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Coyote (Canis latrans) range expansion into desert ecosystems has highlighted the role of anthropogenic water
sources in arid ecosystems. Despite hypotheses that additional water facilitated this expansion, previous studies
reported that coyotes did not exhibit a spatial or dietary response to removal of anthropogenic water. We used
GPS data to examine if coyotes responded to water removal at a finer spatial scale than previously investigated.
Our integrated step selection analysis did not find evidence that coyotes adjusted their distance to water
following water removal. Vegetation was an important factor in habitat selection of coyotes, with riparian and
agricultural areas being the most selected among vegetation types. Coyotes selected for locations where hunting
and trapping was prohibited. Possibly the cause of increased coyote abundance in our study area was not due to
the introduction of anthropogenic water sources but rather due to the cessation of regional lethal predator
control programs. These two management decisions both occurred in the 1970s, therefore, their influences on the
subsequent increase of coyote abundance may have been conflated. Our results, in combination with previous
studies, provide evidence that coyotes are desert-adapted carnivores that do not rely on anthropogenic water

sources.

1. Introduction

Water is a vital resource for all organisms. However, water can be
scarce in certain ecosystems such as deserts. Many organisms have
developed adaptations to survive in these reduced water environments
(Costa, 2012). Even with these adaptations, water can still be a limiting
resource for organisms. Wildlife resource managers have constructed
anthropogenic water developments intended to benefit wildlife pop-
ulations in arid environments; in 1997 as many as 10 western state
wildlife agencies had active water development programs, and collec-
tively had constructed at least 5859 water developments (Rosenstock
et al., 1999). Despite their long running and widespread use, the utili-
zation and benefits of water developments by wildlife populations is
understudied (Simpson et al., 2011). As global temperatures continue to
rise and human populations in the arid west increase, drought and water
shortages are expected to increase (Fort, 2002). Therefore, the potential
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mitigation value of water developments may also likely increase (Rich
et al., 2019), necessitating a firm understanding of how these anthro-
pogenic water sources impact wildlife populations and communities.
Following the reduction of large carnivores across North America,
midsized carnivores such as coyotes (Canis latrans) expanded their dis-
tribution >40% from their historic range of the 18th and 19th centuries
(Laliberte and Ripple, 2004). This range expansion included a push into
arid environments; coyotes now occur in most areas having abundant kit
fox (Vulpes macrotis) populations (Ralls and White, 1995). Kit foxes are
listed as vulnerable in the state of Utah (NatureServe, 2022), and
intraguild predation (Polis et al., 1989) by coyotes on kit foxes is the
leading cause of kit fox mortality (Ralls and White, 1995; Kozlowski
et al., 2008; Kluever and Gese, 2017). Researchers have proposed that
increasing coyote populations drove a decline of kit fox numbers in the
west desert of Utah, mainly via intraguild predation and competition
(AGEISS Environmentallne, 2001; Arjo et al., 2007; Kozlowski et al.,
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2008).

One suggested explanation for the increase of coyotes in the west
desert was the increased presence of anthropogenic water sources. The
“indirect effect of water” hypothesis states that anthropogenic water
sources are helping non-desert adapted animals, such as coyotes, gain
purchase in environments that were considered unsuitable to their
ecological needs, and they are now outcompeting endemic species spe-
cifically adapted to this climate, such as kit foxes (Hall et al., 2013). The
basis of this hypothesis is the reliance on anthropogenic water by
non-desert adapted animals. Addition of water to arid environments has
been shown to reduce physiological stress and increase survival of large
predators (Brawata and Neeman, 2011). This facilitates the persistence
of large predators and increases the potential for conflict with intraguild
prey (Atwood et al., 2011). Kit foxes do not require free water and can
satisfy their water requirements through consumption of prey items,
while it has been hypothesized that coyotes need to consume 3.5 times
the amount of prey to meet their water requirements in the absence of
available water during the summer (Golightly and Ohmart, 1984).
Therefore, a lack of permanent freestanding water is not a deterrent to
kit foxes occupying desert environments and may have provided them
suitable habitat free from competition with or predation by coyotes.

The Dugway Proving Ground (DPG) is a United States Army instal-
lation in Tooele County, Utah, USA, covering ~3000 km? of Great Basin
desert habitat. The DPG has been the site of ecological research since the
1950s, when Egoscue (1956) performed preliminary studies of kit foxes
and found they were the most common carnivore on the DPG. Other
records indicated coyotes were rare at the DPG during the mid-20th
century (Shippee and Jollie, 1953). In the early 2000s, coyotes were
reported as the most abundant carnivore on the DPG, while kit fox
populations had declined (AGEISS Environmentallnc, 2001). Anthro-
pogenic water sources were introduced to the DPG in the 1970s, and it
was believed that these new water sources permitted coyotes to inhabit
territories that were previously inaccessible to them due to a lack of
sufficient freestanding water (Arjo et al., 2007; Kozlowski et al., 2008).
In support of this theory, coyote core home ranges in the DPG all radi-
ated from permanent water sources, and the recommendation was made
that removing or excluding coyotes from these water sources could
potentially change coyote spatial patterns and reduce coyote presence
on the DPG (AGEISS Environmentallnc, 2001).

