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The San Bernardino kangaroo rat (Dipodomys merriami parvus) is a federally listed endangered species endemic to Southern California and limited to three remaining populations. Its native habitat of alluvial fan sage scrub faces many anthropogenic threats,
including urban and agricultural development, and the resulting ﬂood control and ﬁre
suppression. With the loss of natural processes such as scouring or burning from ﬂoods
and ﬁres, the mosaic of seral stages across the landscape has shifted to dense vegetation,
and active restoration may be necessary to provide suitable habitat for the San Bernardino
kangaroo rat. Species distribution modeling using the partitioned Mahalanobis distance
method on all occurrence points collected in the past 16 years revealed that alluvial scrub
cover and ﬂuvent soils were most strongly associated with San Bernardino kangaroo rat
occupancy. Through surveys at 14 locations across the species’ range, we identiﬁed nonnative grass cover, shrub cover, bare ground and sandy soils as microhabitat features
related to San Bernardino kangaroo rat abundance. We also calculated the optimal range of
cover for each habitat type that was correlated with higher kangaroo rat abundance. The
results of this multiple-model approach can be used by the agencies to assess the value of
conserved habitat, set targets for microhabitat enhancement to facilitate population
growth and expansion, or identify receiver sites should translocation be required for recovery. This work lays the foundation for more coordinated and strategic restoration efforts, given the compressed and rigid timelines of development projects that continue to
impact remaining San Bernardino kangaroo rat populations.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Anthropogenic activities and subsequent habitat loss and fragmentation are widely recognized as drivers of global species
decline (Fischer and Lindenmayer, 2007). Habitat loss occurs through expansion of urban and agricultural development,
which drastically changes the landscape and can isolate remaining populations. With urban development, humans also alter
natural processes such as ﬁre and ﬂooding which endanger development but are critical in creating and maintaining habitat
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for many species (Bornette and Amoros, 1996; Syphard et al., 2007). Through building dams and levees and active ﬁre
suppression, humans eliminate many of the natural disturbances that periodically remove mature vegetation and redistribute
sediment and nutrients. Over time, these anthropogenic impacts reduce suitability for species that utilize early- or midsuccessional stages of habitat, even on conserved land.
The San Bernardino kangaroo rat (SBKR; Dipodomys merriami parvus; Fig. 1) is native to alluvial ﬂoodplains of Southern
California (USFWS, 2002). SBKR is federally listed as endangered and is a candidate for listing under the California Endangered
Species Act. SBKR were estimated to historically occupy 326,467 acres of habitat, and had already lost 95% of their historic
range due to agricultural, urban, and industrial development as of the 1998 listing by the United States Fish and Wildlife
Service (Service; USFWS, 1998). Alluvial plains historically experienced periodic disturbance from ﬂooding and ﬁre, creating
patches of pioneer and intermediate alluvial scrub vegetation, and at listing, the Service determined that 90% of the remaining
habitat was at risk due to projected changes in hydrology, which would reduce or eliminate ﬂuvial renewal (USFWS, 1998). In
2002, the Service designated 33,295 acres as critical habitat for SBKR (USFWS, 2002), but only 16,300 acres were considered
functioning by 2018. The four areas that make up the critical habitat are isolated from one another and largely restricted to the
active channel and narrow ﬂoodplains of Lytle and Cajon creeks, and the Santa Ana and San Jacinto rivers. Urbanization has
led to a reduction in naturally occurring disturbances in the remaining habitat through the building of levees and dams and
active ﬁre suppression (Hanes et al., 1989; McKernan, 1997; Syphard et al., 2007). Despite the critical habitat designation, new
development continues to occur in these areas, causing direct mortality of SBKR, reducing acreage of remaining alluvial scrub
habitat, and increasing fragmentation within the remaining populations.
Human population expansion and urbanization are rapidly increasing in southern California, particularly in inland areas
such as Riverside and San Bernardino counties (Chen et al., 2010). Identiﬁcation of remaining high quality habitat is critical to
prioritize areas for conservation, and lower quality habitat with protected status must be managed to support growth of
existing populations. Habitat restoration has been effective in expanding the range of other kangaroo rat species into previously unoccupied areas and increasing kangaroo rat density on restored plots (Cosentino et al., 2014; Price et al., 1994). For
SBKR, as patches of occupied habitat are lost to development, restoration of lower quality habitat is also necessary to support
mitigation translocation of SBKR.
Use of mitigation translocations is increasing rapidly, particularly in fast-developing regions (Germano et al., 2015; Miller
et al., 2014). Germano et al. (2015) report that success rates of translocations outside the mitigation context is approximately
26e46%, and suggest success of mitigation translocations is likely much lower, though long-term monitoring and reporting
are often not required or well documented. Kangaroo rat mitigation translocations have been conducted for the past 25 years,
often with little to no success. Translocations that failed to establish persisting populations often cited lack of appropriate
habitat as a top reason for translocation failure (O’Farrell, 1994; Wang and Shier, 2017; Williams et al., 1993). Two translocations that identiﬁed high quality habitat at the release sites reported short-term survival or persistence at low densities
(Germano et al., 2013; O’Farrell, 1999). Those that have successfully established long-term populations managed the habitat
for kangaroo rats prior to and following translocation through burning, mowing, grazing, herbicides, or a combination (Shier,
2012, 2009; Shier and Swaisgood, 2012; Williams et al., 1993). Other translocations did not include monitoring or report on
habitat conditions, but are presumed to have failed given limited short-term survival (Germano, 2010; Tennant and Germano,
2017). While appropriate habitat is a primary factor in the success of kangaroo rat translocations, unoccupied sites with high
quality habitat are rarely available. Thus, habitat restoration is required to improve release site conditions. Habitat restoration

