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loggers, we summarized the number of visits to water develop-
ments per seasonal home range. We did not attempt to describe 
visitations when home ranges contained water developments 
without data loggers because we could not determine if visits 
to the water sources with data loggers constituted a small or 
large portion of overall water use by the kit fox occupying that 
home range.

Survival of kit foxes in relation to water developments.—We 
estimated survival probability using the known fate model in 
the RMark package in R (R Development Core Team 2014). 
We developed encounter histories at the season temporal scale 
and used the Delta method to approximate variances of annual 
survival probability (Powell 2007). The model was age-struc-
tured, allowing juveniles to graduate into the adult cohort after 
surviving through April of the year following their birth (Gese 
and Thompson 2014). We tested for an effect of our water 
manipulation by incorporating a bivariate temporal variable 
(i.e., before and after water manipulation). We included addi-
tional individual-based (i.e., age, sex) and time-varying (i.e., 
season, year, rodent prey base) covariates that we felt had the 

potential to influence survival of kit foxes based on previous 
investigations of kit foxes (White and Garrott 1997; Arjo et al. 
2007). For the prey base covariate, we utilized annual estimates 
of rodent abundance from Kluever et al. (2016) that exhibited a 
nonlinear trend, with consistent abundance over the first 2 years 
of the study, an increase the following year, and a decrease dur-
ing the final years (i.e., prey base covariate = years 1 and 2: 
moderate, year 3: high, year 4: low). We developed a candidate 
set of 15 a priori models containing univariate, 2-way addi-
tive, and 2-way interactive combinations based on our primary 
research question and previous investigations of kit fox ecology 
(Burnham and Anderson 2002). We examined the evidence in 
support of candidate models by examining the combination of 
evidence ratios and 95% CI overlap of real (i.e., survival) and 
beta estimates (Anderson 2008).

Abundance of kit foxes in relation to water developments.—
We established four 5-km road-based survey transects whose 
midpoints were adjacent to water developments (model Dual 
Big Game; Boss Tanks, Elko, Nevada). We considered these 
treatment transects because they were associated with a water 

Fig. 1.—Map of 95% fixed kernel seasonal home ranges for kit foxes (Vulpes macrotis), water development zones (an area equal to the average 
home range size of a kit fox, centered around a water source), and survey transects on and around the U.S. Army Dugway Proving Ground (DPG), 
Utah, United States, 2010–2013.
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development. The average distance from treatment transects to 
the next nearest perennial water source (i.e., pond, water devel-
opment, sewage lagoon) was 4.10 km (SD  =  0.54). We used 
ArcGIS (version 9.3; Environmental Systems Research Institute 
Inc., Redlands, California) to create 4 additional 5-km control 
transects distributed randomly along available non-paved roads 
with the constraints of occurring on lengths of road with no 
angles > 60°, a minimum distance of 2.6 km from treatment 
transects, and a minimum distance of 2.6 km from a perennial 
water source. We did not establish survey transects associated 
with 2 manipulated water sources (i.e., 1 wildlife waterer and 
1 pond) due to lack of road coverage. Surveys taking place on 
transects prior to the water manipulation period were consid-
ered the “baseline period,” while surveys following the water 
manipulation were considered the “manipulation period.”

For survey transects, we employed a multiple-treatment 
site, multiple-control site BACI design where we monitored 
all transects prior to and after eliminating water availability 
at water developments. We conducted scat deposition surveys 
(Knowlton 1984; Schauster et al. 2002) along the eight 5-km 
transects to estimate the relative abundance of kit foxes (see 
Dempsey et al. 2014 for full description). Scat deposition counts 
provided an index of kit fox abundance: the number of kit fox 
scats per transect per survey. Scat surveys have been reported as 
an effective index for tracking kit fox abundance over time and 
space (Dempsey et al. 2014) and have outperformed other non-
invasive surveys for mammalian carnivores (Knowlton 1984; 
Harrison et al. 2002; Long et al. 2007; Dempsey et al. 2014). 
We also conducted scent station surveys as a second estimate 
of relative abundance of kit foxes (see Dempsey et al. 2014 for 
full description). These surveys provided a count of scent sta-
tion visits (i.e., total number of visits, with a maximum possible 
number of visits of 44) as a measure of relative abundance. We 
elected not to convert count data to proportions due to exces-
sive zeros (Zar 2010). Scent station surveys have also been 
described as an effective means to assess trends in carnivore 
populations (Roughton and Sweeny 1982; Thacker et al. 1995).

