation but retained tree

cover, ungulate biomass, litter size, and pack size (Table 3). The global model for the
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post denning period was elevation, tree cover, ungulate biomass, and pack size. The
model selection output yielded 8 models, with the top model including tree cover,
ungulate biomass, and pack size (Table 3).

The non-denning period was fit with a global model of elevation, snow depth, tree
cover, ungulate biomass, and pack size. Sixteen models were evaluated from the dredge
output, with the final model retaining snow depth, tree cover, ungulate biomass, and pack

size (Table 3). The top three models were included for all timeframes.
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Table 3. Model selection table for evaluating factors influencing Mexican wolf home
range size during annual and seasonal timescale in Arizona and New Mexico
between 1 April 2017 and 31 March 2021, ranked using AIC corrected for small
sample size (AIC.). K represents the number of fixed effects and w each model’s
weight. Fixed effect abbreviations are E = elevation, HD = human density, SD =
snow depth, TC = tree cover, UBI = ungulate biomass, LS= litter size, PS = pack
size, and WD = wolf density.

Timeframe Candidate Models AICc  AAIC. w
Annual HD + TC + UBI + PS + WD 657.4  0.00 0.79
HD + TC + UBI + PS 662.5 5.04 0.06
HD + TC + UBI + WD 663.1 5.63 0.04
Denning TC+UBI+LS+PS 576.0 0.00 0.46
UBI + LS + PS 5775 253 0.11
E+TC+UBI+LS+PS 578.9 6.02 0.06
Post Denning TC +UBI +PS 7109  0.00 0.75
E+TC+UBI+PS 7135 265 020
UBI + PS 7183  7.47 0.01
Non-Denning SD+TC+UBI+PS 7256  0.00 0.55
E+SD+TC + UBI +PS 7264 078  0.37
SD +TC + UBI 7324 6.72 0.01

Generalized Linear Mixed Effect Model Results

At the annual timescale, human density, tree cover, and pack size were negatively

correlated with home range size (Table 4, Fig. 4). According to the top model estimates,
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Ungulate biomass was the strongest variable explaining home range size (p=-40.34,

Table 4), although not significant, followed by human density (B=-29.51, Table 4).

Ungulate biomass and wolf density were not found to be influential in this data set at this

timescale. The fixed effects explained 43% of the variation in data while the entire model

(fixed and random effects) explained 87% of the variation in data which results in packs

accounting for 44% of variability at the annual timeframe.

Table 4. Final model parameters and results for evaluating ecological and social
determinants of Mexican wolf home range size over 4 years and 4 timeframes in
the MWEPA Zone 1 of Arizona and New Mexico, USA using generalized linear
mixed effect models. Fixed effect abbreviations are HD = human density, SD =
snow depth, TC = tree cover, UBI = ungulate biomass, LS= litter size, PS = pack
size, and WD = wolf density. The random effect was PackID.

Timeframe Parameter J SE P-value  Marginal R> Conditional R?
Annual Intercept  427.46  29.67 <0.01 0.41 0.87
HD -29.51  27.34 0.02
TC -2.43 33.67 0.03
UBI -40.34  32.05 0.51
PS -8.68 25.15 0.05
WD -1.57 18.18 0.28
Denning Intercept  238.41 34.43 <0.01 0.35 0.39
TC 25.44 36.10 0.83
UBI -52.39  36.81 0.07
LS -3.94 26.03 0.04
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Timeframe Parameter J3 SE P-value  Marginal R> Conditional R?
PS 44.75 26.02 0.01
Post Intercept 370.87 33.76 <0.01 0.41 0.60
Denning TC 35.81 38.76 0.46
UBI -128.73  40.03 0.004
PS 46.92 33.03 0.03
Non- Intercept  6.09 0.07 <0.01 0.42 0.54
Denning SD -123.58 51.61 0.02
TC -44.44  58.71 0.45
UBI 24.69 62.34 0.69
PS -7.49 42.65 0.82
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Figure 4. Standardized variables of ecological (human population density (A) and tree
cover (B)) and social factors (pack size (C)) influencing annual home range size
(km?) of Mexican wolves between 1 April 2017 and 31 March 2021. The blue line
represents the fitted model, the gray shaded region represents the confidence
interval for the fitted model, and the black dots represent the raw data.