Fig. 1. Photo of an adult San Bernardino kangaroo rat (Dipodomys merriami parvus). The SBKR is a small kangaroo rat, with a body length of about 95 mm and a
total length of 230e235 mm (Lidicker, 1960).
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can take years (Cosentino et al., 2014), while the timeline for mitigation translocations is driven by developer’s schedules and
may be only months (Germano et al., 2015). If translocations are to succeed for SBKR and other species in highly impacted
habitats, it is critical to identify and begin restoration as soon as possible to support inevitable future relocation needs.
We set out to characterize habitat associations of SBKR at both the landscape and microhabitat scale across the species’
range. Previous efforts to understand SBKR habitat requirements have been limited to site-speciﬁc evaluations (McKernan,
1997; USFWS, 2010; WRCBMP, 2015). Although, in general, SBKR are expected to occur in alluvial fan sage scrub
(McKernan, 1997), they are patchily distributed and can be difﬁcult to detect (Braden and Mckernan, 2000). Moreover,
environmental variability within and between populations may affect suitability ranges. Here, we employed a species distribution model to identify the landscape level features that are associated with SBKR occupancy across the species’ range and
examined microhabitat associations between SBKR abundance and habitat characteristics by leveraging recent trapping data
to conduct habitat surveys at sites where SBKR were captured at varying abundances. Despite a short time frame and limited
resources, open dialogue and data sharing between federal, state and regional organizations allowed us to map the quality of
the remaining habitat, and set restoration targets for management of SBKR habitat.
2. Methods
2.1. Study area
For landscape modeling, the northern boundary of the area of interest for SBKR was deﬁned as extending from Rancho
Cucamonga to Mentone in San Bernardino County. The area of interest extended south to Lake Hemet at the southern end of
San Jacinto Valley, in Riverside County. The microhabitat model included ﬁeld surveys from 14 locations throughout the SBKR
range; 4 locations within the Lytle and Cajon Creek drainages, 4 locations within the Santa Ana River drainage, 3 locations
within the San Jacinto River drainage, and 3 locations within the Etiwanda Fan (Fig. 2).
2.2. Landscape modeling
The Mahalanobis partition model has been utilized to create habitat suitability models for several species in southern
California (Barr et al., 2015; Preston et al., 2008; Rotenberry et al., 2006; SDZICR, 2017). This is a niche modeling approach