Kluever and Gese (2016) was one of the first studies to move past
observational research and implement a before-after-control-impact
(BACI) study design aimed at examining the impact of anthropogenic
water sources on individual coyote spatial distributions by manipulating
water availability on the landscape. Kluever and Gese (2016) found no
change or shift in home ranges of coyotes following removal of water
sources, which contradicted the postulations of Arjo et al. (2007) and
Kozlowski et al. (2008). The coyotes whose only water sources were
turned off did not leave the area, nor did they adjust their home ranges
to include additional permanent water sources, and survival was not
affected (Kluever and Gese, 2016). The only resultant change was a
decrease in the frequency of visits to water resource sites that had been
turned off. However, there were sample size limitations for both indi-
vidual coyotes and VHF based location data, resulting in little to no
statistical inference.

Hall et al. (2013) also found no evidence to support the indirect ef-
fect of water hypothesis for coyotes and kit foxes. Coyote occurrence was
associated with factors other than the presence of free water and more
research was needed to determine those factors (Hall et al., 2013). In
addition, coyotes on the DPG during the Kluever and Gese (2016) study
did not compensate for the removal of artificial water sources by altering
their diets to larger prey which contain more preformed water (Hodge
et al., 2022). Since coyotes on the DPG did not alter their home ranges
(Kluever and Gese, 2016) or diet (Hodge et al., 2022) in response to
removal of water sources, then possibly they were impacted by the water
manipulation at a finer scale of habitat selection, the within home range
scale, known as 3rd order habitat selection (Johnson, 1980).
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Therefore, the objective of this study was to examine space use of
coyotes pre- and post-water manipulation to evaluate if the removal of
anthropogenic water sources impacted fine-scale habitat selection and
distance to the closest water source. The indirect effect of water hy-
pothesis rests on the assumption that coyotes cannot persist in desert
ecosystems without the additional anthropogenic water sources. This
study evaluated whether coyotes continued to use the same geographic
areas both with access to anthropogenic water and after access to
anthropogenic water sources was reduced. If coyotes chose to remain in
locations without anthropogenic water, it was likely that water access
was not a limiting factor to their fitness.

Our proposed hypothesis was that water manipulation would not
impact coyote habitat use patterns. If this hypothesis was supported, we
would expect to see a higher relative intensity of use in locations with
larger distances to the nearest water source once anthropogenic water
was removed. For example, within a certain geographic area if the
number of available water sources declines, the average distance to
remaining water sources in that geographic area would increase. If
anthropogenic water sources do not influence coyote space use patterns,
we would expect that once water sources are removed, coyotes appear to
use locations that are further from the nearest water source. If, however,
coyotes rely on anthropogenic water, we would expect to see coyotes
maintain the same intensity of use of locations with shorter distances to
nearest water, as coyotes would need to shift their space use patterns to
account for the reduction in available water sources.

2. Methods
2.1. Study area

We conducted this study in Tooele County, Utah, USA, within the
eastern portion of the DPG and adjoining federal lands (Fig. 1). Eleva-
tions ranged from 1287 to 3355 m. Annual mean air temperatures were
12.7 °C (range: 20.0 to 40.6 °C) and annual mean precipitation was 21.0
cm (range: 14.7-29.4 cm; U.S. Army Dugway Proving Ground, Meteo-
rological Division). The Palmer Drought Severity Index (PDSI) during
our study ranged from —3.0 to 4.3 (mean = —0.3, SD = 2.5) in the
summer, and —2.4 to 2.6 (mean = —0.2, SD = 1.4) in the winter. We
identified 50 water sources on the landscape, consisting of 15 natural
springs, 14 wildlife guzzlers, 16 livestock tanks, and 5 ponds, which
represent the vast majority of available water sources in the study area;
11 of the livestock tanks were only active during the grazing season (1
November - 31 March). Guzzlers were primarily placed among or at the
base of mountainous areas to benefit populations of chukar partridges
(Alectoris chukar) and mule deer (Odocoileus hemionus), and ponds were
primarily located in flat land areas to support urban development (Hall
et al., 2013). Guzzlers were designed to allow no run-off or access to
water by rooted vegetation. Therefore, guzzlers did not support riparian
vegetation while springs and man-made ponds were often associated
with riparian communities, primarily comprised of tamarisk (Tamarix
ramosissima) (Emrick and Hill, 1999). Anthropogenic water sites (i.e.,
guzzlers, ponds, and livestock tanks) were developed between the 1960s
and 1990s (Arjo et al., 2007). There was no free-flowing water present
on the study area. Additional water sites (e.g., hardpans, rainfall,
drainages) were ephemeral pools lasting <1 week and were assumed to
be homogenous throughout the study area.