Litter and pack sizes both influenced home range sizes during the denning season,
with larger home ranges correlated with larger packs but smaller litters (Fig. 5, Table 4).
Ungulate biomass had a marginal effect on home range size such that wolves exhibited
smaller home ranges with higher ungulate biomass (Fig. 5, Table 4). Similar to the annual
season, ungulate biomass had the strongest effect on home range size at this timeframe

(B=-52.93, Table 4), followed by pack size (f=44.75, Table 4). Tree cover was not
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influential in shaping home range size during this season. Altogether, the fixed effects of
the denning model explained 35% of variation in the data while the whole model
explained 39% of the data which results in packs accounting for 4% of variability at the

annual timeframe (Table 4).
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Figure 5. The standardized ecological and social factors (ungulate biomass (A) litter size
(B) and pack size (C)) influencing the denning home range size of Mexican
wolves between 1 April 2017 and 31 March 2021. The blue line represents the
fitted model, the gray shaded region represents the confidence interval for the
fitted model, and the black dots represent the raw data.
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Post denning home range size was influenced by ungulate biomass and pack size;
and not influenced by tree cover (Table 4). During the post denning period, home range
size decreased with increasing ungulate biomass and increased with increasing pack size
(Fig. 6). Where both ungulate biomass (p=-128.73, Table 4) and pack size (f=46.92,
Table 4) were the strongest variables influencing home range size at the post denning
timeframe, respectively. The fixed effects of the post denning model explained 41% of
the variation in data while the whole model explained 60%, resulting in packs

accounting for 19% of variability at this timeframe (Table 4).
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Figure 6. The standardized ecological and social factors (ungulate biomass (A) and pack
size (B)) influencing the post denning home range size of Mexican wolves
between 1 April 2017 and 31 March 2021. The blue line represents the fitted

model, the gray shaded region represents the confidence interval for the fitted
model, and the black dots represent the data.

During the non-denning period, snow depth was negatively correlated with home
range size (Fig. 7, Table 4) where snow depth also had the strongest effect on the model
(B=-123.58, Table 4). Tree cover, ungulate biomass, and pack size were not notably
influential during this season. The fixed effects during the non-denning period explained
42% of the data while the whole model explained 54% of the variation in data resulting

in packs accounting for 12% of variability at this timeframe (Table 4).
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Figure 7. The standardized ecological factor of snow depth (cm) influencing the non-
denning home range size of Mexican wolves between 1 April 2017 and 31 March
2021. The blue line represents the fitted model, the gray shaded region represents
the confidence interval for the fitted model, and the black dots represent the data.
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DISCUSSION

Mexican wolves were reintroduced to the southwest 23 years ago, yet there hasn’t
been research investigating their ranging patterns and factors influencing home range size
until now. | investigated the ecological and social determinants of Mexican wolf home
range size over a period of 4 years and 4 timeframes (annual, denning, post denning, non-
denning) with GPS collar data from 22 Mexican wolf packs ranging across Arizona and
New Mexico. Home range and pack size contracted and expanded between timeframes,
ecological variables were similar among timeframes and demonstrated seasonal home
range patterns that appeared to mirror seasonal movement of prey. | predicted that both
ecological and social variables would influence home range size at all timeframes, and |
found that a combination of ecological and social variables shaped Mexican wolf home
range size depending on the timeframe.