Fig. 2. Area of interest for the landscape model encompassed the presumed historic range of SBKR in San Bernardino and Riverside Counties, with USFWS
Critical Habitat for SBKR and waterways delineated. We conducted habitat surveys for the microhabitat model at each of the 14 ﬁeld survey sites JuneeAugust
2018.
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focused on identifying environmental factors that are consistently associated with species presence. Model results are not
interpreted as “optimal” habitat conditions for a species, but as limiting factors, a minimum set of basic habitat requirements
for species presence (Rotenberry et al., 2006). The model requires inputs of spatially and temporally matched species
occurrence records and a grid of environmental variables such that habitat suitability is a function of the environmental and
land use conditions that existed at the same time as species occupancy. SBKR occurrences were compiled from all known data
sources, including databases administered by California Department of Fish and Wildlife (CDFW, 2018), U.S. Fish and Wildlife
Service (USFWS, 2017), Western Riverside County Regional Conservation Authority (WRCRCA, 2018), as well as ﬁeld surveys
conducted as part of monitoring and research efforts (including our sampling described in 2.3 below), and an exhaustive set of
trapping reports by consultants. We selected occupancy records from 2002 to 2018 that included GPS location data with
precision of 180 m or better. Spatially clustered occurrence records were thinned by a 150 m grid cell, leaving one randomly
selected occurrence record per occupied grid point. This resulted in a ﬁnal set of 668 independent SBKR occurrences.
We compiled a landscape-level data point grid populated with numerical data for an inclusive set of environmental
variables with potential to inﬂuence SBKR habitat suitability, with a focus on alluvial processes (Table 1). The full variable set
contained abiotic factors (temperature, precipitation, slope, aspect, elevation), edaphic factors associated with alluvial
deposition (bare ground cover, soil texture, taxonomic classiﬁcation, and depth), biotic factors relating to vegetative habitat
(NDVI and community classiﬁcation), and human land use (urban development). Vegetation and urban development were
deﬁned as the percent of each land type within a 150 m radius of the grid point. Fluvent soils were a taxonomic suborder of
the Entisol soil order. Fluvent soils are more or less freely drained soils that result from alluvial deposition near stream
channels or on alluvial fans due to periodic ﬂooding disturbance, and soil texture includes signiﬁcant components of sand and
gravel (NRCS, 1999).
Mahalanobis distance (Mahalanobis D2) was calculated from the model set of explanatory variables for each presence
record. Principal components analysis (PCA) was then applied to the Mahalanobis D2. Each PCA component represented an
independent relationship between species occurrence and the set of selected environmental variables (Dunn and Duncan,
2000; Rotenberry et al., 2002). In PCA, the number of variables in the model determines the total number of partitions;
partitions are orthogonal and additive; summing all partitions equals the full model and provides the original D2 value.
A comparative model selection approach was used to identify the most predictive set of environmental variables, with
validation based on randomized k-fold crossvalidation (k ¼ 7). The variable set was chosen for its ability to predict high
habitat suitability index (HSI) values for occurrence locations, for strong concurrence between sets of calibration and validation occurrence records, and high area under the ROC curve (AUC). The ROC curve plots the false positive rate on the x-axis
and the true positive rate on the y-axis and measures classiﬁcation accuracy. AUC of 1.0 represents perfect accuracy, while
AUC of 0.5 represents inability to distinguish between groups. Landscape models were run in the program R version 3.4.0
using shared R code (Latif et al., 2013).