The study area was predominately flat playa punctuated with steep
mountain ranges. The lowest areas consisted of salt playa flats sparsely
vegetated with iodinebush (Allenrolfea occidentalis; Kluever and Gese,
2016). Less salty, slightly higher elevation areas supported a cold desert
chenopod shrub community consisting of principally of shadscale
(Atriplex confertifolia) and greenmolly (Kochia americana). At similar
elevations, shrub communities dominated by greasewood (Sarcobatus
vermiculatus) were found. Mid-elevations consisted of vegetated sand
dunes. Near the bases of the higher steep mountains were shrub-steppe
communities of sagebrush (Artemisia sp.). The highest elevations
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Fig. 1. Free water sites (total n = 50) in study area which were available year-round (n = 39 pre-manipulation, n = 33 post-manipulation) or available only in the
winter (n = 11), and those that were manipulated (n = 6). Dugway Proving Ground (DPG) and adjacent public lands, Utah, USA, 2010-2013.

consisted of Utah juniper (Juniperus osteosperma) communities including
black sagebrush (Artemisia nova) and bluebunch wheatgrass (Pseudor-
oegneria spicata). Along the foothills, where wildfires had occurred,
cheatgrass (Bromus tectorum), Russian thistle (Salsola kali), and tall
tumble-mustard (Sisymbrium altissimum) had invaded communities of
sagebrush, juniper, and rabbitbrush (Chrysothamnus sp.) (Arjo et al.,
2007). We classified the vegetation in our study area into the following
categories based on plant physiognomy: barren (22.2%), desert scrub
(21.2%), grassland (19.9%), sagebrush (13.8%), forest (12.2%), shrub-
land (5.8%), developed (1.8%), agriculture (1.1%), riparian (0.1%), and
sparsely vegetated (1.9%) (landfire.gov, accessed 2021).

2.2. Animal capture and handling

Methods for coyote capture followed Kluever and Gese (2016). We
captured coyotes via helicopter net-gunning (Gese et al., 1987) or
foothold traps (#3 Soft Catch, Oneida Victor Inc., Euclid, OH) affixed
with a trap tranquilizer device (Sahr and Knowlton, 2000). We staggered
captures throughout the study, mainly between January 2010 to

December 2012. Processing of coyotes included taking blood samples,
affixing ear tags, and recording weight, sex, and morphological mea-
surements. We determined age by tooth wear, tooth eruption and body
size (Gier, 1968), and we fitted adults with a 200 g global positioning
system (GPS) radio-collar (Model M2220; Advanced Telemetry Systems,
Isanti, MN). The GPS collars were store-on-board with a programmed
release mechanism that allowed collars to be recovered without recap-
turing coyotes. We captured coyotes throughout the study area and ef-
forts were made to radio-collar only one individual per social group. We
limited capture efforts to October through February of each year so as to
not interfere with parturition and pup rearing. Capture and handling
protocols were reviewed and approved by the Institutional Animal Care
and Use Committees (IACUC) at the United States Department of Agri-
culture’s National Wildlife Research Center (QA-1734) and Utah State
University (#1438). Permits to capture and handle coyotes were ob-
tained from the Utah Division of Wildlife Resources (COR
#4COLL8322). All capture and handling procedures were in accordance
with guidelines endorsed by the American Society of Mammalogists
(Sikes et al., 2016).
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2.3. Water manipulation

Halfway through the study period, in March 2012, we drained 5
guzzlers using a generator and submersible pump, then covered the
drinking portals with plywood. Drained guzzlers were selected
randomly. Guzzler water levels were checked monthly and were re-
drained if they reached >2/3 capacity. In addition, one pond was
excluded by affixing a 1.2 m chain-link apron to an existing surrounding
chain link fence. The pond was not randomly selected for exclusion
because it was the only pond on DPG where exclusion was possible with
available resources. All manipulated water sources were previously
available year-round (Fig. 1). At the time of manipulation, these sites
were thought to account for 33% (6 of 18) of the available perennial
anthropogenic water sites within the study area. The manipulation
allowed us to incorporate a multiple-treatment site, multiple-control site
BACI design (Morrison et al., 2008) where we assessed distance to water
before and after eliminating water availability at water sites. This
allowed us to compare the temporal spans prior to (pre-) and after
(post-) the water manipulation.

2.4. Home range determination

Locational data were recorded by GPS-collars every 4 h and used to
calculate home ranges of individual coyotes. We evaluated seasonal
home ranges using an autocorrelated kernel density estimate (aKDE)
that accounts for the inherent spatial-temporal autocorrelation present
in GPS data taken at frequent time fixes and reduces home range bias
(Fleming et al., 2015). Each annual seasonal home range was based on
>30 GPS points analyzed using the amt package in R (Signer et al.,
2019; R Version 4.0.2, www.r-project.org, accessed Aug 22, 2020). We
determined seasons by average snowfall as wet/winter (1 November —
31 March) and dry/summer (1 June — 30 September) to account for the
presence of free water across the landscape in the form of snow. We did
not include data from April, May, or October as those were transitional
months. This allowed us to have a clear delineation between wet and dry
seasons.