Home range size varied across timeframes, with average home range sizes
ranging from as small as 234 km? (smallest 34 km?) during the denning period, nearly
doubling to 443 km? over the whole year, and reaching the highest average of 505 km?
during the non-denning period. The largest recorded home ranges of 1,722 and 1,892 km?
were observed during the non-denning and post denning periods, respectively. Both these
larger home range sizes came from the San Mateo pack in New Mexico where during the
post denning season they had a pack size of 13 individuals, and lower than average for
prey biomass available in their home range (UBI= 0.73). Similarly, during the non-

denning season, the San Mateo pack had 9 individuals and lower than average ungulate
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biomass (UBI= 0.74). It could be that due to larger pack size and lower ungulate biomass,
this pack had to range farther in search of food, as home range size is often inversely
correlated with higher abundance of food (Fisher et al. 2000, Anderson et al. 2005,
Loveridge et al. 2009, van Beest et al. 2011, Simchareon et al. 2014, Ward et al. 2018).
Additionally, the San Mateo pack didn’t share their home range borders with other packs,
so they may have had the freedom to range more widely in search of food. The pattern of
increasing home range size through the seasons from denning to non-denning is not
surprising given that pack movements are restricted when they have dependent pups
(denning), with increasing pack mobility (as well as pack size) through the post denning
and non-denning periods. Juveniles are known to disperse during the non-denning period
(USFWS 2017). The average annual home range may be smaller than the average home
range during the non-denning season due to the inclusion of all time periods, including
denning and post denning, when pack movements are restricted due to dependent pups,
emphasizing the importance of using a multiscale approach to investigating home range
patterns.

Pack size also influenced home range size across seasons. During the study
period, the average pack size during the denning period was 4 individuals, which
increased by 75% in the post denning period to an average of 7 individuals, likely due to
surviving pups traveling with the pack, as Mexican wolf pups have a survival rate of
about 50% between month of birth (April or May) and September of the same year

(USFWS 2017). Pack size decreased by 28% from the post denning to non-denning
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period to an average of 5 individuals, likely due to dispersing juveniles and mortalities
during this time (USFWS 2017).

Human density is important to include in wolf studies due to conflict, and wolf
preference to establish home ranges in areas of low human densities (Mech et al. 1988,
Wydeven et al. 2001, Oakleaf et al. 2006). In this study, human density was negatively
correlated with home range size at the annual time scale. It is not surprising to find
wolves establishing smaller home ranges in areas of higher human density due to wolves
avoiding human disturbance and preferring areas of higher tree cover (Mattisson et al.
2013, Kaartinen et al. 2015, Mancinelli et al. 2018). Areas of higher human density also
likely represent areas of higher wolf mortality (Oakleaf et al. 2006). Turnbull et al.
(2013) reported that from a sample of 100 Mexican wolf mortalities, where cause of
death was known, approximately 81% of mortalities were human caused including illegal
shootings and vehicle collisions. Thus, the establishment of a home range away from
higher areas of human density is critical for wolf survival, reproduction, and habitat use
(Oakleaf et al. 2006), and the negative correlation with home range size and human
density may be indicative of wolves avoiding human disturbance (Kaartinen et al. 2015).
Increased mortality of Mexican wolves in areas of higher human density may prevent
establishment of packs in areas of higher human density. However, as the Mexican wolf
population increases, smaller annual home ranges in areas of higher human use may
promote higher wolf density, increasing competition for prey and space.

The average value of ungulate biomass varied little among the four timeframes,

yet negatively impacted home range size of Mexican wolves during the denning
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(marginally) and post-denning seasons. The inverse correlation with home range size and
prey biomass found in this study is similar to findings reported in other wolf research
(Jedrzejewski 2007, Rich et al. 2012) as well as what has been reported for other species.
For example, home range size of female elk was inversely correlated with average forage
biomass in Alberta and Wisconsin (Anderson et al. 2005); moose home range size in
Norway was inversely correlated with forage density; and carnivore population home
range sizes were inversely correlated with prey availability in African lions (Loveridge et
al. 2009); tigers in Southeast Asia (Simchareon et al. 2014); and coyotes in the Southeast
United States (Ward et al. 2018). An inverse correlation with food biomass is typically
observed because when resources are abundant individuals or packs don’t need to move
as much in search of food (Ward et al. 2018). The results herein continue to support the
hypothesis that when important resources such as food are abundant, home ranges are
smaller (Anderson et al. 2005, Ward et al. 2018). Searching for prey requires important
costs per unit of time (Griffiths 1980, Petroelje et al. 2013), and the negative correlation
with Mexican wolf home range size likely represents an important energetic balance.
During the denning and post denning seasons, wolves travel long distances to bring prey
to pups constrained to the den (Mech 1973, Mech et al. 1999) or at rendezvous sites and
must travel back and forth repeatedly to feed and maintain pups (Mech 1973). Mexican
wolves likely den and set rendezvous sites with access to elk, and the negative correlation
with ungulate biomass is likely due to elk being abundant, as the denning season had the
highest average of ungulate biomass (UBI = 0.83). Ungulate biomass has been reported