Table 1
Set of climate, topography, and land use variables assigned to each individual point in the spatially explicit grid of points.
Variable

Source

Year

Soils:
Percent Sand, Silt, Clay
Depth to Restrictive Layer
Fluvent soils
Bare ground

SSURGOdownloader
SSURGOdownloader
SSURGOdownloader
USGS Global 30 m Land Cover

e
e
e
2010

WRivCo
FRAP
ICF

2012
2015
2018

WRivCo
FRAP
ICF

2012
2015
2018

USGS (DEM)
DEM-derived
DEM-derived
DEM-derived
DEM-derived
PRISM
PRISM
PRISM
PRISM
PRISM
PRISM

2013
2013
2013
2013
2013
1981e2010
1981e2010
1981e2010
1981e2010
1981e2010
1981e2010

Vegetation:
Western Riverside
San Bernardino
Upper SAR HCP
Human:
Western Riverside
San Bernardino
Upper SAR HCP
Other Abiotic:
Elevation
Slope
Aspect- “northness"
Aspect- “eastness"
Topographic heterogeneity
Precip- monthly averages
Precip- annual averages
Winter Precip (OcteJan)
Spring Precip (FebeMay)
Temp- min monthly avg
Temp- max monthly avg
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A priori models included a biotic/edaphic model, a topography/climate model, and a combination model with all factors
included. Within those models, partitions with the highest diagnostic metrics (e.g. median HSI greater than 0.6) were used to
identify environmental variables correlated with species presence (e.g. factor loadings greater than 0.4). A reduced base
model was then constructed (slope, elevation, annual precipitation, January minimum temperature, August maximum
temperature, alluvial scrub cover, grass cover, and ﬂuvent soils). Forward stepwise reﬁnement tested whether addition of
single factors improved the performance of diagnostic metrics.
Within the selected variable set, one partition was selected to represent the model. Selecting a single orthogonal PCA
partition to predict species occurrence controls the multicollinearity common in multivariate grids of climate and topographic variables and improves model performance (Rotenberry et al., 2002). Model precision can be increased by adding
partitions, but at the cost of decreasing predictive capability (Knick et al., 2013). The ideal partition is one that identiﬁes
habitat characteristics that remain relatively stable across the range of presence locations, which are more likely associated
with species occupation than highly variable habitat characteristics (Rotenberry et al., 2002). Selecting the ﬁrst component
may not satisfy this goal, since the ﬁrst component generally contains a signiﬁcant portion of the variability in the set of
environmental variables. Selection of the last component should also be avoided because these are less likely to exhibit robust
and repeatable behavior.
Finally,theeigenvectoroftheselectedpartitionwasusedtocalculateascoreforeverylocationacrossthespatialgrid.Tocalculate
theHSI,thescorewasrescaledbasedontheХ2 distributiontorangefrom0to1.Onthisscale,onerepresentshabitatthatperfectly
matchestheenvironmentalcharacteristicsofknownoccupiedhabitat,andzerorepresentshabitatwithnosuitability.Athreshold
HSI value was determined using the sensitivity ¼ speciﬁcity criterion using the SDMTools package in R (Fielding and Bell,1997;
VanDerWaletal.,2019).