2.5. Integrated step selection analysis

We investigated the effect of water manipulation on coyotes’ rela-
tionship with water, as well as general coyote resource selection using a
type of step selection function (SSF; Thurfjell et al., 2014) known as an
integrated step selection analysis (iSSA; Signer et al., 2019; Avgar et al.,
2016). An SSF evaluates which habitat and environmental covariates
serve as predictors of wildlife space use and operates at the
spatio-temporal scale of each location (Thurfjell et al., 2014) permitting
the inclusion of time-varying covariates such as the Palmer Drought
Severity Index (PDSI) and other environmental covariates of interest
(Table 1). An SSF considers a ‘step’ to be the straight-line distance be-
tween two consecutive GPS points and uses conditional logistic regres-
sion to examine how animals move through the landscape (Thurfjell
et al., 2014). We used the amt package in R to run the iSSA; for each
observed step, we generated 10 available steps from the same starting
location, with the step length drawn from a gamma distribution and the
turn angle drawn from a von Mises distribution (Signer et al., 2019). The
randomly generated step locations represented habitat that was avail-
able for coyotes to select. The response variable in our models was
whether a step was used (confirmed through GPS data) or available
(randomly generated). It is important to note that available locations
may have been used by coyotes between data collection points.

We split the data into treatment and control groups based on whether
coyotes were impacted by the water removal or not. Treatment coyotes
were individuals that contained one or more manipulated water source
(s) within their seasonal home ranges. Control coyotes had either 1) GPS
location data only from the pre-manipulation period, when all free water
sites were available, or 2) had GPS location data both pre- and post-
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Table 1
Environmental and demographic covariates used to model coyote (Canis latrans)
habitat selection on the Dugway Proving Ground, Utah, 2010-2013.

Covariate Description Type of Source
Measure
Elevation Elevation centered and Continuous 30 m digital elevation
scaled to a standard model (DEM; usgs.
deviation of 1 gov, 2021)
Vegetation Vegetation type (n = Categorical LANDFIRE 2012
10) of each 30 m? pixel, (LF_130) Existing
classified using plant Vegetation Type (lan
physiognomy dfire.gov, accessed
2021)
Distance to Log transformed Continuous Kluever and Gese
road Euclidean distance to (2016)
the closest road
Distance to Log transformed Continuous Kluever and Gese
active water Euclidean distance to (2016)
source the closest active water
source
Distance to Log transformed Continuous Kluever and Gese
inactive Euclidean distance to (2016)
water the closest inactive
source water source
Within/out Whether or not the Categorical Kluever and Gese
boundary of  location is inside the (2016)
DPG boundaries of the DPG
Palmer Measure of drought that ~ Continuous GRIDMET/DROUGHT
Drought incorporates (Abatzoglou, 2012)
Severity temperature and
Index precipitation data
(PDSI)
Season Wet: (1 November — 31 Categorical
March)
Dry: (1 June - 30
September)
Pre/Post Whether the observed Categorical

GPS data were collected
from before or after the
March 2012 water
manipulation

manipulation and did not contain a manipulated water source in any
of their pre-manipulation seasonal home ranges. Therefore, control in-
dividuals were sampled throughout both the pre- and post-manipulation
periods and did not experience the water removal treatment, whereas
the treatment individuals were sampled throughout the pre- and post-
manipulation periods and were exposed to the water removal. This
represents a BACI study design where both control and treatment groups
are monitored both before and after a treatment.

We separated our data into treatment and control groups and
modeled them separately due to sample size constraints with multiple
interactions. For each treatment and control group we used an a-priori
modeling approach (Burnham and Anderson, 2002) and evaluated four
models: a full model with all covariates (n = 9), a water-only model that
focused on distance to active and inactive water sources, a model that
excluded all water-related variables, and a model that excluded vege-
tation (Table 2). We chose these models to evaluate if habitat selection
was a mixture of multiple factors (full), if it was driven solely by water
(water-only), if water was extraneous (water exclusion), and if vegeta-
tion was extraneous (vegetation exclusion). We examined several envi-
ronmental and demographic covariates (Table 1) for each model
(Table 2).

We included three interactions for distance to water. The interaction
between distance to water and the water manipulation (pre/post) is a
test of the water removal treatment (i.e., we estimate whether there is a
difference in the effect of water in the pre-vs post-manipulation periods).
In the control group analysis, the estimate from this interaction reflects
‘natural’ change in the distance to water effect from the pre-to post-
manipulation period. We consider this ‘natural’ change in the distance to
water effect because the control group did not experience any water
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Table 2

Candidate models of coyote (Canis latrans) habitat selection ranked by Akaike’s
Information Criterion for small sample sizes (AICc) scores. PDSI: Palmer Drought
Severity Index. Each model includes the following movement covariates: step
length (s), log-step length (log_sl), and the cosine of the turn angle (cos_ta).
Dugway Proving Ground, Utah, 2010-2013.

Model Treatment Control
df AAIC, Weight AAIC,. Weight
Full Model: 20 0 1.00 0 1.00

Elevation + Vegetation -+ Road +
Water + Inactive 4+ Dugway +
(Water: Pre/Post) + (Water *
Season) + (Water * PDSI) + sl +
log_sl + cos_ta
No Water Model: 15 145 0 825 0
Elevation + Vegetation -+ Road +
Dugway + sl + log sl + cos_ta +
(log_sl * Dugway)
No Vegetation Model: 11 380 0 637 0
Elevation + Road + Water +
Inactive + Dugway + (Water:
Pre/Post) + (Water * Season) +
(Water * PDSI) + sl + log_sl +
cos_ta
Water Only Model: 8 546 0 1229 0
Water + Inactive + (Water: Pre/
Post) + (Water * Season) +
(Water * PDSI) + sl + log_sl +
cos_ta

removal manipulation. The same interaction in the treatment group
represents the combined ‘natural’ change expected between the pre- and
post-manipulation periods plus the effect of the water removal treat-
ment. Further, we hypothesized that regardless of whether individuals
were in the treatment or control group, the effect of distance to water on
habitat selection may differ during the season (wet/dry), and based on
drought severity (PDSI), as individuals may experience different water
limitations during these seasons and drought conditions (Table 2).