as an influential factor to wolf home range size in other studies, where it was concluded
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that prey biomass may increase with increasing forest cover (Rich et al. 2012). It could be
that forest cover is more influential than prey biomass at the timescales where ungulate
biomass was not found influential (annual and non-denning) for annual home range
establishment.

High tree cover has been reported as an abiotic factor influencing home range
selection of wolf populations at the annual, denning, and post denning timeframes (Trapp
et al. 2008, Unger et al. 2009). Specifically, Unger et al. (2009) found higher canopy
cover to be significant in gray wolf den site selection, which could be indicative of
wolves preferring more vertical protection or a by-product of wolves’ selection of tree
roots for den sites, which provides more structural integrity and visual obscurity.
Similarly, in Poland Theuerkauf et al. (2003) found that wolves selected dry conifer
forests for both den and rendezvous sites. Thus, | also hypothesized that tree cover would
be influential in the denning and post denning periods for Mexican wolves. In addition to
denning and rendezvous sites, tree cover may influence wolf home range selection due to
a possible positive correlation with elk abundance and tree cover (Rich et al. 2012), as
these higher forested areas are utilized by their preferred prey for diel activity,
antipredator responses, and forage availability (Ager et al. 2003, Mao et al. 2005, Roberts
et al. 2017, Woodruff et al. 2018). Due to this, wolves may select areas of high tree cover
to increase their chances of obtaining prey (Bergman et al. 2006) that they may try to
chase into open areas. However, obtaining prey is dependent on first encountering prey.
Wolves have been documented to patrol edge areas of open and forested areas, and the

hunt may lead elk to forested areas forcing elk to maneuver around obstacles such as
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downed trees (Bergman et al. 2006). Wolves may also be handicapped by such obstacles;
however, anything that slows down an elk may close the gap in a narrow chase (Bergman
et al. 2006), and wolves have been demonstrated to use understory vegetation in forests
for stalking prey (Mao et al. 2005). If elk are in areas of higher canopy cover for hiding
or escape cover, and wolves may use similar areas for stalking, it may result in wolves
selecting the same canopy cover as their prey, possibly explaining the negative
correlation with forest cover and annual Mexican wolf home range size. Wolf habitat
selection may thus be influenced by prey habitat selection (Mao et al. 2005, Woodruff et
al. 2018). Mao et al. (2005) documented that wolf habitat selection paralleled that of elk
habitat selection in Yellowstone National Park, and in Ontario, Canada, wolves made
disproportionate use of forests in response to high quality moose habitat (Brown 2011).
The ecological characteristics of forest cover and elevation in this study of Mexican
wolves may also support this hypothesis. Specifically, the average tree cover within
seasonal Mexican wolf home ranges increased from the denning through the non-denning
season, and elk and deer have been demonstrated to use forested areas of higher canopy
cover during spring through the summer likely due to seasonal phenology of preferred
forage species (Ager et al. 2003). The relatively high amount of tree cover and ungulate
biomass in this study also coincide with a study on livestock depredation risk by Mexican
wolves. Amirkhiz et al. (2018) found that livestock depredation risk within the Mexican
wolf experimental population area was positively correlated with increasing forest cover
and abundance of elk, and these ecological variables were the main variables found to

influence ranging patterns by Mexican wolves in this study.
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Although tree cover and ungulate biomass were not directly correlated in this data
set, possibly due to small sample size or large-scale estimates of ungulate biomass, it is
possible that the negative correlation of Mexican wolf home range size with forest cover
at the annual scale may demonstrate that Mexican wolves are establishing an annual
home range in areas that increase their chances of encountering elk, and thus obtaining
elk year-round, and to avoid human disturbance, as previously discussed. Therefore, it is
critical to evaluate factors with a multiscale approach as tree cover and ungulate biomass
were influential at some timeframes but not others.