We employed generalized linear mixed models (GLMMs—
Stroup 2012) to test the categorical main effects of period (base-
line and manipulation) and transect type (control and treatment) 
on the continuous response variables of relative abundance of 
kit foxes: scats/transect/survey and scent station visits/transect/
survey. Specifically, we tested the impact of water development 
manipulation by including a period-by-transect type interaction 
in our model (Underwood 1992). Within the framework of a 
BACI design, such an interaction tests for a differential change 
(i.e., non-parallelism) between treatment and control sampling 
units following manipulation (Underwood 1992). Inspection of 
the raw data revealed non-normality and a high frequency of 
zeros. Therefore, we fit the following model families: lognor-
mal, Poisson, quasi-Poisson, and negative binomial. Models 
not converging were eliminated, and we assessed remaining 
models based on the generalized chi-square fit statistic (Stroup 
2012). We compared the remaining model families with zero-
inflated models of the same model family using a Vuong test; 
zero-inflated regression models outperform traditional mod-
els of the same family when excess zeros are generated by a 

separate process from the count values (Everitt and Hothorn 
2009). For the scat and scent station data, we selected the 
Poisson model family for our final models. For both measures 
of relative abundance, we conducted multiple surveys on each 
transect for both periods. To reduce model complexity and bet-
ter account for residual variance, we collapsed our original data 
sets across surveys. By doing so, data were analyzed within a 
balanced split plot in a time-model framework (Aho 2014). To 
account for variability among survey transects, and variability 
among survey transects within treatments, we included a sur-
vey transect (i.e., treatment or control) by period (baseline and 
manipulation) random effect (Demidenko 2013). All statisti-
cal analyses for relative abundance were performed using the 
glmm and pscl packages in R.

Habitat differences between home ranges of kit foxes and 
water developments.—We delineated circular buffers equal in 
area to the average home range of kit foxes at DPG around 
each data logger monitoring a water development (Fig.  1). 
This allowed us to compare environmental characteristics of 
kit fox home ranges with areas associated with water develop-
ments at a spatial extent germane to our focal species (Larsen 
et al. 2012). We only assessed environmental characteristics of 
water developments monitored with data loggers. At each site, 
we quantified 3 environmental variables previously reported as 
important habitat components for kit foxes: elevation (McGrew 
1976; Fitzgerald 1996), dominant vegetation type (Kozlowski 
et  al. 2008), and soil type (Egoscue 1962; Fitzgerald 1996; 
Robinson et  al. 2014). Elevation and soil type data were 
obtained from GIS databases (Utah Automated Geographic 
Reference Center; http://gis.utah.gov, accessed October 2014). 
Soils were classified into 4 major classes: silt, fine sand, blocky 
loam, and gravel (Dempsey et  al. 2015). We eliminated the 
gravel soil type from analyses because it constituted < 5% of 
the area associated with home ranges of kit foxes and water 
development areas. Data on dominant vegetation cover were 
obtained from the Landfire database (http://landfire.cr.usgs.
gov/), accessed October 2014) and were classified into 3 major 
types: herbaceous, shrub, or barren. These 3 classes comprised 
94% of the total area encompassed within home ranges of kit 
foxes and water development areas. We used the GME platform 
(Beyer 2012) to obtain mean elevation for each home range and 
water development area, and the proportion of each home range 
and water development area comprised of each soil type and 
vegetation class.

We employed 2-tailed permutation tests with 20,000 resa-
mples (Manly 2006) to test for differences between home 
ranges and water development areas in our 3 environmental 
variables. To better meet the assumption of independence of 
observations, we collapsed summary data of environmental 
characteristics across the home ranges of individual foxes. We 
selected this test because inspection of data on environmental 
variables revealed skewness and unequal variances that could 
not be remedied with data transformations. Permutation tests 
are distribution-free in the sense that probabilities of obtain-
ing extreme test statistic values given the truth of the null 
hypothesis (type I errors) are based on permutations of the data 
from randomization theory and are not based on an assumed 
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