We log transformed covariates that were ‘distance to’ features, and
elevation was centered and scaled with a standard deviation of 1.
Vegetation was a categorical covariate derived from the LANDFIRE
2012 dataset (landfire.gov, accessed 2021) with the following categories
classified by plant physiognomy: agriculture, barren, desert scrub,
developed, forest, grassland, sparsely vegetated, riparian, sagebrush,
and shrubland. We included movement covariates of step length, log
step length, and cosine of the turning angle in every model. We checked
for correlations between all covariates and any with a correlation higher
than 0.7 were excluded from the models to avoid issues of collinearity
(Dormann et al., 2013). We used Akaike’s Information Criterion with a
correction for small sample sizes (AIC.; Burnham and Anderson, 2002)
to determine the best supported model.

We evaluated model fit using used-habitat calibration (UHC) plots
(Fieberg et al., 2018). Traditional methods of evaluating resource se-
lection functions, which have also been applied to SSF, quantify the
model’s ability to classify locations as used or unused (Johnson et al.,
2006). These traditional methods are not appropriate to use for a SSF
because they cannot account for the inherent stratified nature of the
temporally variant data (Fieberg et al., 2018). The UHC plots validate
models based on how well they predict the habitat characteristics
associated with used locations, which allows them to validate SSFs ac-
counting for stratified data (Fieberg et al., 2018).

As we were working with used-available data (as opposed to used-
unused data), we cannot estimate the probability of use of a resource
unit since available locations may have been used between data points
(Manly et al., 2002), and alternatively estimated the relative selection
strength for categorical variables (RSS; Avgar et al., 2017). The RSS
compares the probability of selection at one or more location(s) to that
of a single reference location and allows for easier interpretation of iSSA
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results.

3. Results

We radio-collared 31 coyotes (13 females, 18 males) between
January 2010-December 2012 and monitored them until December
2013. We established 102 seasonal aKDE home ranges based on a mean
of 475 GPS points each (range = 32-878, SD = 240). Individual coyotes
had a mean of 2.46 seasonal home ranges (SD = 1.48, range = 1-5)
before the 2012 water manipulation, and a mean of 2.75 (SD = 0.92,
range = 1-4) after the manipulation. We recorded 16 mortalities of
radio-collared coyotes during the study period, 12 (75%) were due to
hunting/trapping, 2 (12.5%) were due to predation, and 1 (6.3%) each
were due to sepsis and vehicle collision. Of the 31 radio-collared coy-
otes, 30 (12 females, 18 males) were considered for further analysis
(~65,000 GPS locations). The one coyote removed from analysis had
data collected every 7 h, and therefore could not be analyzed with the
remainder which all had 4 h between locations.

The treatment group consisted of 9 coyotes (1 female, 8 males) which
contained at least one manipulated water source(s) in their seasonal
home ranges and reported data from 1) both pre- and post-water
manipulation (6 males), or 2) only from post-manipulation (1 female,
2 males). The remaining 21 coyotes (11 females, 10 males) were
assigned to the control group and had either 1) data only from pre-
manipulation (9 females, 9 males), or 2) had data both pre- and post-
manipulation and did not contain a manipulated water source in any
of their pre-manipulation seasonal home ranges (2 females, 1 male). Due
to mortality of study animals during the study only 9 coyotes total
provided data both pre- and post-manipulation. We chose to keep
additional animals in the analysis to decrease the impact of individual
variation on the results.

Based on AIC. values, the full model, which included all covariates,
was the best or both control and treatment groups, with a AAIC, of 637
and 145 to each secondary model, respectively, (Table 2) and carried
100% of model weight. The UHC plots showed that models passed
validation checks (Fig. 2).

The BACI design where we monitored both control and treatment
groups over time enables us both to estimate ‘natural’ changes (i.e., not
related to treatment effects) in individuals’ relationship with distance to
water (through the interaction between distance to water and pre/post
for the control group), and to account for any initial group differences in
the relationship to distance to water before the experimental water
removal manipulation. We can use the beta coefficients from the model
(Table 3, Supplemental Table 1) to calculate the expected p for treat-
ment individuals post-manipulation if they were not exposed to a
treatment (hereafter referred to as ‘post no treatment’; Stewart-Oaten
and Bence, 2001). This is shown in Equation (1), where PNT is post no
treatment, PR is treatment group pre-manipulation, and NC is natural
change.