Elevation was an ecological variable of interest as it has been positively correlated
with home range size in Scandinavian wolves (Mattison et al. 2013), likely due to prey
access. Joly et al. (2017) found that wolf den sites in Alaska were selected in areas with
elevation low enough to avoid snow but high enough to have access to prey and be close
to water. However, elevation in this study area did not vary much across seasons (average
range: 2,424-2,490 m), nor did it appear in any of the top models in this study. In this
study, elevation was highest during the denning season, which is likely related to elk
movement. Similar to the pattern of tree cover, during summer and fall, elk generally
spend time in higher elevation areas where forage is available (Brough et al. 2017). As
the biological seasons progress to post denning (1 August-31 November) and non-
denning (1 December-31 March), the weather is getting progressively cooler and snow
falls pushing elk into lower elevation areas, as snow increases energetic costs and can
limit access to forage (Messer et al. 2008, Robinson and Merrill 2011, Richard et al.

2014), and predators follow (Alexander et al. 2006, Messer et al. 2008). This may further
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support that Mexican wolf seasonal home range selection may mirror that of elk as
elevation on average decreased from the denning through the non-denning season, and
this pattern is true of seasonal home ranges of elk within the study area in Northeastern
Arizona that elk movements decreased from the spring through winter home ranges of elk
(Wallace and Krausman 1997).

Previous studies have identified that wolves use roads and snowmobile trails in
the winter to alleviate the energetic cost of traveling in snow (Droghini and Boutin
2018b) and have reported a positive correlation between wolf home range and road usage
(Mancinelli et al. 2018). If wolves are using roads during the non-denning season to
alleviate energetic costs of deeper snow, it may explain the larger home range size during
the non-denning period (average 14% larger) as compared to the annual period. Wolves
in forested habitats hunt primarily through olfaction (Coulter and Mech 1971) and
snowfall may make it harder to detect prey by eliminating scent from the air, in addition
to insulating sound and covering tracks (Kyro et al. 2009). Although wolves are well-
adapted to obtaining prey in deep snow (Bergman et al. 2006, Wikenros et al. 2009),
encounter rates may be low if wolves have a harder time detecting prey (Vander Vennen
et al. 2016), and wolves may need to travel larger distances to find prey. An alternative
explanation for the negative correlation between snow depth and home range size is
increased hunting success in deeper snow. Several studies have demonstrated that wolf
hunting success increases with increasing snow depth (Nelson and Mech 1986, Fuller
1991, Huggard 1993, Wikenros et al. 2009), and less movement with increasing snow

depth could be indicative of successful hunts (Droghini and Boutin 2018b). Wolves can
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spend 3-5 days at a kill site for large prey such as elk (Metz et al. 2011, Ausband et al.
2016). However, caution should be taken with this interpretation as the snow depth in the
Southwest is considerably shallower than those in northern states. Possibly elk in this
study area can more simply move to lower elevation to get below the snow line or at least
be in more shallow snow, and elk form into large groups at lower elevation in the winter
to avoid deep snow, protect calves, and have more access to higher quality forage
(Hebblewhite and Pletscher 2002, White et al. 2012). Due to larger groups in the winter,
wolves may be able to detect prey better (Hebblewhite and Pletscher 2002); wolf
predation on elk has demonstrated to increase with increasing prey group size, where
encounter rates and successful kills were higher with elk groups between 6-30 individuals
(Hebblewhite and Pletscher 2002), similar to other predators (African wild dogs,
Fanshawe and Fitzgibbon 1993; predatory fish, Krause and Godin 1995, Connell 1999).
Thus, snow depth may indirectly increase Mexican wolf hunting success by the way it
influences elk movements.

Social variables influencing home range size are of particular interest in this study
as litter and pack size are critical components of endangered Mexican wolf ecology as a
pack living species. Litter size was negatively correlated with Mexican wolf home range
size during the denning season, similar to African wild dogs (Pomilia et al. 2015). In
preliminary analyses, food caching was not particularly informative on its own; however,
packs that are supplementally fed may not have to travel as often or as far to obtain food
for the pack and pups, possibly explaining the negative correlation with litter size and

denning home range size, warranting further investigation. Alternatively, larger litters
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may negatively impact pack movements because packs with large litters need to hunt
more often and closer to the den to sustain larger litters as packs must return to the den as
soon as possible after hunting (Mech and Boitani 2003). There was large variation in
home range size during the denning period. For example, in the 2019 year the Panther
Creek pack in Arizona had a litter size of 8 pups and a denning home range size of 34
km?, while the Sheepherders Baseball Park (SBP) pack during the same year in New
Mexico had a litter size of 3, and a home range of 472 km?2. However, litter size likely is
not the only variable influencing home range size at this timeframe. The Panther creek
pack didn’t have any packs around their 95% BBMM border, a pack size of 2, and a 0.92
value for ungulate biomass; compared to the SBP pack which had 3 packs up against
their 95% BBMM home range border, a pack size of 4, and a 0.79 value for ungulate
biomass. Thus, for the SBP pack even though they had a smaller litter, they may have had
to expand their range for food due to lower ungulate biomass, a larger pack, and potential
competition from neighboring packs. The potential relationship between litter size,
ungulate biomass, and competition for resources warrants further investigation.

The relationships between pack size and home range size were also interesting.
Home range size was inversely correlated with pack size at the annual time scale, but
positively influenced by pack size during the denning and post-denning seasons. In a
seminal paper, Macdonald (1983) demonstrated a positive correlation between wolf pack
size and annual home range size, and similar relationships with African lions, spotted
hyena (Crocuta crocuta), and coyote groups. However more recent publications have not

observed this relationship for coyotes (Patterson and Messier 2001) or wolves (Potvin
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1988, Mech et al. 1998, Rich et al. 2012, Kittle et al. 2015). Due to the cost of
maintaining a home range including perimeter control, scent marking, and the occasional
intraspecific aggression (Kittle et al. 2015), a home range should be large enough to
encompass pack requirements and small enough to maintain energy efficiency
(Macdonald 1983), which is commonly why there is an inverse relationship between
overall home range and pack size in wolves (Kittle et al. 2015). At the annual scale, the
inverse relationship with home range and pack size held true, however, larger packs may
not always indicate energy efficiency (Schmidt and Mech 1997). The cost of sharing Kills
(Packer et al. 1990), some pack members tendency not to contribute to the kill (MacNulty
et al. 2012), and reduced efficiency of group search can outweigh any potential benefits
of larger packs (Fryxell et al. 2007). For example, in Yellowstone National Park, gray
wolf hunting success of elk did not measurably improve beyond pack size of 3to 4
wolves due to additional pack members withholding effort (MacNulty et al. 2012).
However, Mexican wolves are smaller in stature than their Northern cousins in
Yellowstone National Park but are hunting the same type of elk (rocky mountain elk); it
may be that 5 to 6 Mexican wolves is the optimum pack size for pack efficiency in
hunting, as the beta estimate for pack size was negative during the non-denning season
(average 5 individuals) and annual scale (average 6 individuals). Similarly, results from
other large social carnivores demonstrated more cooperation when hunting larger prey in
larger groups up to a threshold (African lion (Scheel and Packer 1991); African wild dogs
(Creel and Creel 2002)). If a negative correlation represents pack efficiency, then a

positive correlation may be indicative of reduced pack efficiency. Possibly, the positive
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correlation between pack size during the denning period suggests that packs have to hunt
more often to sustain themselves and their litter, while during the post denning period,
with an average of 7 individuals, younger members may not be contributing to the hunt
(MacNulty et al. 2012). Thus, Mexican wolf packs during these seasons may be reduced
in efficiency. In fact, wolf packs have been known to provision their pups to at least 13
months old (Mech 1995).