PNT = PR + NC
PNT =-0.13 + (-1.16) (@)
PNT =-1.29

This allowed us to directly compare treatment individuals that
received the treatment (Ppost treatment = —0.49, Supplemental Table 1)
with the theoretical no treatment individuals (Bpost no treatment = —1.29,
Equation (1)). After accounting for the natural variation within the BACI
study design, we found that treatment coyotes had a higher intensity of
use of locations further from the nearest water source (i.e., a less
negative relationship with distance to water; PBieatment = —0.49;
Bno_treatment = —1.29; Supplemental Table 1, Equation (1), Fig. 3).

There was a negative relationship between selection and the log-
transformed distance to water sources (Beontrol = —0.56; Ptreat =
—0.13), and coyotes selected for lower elevations (Bcontrol = —0.75; Ptreat
= —0.61; Table 3). Coyotes were ~1.5-2 times more likely to choose a
step ending inside DPG boundaries than outside, all other variables
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Fig. 2. Used-Habitat Calibration (UHC) plots for control (a) and treatment (b) iSSA models. Control does not include riparian because it was insignificant in the
model. The observed distribution of each environmental covariate is the test data set and is represented by the solid black lines, with a 95% simulation envelope for
the distribution being represented by the gray bands. Predictive distributions were formed using a model fit to training data. The model is well calibrated if the
observed distributions (solid black lines) fall within the simulation envelopes. Dugway Proving Ground (DPG) and adjacent public lands, Utah, USA, 2010-2013.

being constant (Beontrol = 0.60, 10gRSScontrol = 1.82; Pireatment = 0.37,
10gRSStreatment = 1.44; Table 3). Distance to roads had a small positive
influence on control coyotes (Beontrol = 0.074) but was insignificant in
the treatment model (Breatment = 0.012, p = 0.44; Table 3). The inter-
action between distance to water and season had opposite effects on

control and treatment coyotes but was insignificant for control; control
coyotes used areas farther from water during the wet season (Beontrol =
0.10, p = 0.11) while treatment coyotes used areas closer to water
during the wet season (Bieatment = —0.29; Table 3). The interaction
between distance to water and PDSI was not significant for either model
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Table 3
Variables from the top integrated step selection analysis (iSSA) for control and treatment coyotes (Canis latrans), Dugway Proving Ground, Utah, 2010-2013.
Control Treatment
Covariate B Estimate Std. Error p value B Estimate Std. Error p value
Dugway (Inside) 0.60 0.041 <0.0001 0.37 0.056 <0.0001
Elevation —0.75 0.040 <0.0001 —0.61 0.058 <0.0001
Vegetation: Agriculture 1.45 0.14 <0.0001 1.62 0.30 <0.0001
Vegetation: Desert Scrub 0.87 0.048 <0.0001 1.07 0.079 <0.0001
Vegetation: Developed 1.20 0.067 <0.0001 1.41 0.099 <0.0001
Vegetation: Forest 0.89 0.066 <0.0001 1.16 0.11 <0.0001
Vegetation: Grassland 0.73 0.050 <0.0001 0.82 0.081 <0.0001
Vegetation: Sparsely Vegetated 1.12 0.13 <0.0001 0.72 0.18 0.001
Vegetation: Riparian 0.48 0.43 0.27 1.99 0.60 0.003
Vegetation: Sagebrush 0.99 0.052 <0.0001 1.12 0.083 <0.0001
Vegetation: Shrubland 1.10 0.052 <0.0001 1.21 0.084 <0.0001
Distance to Road 0.074 0.013 <0.0001 0.012 0.16 0.44
Distance to Water —0.56 0.055 <0.0001 —-0.13 0.098 <0.0001
Distance to Inactive Water 0.029 0.064 0.65 0.31 0.073 <0.0001
Dist. Water * Post-Manipulation -1.16 0.088 <0.0001 —0.36 0.13 0.003
Dist. Water * PDSI —0.0026 0.018 0.88 0.0067 0.032 0.83
Dist. Water * Wet Season 0.10 0.065 0.11 -0.29 0.090 <0.0001
RPU of Coyotes Pre- and Post-Water Manipulation
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Fig. 3. Relative probability of use (RPU) with changing distance to water for treatment coyotes (Canis latrans) pre-manipulation (pre, solid black), post-manipulation
(post treatment, solid light gray), and if no treatment had been applied (post no treatment, dashed dark gray). Dugway Proving Ground (DPG) and adjacent public

lands, Utah, USA, 2010-2013.

(Beontrol = —0.003, Peontrol = 0.88; Ptreatment = 0.007, Pireatment = 0.83;
Table 3).

Using log relative selection strength (logRSS) to compare the likeli-
hood of selecting a location in differing vegetation types over barren
showed riparian, agriculture, and developed as the most selected for.
Riparian vegetation was the most selected for vegetation for treatment
coyotes (Bireatment = 1.99, 10gRSStreatment = 7.3), but was insignificant for
control coyotes (Bcontrol = 0.48, p = 0.27; Table 3). Agriculture had the
second highest selection for treatment and the highest for control
(Beontrol = 1.45, 10gRSScontrol = 4.3; Prreatment = 1.62 10gRSStreatment =
5.0), followed by developed for control (Beontrol = 1.20, l0gRSScontrol =
3.3; Table 3, Fig. 4).