The Mexican wolf population has increased yearly over the past 5 years (USFWS
2021). Consequently, I suspected that wolf density would be a social variable influencing
annual home range size, but it did not. Mexican wolf packs utilized in this analysis
displayed high annual home range overlap (Fig. 2); home range overlap in canids is often
exhibited when overlapping packs have related members (Jackson et al. 2017). In fact,
intraspecific killings between Mexican wolves are low (USFWS 2017). As of 2017,
Mexican wolves in the United States population were on average as related to one
another as half-siblings (USFWS 2017), with their population mean relatedness in the
United States being 0.25 (USFWS 2017). Alternatively, the amount of overlap seen could
be due to relatively high resources (high prey biomass), as seen between wolves and
between wolves and coyotes (Petroelje et al. 2021). In addition, lack of effect of wolf
density on home range size could be due to the relatively low population of Mexican
wolves (186 individuals in Arizona and New Mexico). The average density of Mexican
wolves was 0.03 wolves per 100 km? in an average of 32,014 km? occupied range; as
compared to a recent study in Poland found that wolf density of 0.92 wolves per 100 km?

in a 2,500 km? study area where wolf density negatively impacted home range size
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(Mystajek et al. 2018). Any effect of wolf density may be better explained by the number
of surrounding packs, as some packs didn’t have any surrounding packs (e.g., San Mateo)
while others had up to 5 surrounding packs (e.g., SBP; Fig. 2). Mexican wolves may not
have yet reached a threshold where density is a limiting factor on establishing an annual
home range.

Ecological and social variables influenced home range size at different time
scales. The annual home range size of Mexican wolves demonstrated typical annual
home range selection as a function of high prey biomass, in addition to low human
population densities. Home range size during the denning and post denning periods was
largely influenced by social variables (litter and pack sizes) and the ecological variable of
ungulate biomass, likely due to increased demand for food to support pups and larger
pack sizes, which may reduce pack efficiency. Home range size during the non-denning
period was influenced only by snow depth, possibly due to increased energetic costs, or

alternatively increased hunting success.
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CONCLUSION

Where wolves occur, there is large variation in home range size between and
within populations (Fuller et al. 2003, Jedrzejewski et al. 2007, Adams et al. 2008,
Mattisson et al. 2013). This was further confirmed in this study and emphasizes the
importance of evaluating factors influencing home range size for distinct populations to
make data driven decisions for population-specific management. When home range is
only studied at the annual time scale, it obscures home range and pack size fluctuations
across smaller time periods (seasons) and therefore does not demonstrate what factors are
relevant at each scale, which is essential for sensitive species conservation and
management.

A lot is known about the general factors influencing home range size of gray
wolves, but little is known about the factors influencing Mexican wolf home range size.
Some of the relationships found in this study deviate from findings of other wolf
research, demonstrating the importance of analyzing spatial ecology of a species with a
multiscale approach, including timeframes that may be important to recovering and
managing populations. As home range areas during the denning season are significant
factors influencing the reproductive success of a wolf pack (Harrington et al. 1983),
understanding the factors affecting their denning and post denning ranging behavior may
provide critical insight and information to managers as Mexican wolves continue to

expand in the MWEPA.
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Examining Mexican wolf ranging behavior across multiple spatiotemporal scales
has led to a better understanding of how this controversial, highly mobile species
navigates through the landscape in space and time in response to ecological and social
variables. The information from this research is novel and informative for Mexican
wolves. | expect my results will broadly inform management and conservation by

promoting data-driven decisions on management actions taken during biological seasons.
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APPENDIX

Appendix A: Home range sizes (km?) as estimated using Brownian Bridge Movement
Model (BBMM) 95% UD for each individual wolves from 22 Mexican wolf
packs, per timeframe in the Mexican Wolf Experimental Population Areas
(MWEPA) Zone 1, United States. F=female; M= male.

Pack Primary  Wolf Annual Denning Post Non- Total
(km?) (km?)  Denning Denning
Year ID/Sex (km?) (km?) GPS
Locations

Bear Wallow 2017 1335/F  300.95 196.79  227.18 324.04 1,001

Hoodoo 2017 1333/F  313.28 213.04 351.89  289.56 800

2018 1333/F  359.43 166.13  327.52  369.57 783

2019 1333/F  347.09 20751 325.75  305.66 937

2020 1333/F 44146 149.20 302.76  534.78 906

Lava 2017 1405/F  859.43  383.50 478.92 1177.99 600

2018 1405/F  488.62 303.10 47436 30191 649

2019 1405/F  673.15 22211 44569  734.56 700

2020 1405/F  463.72 187.76  504.94  366.33 770

Leopold 2017 1346/F  410.43 12091 34146  445.89 1,410
2018 1346/F 44448 20351 33296  453.00 1,413
2019 1346/F  373.66  82.00 233.12  380.87 1,351

2020 1346/F  476.93 210.63 27849  469.25 1,289

Luna 2017 1158/M  488.41 354.12  336.23  595.16 330

2018 1158/M  717.28 664.92  660.14  833.97 223

2019 1158/M  655.83  614.60  539.63  479.57 250
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Pack Primary  Wolf Annual Denning Post Non- Total
(km?) (km?)  Denning Denning
Year ID/Sex (km?) (km?) GPS
Locations

Mangas 2017 1296/M 57193  72.20 420.38  746.05 650
2018 1296/M  611.17 202.70 72554  552.63 648

2019 1296/M  558.36  129.47 47256  700.85 658

2020 1296/M  584.05 206.24  557.01  629.92 637

Panther 2017 1339/F 641.76 386.48  284.83 1450.96 700
Creek 2019 1683/F 447.83 34.43 276.71 564.24 651
2020 1683/F 313.39 33114 23567 301.10 767

Prieto 2017 1251/F  337.64 208.75 34253  347.46 1,372

2018 1251/F 355,59 223.71  387.39  319.19 1,350

2019 1251/F 250.2 12427  198.84  242.46 1,346

Sheepherders 2017 1553/F 37456 25283 335.69  387.08 619
Baseball 2018 1553/F 552.65 198.35  335.61  714.47 629
Park 2019 1553/F  623.29 47222 50959  677.01 639
2020 1553/F  648.06 727.38 421.28  662.86 641

Elk Horn 2018 1294/F 439.43 124.12 418.54 543.70 725
2019 1294/F 425.11 402.14 411.46 337.98 730

2020 1294/F  296.48 140.15 251.70 330.24 726

Frieborn 2018 1443/F  292.43 173.16  223.29  348.44 686
2020 1443/F  478.19  83.54 431.03  507.08 631

Iron Creek 2018 1278/F  287.39 11051 24831  372.98 650
2019 1278/F  119.16 187.62  169.96  231.99 705

2020 1278/F  213.81 128.32 14554  248.82 654
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Pack Primary  Wolf Annual Denning Post Non- Total
(km?) (km?)  Denning Denning
Year ID/Sex (km?) (km?) GPS
Locations
Pine Spring 2018 1394/M 25457  72.87 158.80  334.29 912
Prime 2018 1471/M 25319 14259  146.20 276.81 280
Canyon 2019 1471/M 57427 158.02  486.98  593.51 239
Saffel 2018 1441/M  300.16  211.44 254.55 257.38 671
2019 1567/F 293.09 10091 269.60 301.74 700
San Mateo 2018 1399/F  823.71 119.98 54477 1,722.18 669
2019 1399/F  774.15 600.72 45427  827.21 642
2020 1399/F  511.75 919.74 1,892.20 582.04 632
SierraBlanca 2018 1550/F  359.45 207.84  309.20  456.86 651
2020 1550/F 558.37 375.14 602.34  391.42 871
Colibri 2019 1555/M  483.69 163.63 17547  838.39 1,553
Rocky 2019 1489/F  386.34  240.37  130.74  409.81 715
Prairie 2020 1489/F 17491  88.72 120.92  240.97 805
Castle Rock 2020 1686/F  191.29 11721  176.88  162.15 959
Eagle Creek 2020 1477/M 24407 19755 14475  288.88 1,446
Pitchfork 2020 1853/F  436.07 350.63  310.11  295.86 1,851
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