4. Discussion

Our results support our hypothesis that coyotes do not necessarily
rely on anthropogenic water sources to determine their step selection
patterns. As predicted, after anthropogenic water sources were removed
from the landscape, treatment coyotes had higher intensity of use in
locations with greater distances to water compared with control in-
dividuals, indicating that treatment coyotes did not need to shift their
space use patterns to remain within a constant, shorter distance to water
following the removal of anthropogenic water. Rather, after accounting
for the natural change in habitat selection that occurred over time in the
control group (i.e., part of the BACI design), we found a positive treat-
ment effect, with treatment coyotes being more tolerant of increased
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Fig. 4. Likelihood of control (light gray) and treatment (dark gray) coyotes
(Canis latrans) selecting for a vegetation class if all other variables are constant,
as compared to barren, with 95% confidence intervals represented by error
bars. For example, a coyote would be ~2 times as likely to select for grassland
than for barren. *Riparian vegetation was insignificant for control, so it has
been excluded. Dugway Proving Ground (DPG) and adjacent public lands, Utah,
USA, 2010-2013.

distance to water.

If water was a limiting resource on the landscape for coyotes, we
would have expected them to adjust their space use following water
removal to maintain a certain constant distance to water to be able to
meet their water needs. The desert bighorn sheep (Ovis canadensis
mexicana), a desert adapted ungulate, also did not adjust their distance
to water following the removal of artificial water sources (Cain et al.,
2008). This further contributes to evidence that coyotes are a desert
adapted species. Our work builds on studies in the DPG which estab-
lished that after the removal of anthropogenic water sources, coyotes
did not alter their home range boundaries to include additional water
sources (Kluever and Gese, 2016), nor did they adjust their diet to in-
crease intake of larger prey containing more preformed water (Hodge
et al., 2022).

Vegetation type also played an important role in coyote habitat se-
lection. We found treatment coyotes selected highly for riparian vege-
tation, which has also been found by multiple other studies (Morin,
2015; Gifford et al., 2017). Conversely, some studies found coyotes
avoided riparian vegetation (Hinton et al., 2015), although this may
have been due to human activity in those areas (Mastro et al., 2019).
Selection for riparian vegetation may be due to several causes. Gifford
et al. (2017) posited it was part of a risk-avoidance behavior to prevent
predation by cougars (Puma concolor), though only one of our tagged
coyotes was killed by a cougar during our study. Morin (2015) also
suggested that these areas provided refuge for coyotes, by way of
avoiding human development. Possibly the coyotes we investigated
selected riparian vegetation for its protective cover and the thermo-
regulation benefits of shade provided by the dense vegetation found
there.

Other benefits of riparian vegetation could be foraging and/or
bedding opportunities, supported by the fact that McAdoo et al. (2006)
found that rodent numbers were highest in riparian aspen woodland
compared to other vegetation types in the Great Basin desert. We did not
assess small mammal abundance in riparian zones in our study area, but
this could be an aspect of future studies. Riparian vegetation was rare
within our study area (0.1%; Emrick and Hill, 1999), so its relative
rareness could inflate the observed selection with only a few used lo-
cations in this vegetation type (Mysterud and Ims, 1998). This
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uncertainty can be seen in the large 95% confidence intervals for ri-
parian selection in our treatment model, and the fact that it was insig-
nificant in our control model (Fig. 4).

Agriculture was another vegetation type strongly selected for by
coyotes, which has been found in other studies (Hinton et al., 2015),
possibly due to increased prey availability (Byrne et al., 2014). Coyotes
also selected for areas of lower elevation, a selection preference that has
been seen in wolves (Canis lupus) relative to prey availability and ease of
movement (Uboni et al., 2015). Coyotes in high elevation environments
have been known to utilize snowmobile trails to facilitate movement
(Gese et al., 2013). Coyotes selected for steps ending within DPG
boundaries, which was expected as those areas were protected from
hunting and trapping, which was the leading cause of coyote mortality
in this study. This shows that when coyotes were near the border of the
DPG, they preferred to be inside rather than outside. Mammalian car-
nivores often select for areas of refugia, especially from human impacts
(Duarte et al., 2022).

We did not find a significant relationship between drought severity
and the distance to artificial water sources. This was surprising, as we
anticipated that distance to water would be shorter when drought
severity values indicated drier conditions. We did not see support for our
hypothesis that the distance to a water source would be greater in the
wet season as ephemeral pools, snow, and other temporary water
sources were more available across the landscape reducing the need to
travel to a permanent water source. The treatment model showed coy-
otes closer to water in the wet season, while the control model was
insignificant. Our water only model was the least supported model ac-
cording to AICc, indicating that while water was an important compo-
nent of habitat selection by desert coyotes, it was not the sole factor.

This study was part of one of the first ever to use a BACI design aimed
at testing the spatial response of coyotes to removal of artificial water
sources on the landscape. Our results, when considered in combination
with the results of several other studies on coyotes in the DPG, suggest
that the indirect effect of water hypothesis is unsubstantiated for coyotes
in the desert system we investigated (Hall et al., 2013; Kluever and Gese,
2016; Hodge et al., 2022). Coyote reliance on anthropogenic water
sources is the basis of the indirect effect of water hypothesis, and
without evidence of that reliance the rest of the hypothesis is not sup-
ported. Postulations regarding the metabolic water requirements of
coyotes may have overestimated the amount of water coyotes require to
survive in desert ecosystems (Golightly and Ohmart, 1984). Future
research of interest given our findings could be to investigate the
metabolic requirements of coyotes in a captive research facility where
water and food intake can be regulated.

Our research contributes to elucidating how access to water in-
fluences coyote space use and behavior in desert habitats. Based on our
findings, the observed increase in coyotes in and around the DPG was
not solely the result of increased anthropogenic water sources on the
landscape, as previously posited (Arjo et al., 2007; Kozlowski et al.,
2008). Rather, it may be that the effects of changes in predator man-
agement have been conflated with the introduction of anthropogenic
water sources. During the mid-20th century, when coyotes were rare on
the DPG, baited toxicants were commonly used as a form of predator
control (Shippee and Jollie, 1953). The use of baited toxicants on federal
lands was banned in 1972 then highly limited for use only by federal
agencies in 1976 (restricted use under the Environmental Protection
Agency), which coincided with the introduction of anthropogenic water
sources to the DPG in the 1970s (Executive Order No. 11917, 1976; Arjo
et al., 2007; Kozlowski et al., 2008). Having found no evidence to sug-
gest that the additional water sources contributed to the coyote popu-
lation increase, it may be that the reduction in predator control was the
cause of the observed increase. Further studies into the impacts of
reduced predator control may be necessary to confirm this hypothesis.

It is important to consider that our findings and suggestions are
based on a small sample size, with only 4 of 30 coyotes providing data
pre- and post-manipulation for both seasons, and an additional 5 coyotes
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that had pre-manipulation data only for the wet season, and post-
manipulation data for both seasons. Additionally, we did not account
for differences between sexes, and our treatment group only contained
one female. Furthermore, during study design the belief was that the
coyotes would remain closer to the boundaries of the DPG, and therefore
the manipulated water sources were thought to account for 1/3 of all
accessible water sources. However, the coyotes covered a much larger
range than initially anticipated, which included additional water sour-
ces not originally accounted for in the 2012 water manipulation, but
which we took into consideration during this analysis. Perhaps if a
higher proportion of water sources had been manipulated, we could
have seen more of an effect on coyote habitat selection.

Artificial water developments are present extensively across the
globe for both human and wildlife use. Understanding the intended and
unintended impacts they may have on both target and nontarget species
could inform wildlife management and conservation. Anthropogenic
water sources provide additional water sources for ungulates during dry
seasons that can impact migration as well as home ranges (Bennitt et al.,
2022), and can serve as feeding locations for bats (Lison and Calvo,
2011). However, artificial water sources do not always benefit wildlife
species. Lison and Calvo, 2011 found that bat activity at canals increased
for common bat species but not for species of conservation concern. A
study in Australia found that dusky hopping-mice (Notomys fuscus) were
most strongly influenced by environmental effects of resource avail-
ability and rainfall as opposed to human effects such as artificial water
availability (Allen et al., 2018). Additionally, anthropogenic water
sources can have indirect negative impacts such as extreme degradation
of the area surrounding the water source up to 0.5 km away, an increase
in unpalatable perennial shrubs, and a decrease in the abundance of
palatable native perennial grasses (James et al., 1999). Whenever the
possibility of artificial water developments arises, no matter the pur-
pose, it is imperative to consider what consequences it may have on the
surrounding wildlife and landscape.

Several studies have created resource selection functions (RSFs) for
coyotes, however, none have focused on desert coyotes or water de-
pendency (Hinton et al., 2015). Only two previous studies implemented
an SSF for coyotes and they occurred in boreal and deciduous forest
habitats (Ellington et al., 2020), or urban environments containing de-
ciduous and mixed-woods stands (Thompson et al., 2021). This was the
first study to utilize an SSF to investigate desert coyotes, especially
related to selection for permanent water sites, and how water influences
coyote movement on the landscape. Thompson et al. (2021) found that
urban coyotes select for natural cover compared to developed habitat
types, showing a similar selection for refugia that we found in regard to
the DPG.

Our results suggest that coyote presence in the west desert is not
reliant on artificial water sources. They appear to be a desert adapted
carnivore with an increasing population abundance in the Great Basin
desert. Kit fox populations appear to be declining due to the increased
coyote abundance. Coyotes are the leading cause of kit fox mortality, far
above any other causes (Ralls and White, 1995; Arjo et al., 2007;
Kozlowski et al., 2008; Kluever and Gese, 2017). In our study system a
conversion from native vegetation to homogenous stands of cheatgrass
reduced the prey base shared by kit foxes and coyotes, though inter-
mediate levels of cheat grass can be beneficial to rodents (Smith et al.,
2018). Removing a small proportion of anthropogenic water sources has
not been shown to be a viable solution to decrease coyote presence or
abundance. Given the abundant use of artificial water sources for cattle
in the surrounding areas, it may be difficult to turn off enough water
sources to see an effect on coyote space use. Wildlife managers con-
cerned about declining and sensitive kit fox populations may consider
what other strategies might either feasibly allow for the coexistence of
these two species or find ways to reduce coyote abundance (Nature-
Serve, 2022).
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