2.3. Microhabitat modeling
We trapped to detect SBKR and heterospeciﬁc species for 1e4 consecutive nights per site between FebruaryeNovember
2016e2018 in the Lytle/Cajon Creek and Santa Ana River drainages (Shier et al., 2018). We used Sherman live-traps (H.B.
Sherman Traps, Inc., Tallahassee, FL, USA) with modiﬁed shortened doors to avoid tail injury. Traps were spaced 10 m apart in
grids or on transect lines. We opened traps and baited them with sterilized millet seed between 1800 and 2000. We checked
traps twice during the night at approximately 2300 and 0400, closing traps during the 0400 check. All animals were marked
with non-toxic ink on the ventral side to differentiate between new and recaptured animals. Protocols followed American
Society of Mammalogists guidelines (Sikes and The Animal Care and Use Committee, 2016) and were approved by the
Institutional Animal Care and Use Committee of San Diego Zoo Global (protocol numbers 15-002 and 18-001). The Western
Riverside County Multiple Species Habitat Conservation Plan Biological Monitoring Program conducted trapping in the San
Jacinto River drainage JuneeSeptember 2015 (WRCBMP, 2015), and we used capture data from their report with permission in
our analyses.
We conducted habitat surveys at each of the 14 trapping sites JuneeAugust 2018. We compared photographs from the
trapping period with the habitat survey period to verify that there were no major changes between events. At each trapping
site we conducted two 50 m point-intercept transects at least 25 m apart and oriented according to trap locations. Every 1 m
of the transect we recorded the maximum vegetation height, species of plants, and the surface substrate. We classiﬁed surface
features as embedded litter (dead plants still rooted in ground), duff (loose organic material), woody debris, cryptogamic soil
crust, sand/bare ground (<2 mm particle size), gravel (2e64 mm particle size), cobble (64e250 mm particle size), boulder
(>250 mm particle size). We calculated the percent cover of each vegetation variable to measure percent cover of total
vegetation, grass, forbs, shrubs, annuals, perennials, native and exotic species, and each of the surface classiﬁcations.
We measured soil compaction using a penetrometer (Dickey-John model #15585) with a 76.2 cm length probe and a
1.27 cm diameter tip. We recorded the depth at which the penetrometer read 300 psi, which is the pressure roots cannot
penetrate, and also likely limits kangaroo rat burrowing. We took four readings at the corners of a 1  1 m square set at three
points along the transect (0 m, 25 m, 50 m) for a total of 12 measurements per transect and 24 measurements per site, and
calculated the average compaction depth for each site.
To assess soil texture we collected ~200 g soil samples to a depth of 8 cm from two points along each transect (5 m and
45 m). Samples were baked, weighed, and sifted using 2 mm sieves to separate the gravel. We then used the Bouyoucos
Hydrometer method (Gee and Bauder, 1986) to determine the percent of sand, clay, and silt in each sample. As these measures
are correlated, we averaged the measures for each site and used principal components analysis to reduce the variation to two
principal components.
We calculated an index of heterospeciﬁc abundance at each of the sites using the original trapping data which included the
number of unique individuals captured. We had access to more trapping data than habitat data, and included 1 additional site
in the Lytle/Cajon Creek population (Chock et al., 2018) and 64 additional sites in the San Jacinto River population (WRCBMP,
2015) to model the relationship between SBKR and heterospeciﬁcs. The heterospeciﬁc species included San Diego pocket
mouse (Chaetodipus fallax), Dulzura kangaroo rat (Dipodomys simulans), Los Angeles pocket mouse (Perognathus longimembris
brevinasus), deer mouse (Peromyscus maniculatus), and cactus mouse (Peromyscus eremicus). To compare between the
different trapping methods employed at different sites we adjusted for trapping effort and calculated an index of abundance
using the following equation:
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# individuals trapped
 100
# traps  # nights

We used generalized linear models (GLM) with a negative binomial distribution to evaluate the inﬂuence of various
predictor variables on an index of SBKR abundance. The outcome variable, number of SBKR at a site, was adjusted for trapping
effort using an offset on the log of trap-nights (# traps x # nights) to standardize for trapping effort while keeping the variable
count-based, as required by the model.
We grouped predictors into vegetation, surface substrate, soil (compaction and texture), and heterospeciﬁc variables. We
tested for collinearity of the predictor variables in each of these groups by calculating the variance inﬂation factors (VIF). High
VIF values indicate collinearity with one or more other predictor variables, and we used a step-wise process to remove the
variable with the highest VIF until all variables remaining had VIF <5. These remaining variables were included in the GLMs,
and we adjusted the p-values for running multiple tests using the Benjamini-Hochberg method to control for false discovery
rate (FDR).
If SBKR selected areas of habitat that had an intermediate value of a variable (e.g. areas with neither high nor low values of
shrubs, but a medium degree of shrub cover), this relationship might not be clear from a linear regression. To further explore
each variable that was included in the linear models, and provide management recommendations, we used the histogram of
the distribution of each variable to split it into categories of low, medium, and high values. We used GLMs to investigate
relationships between categorical predictors and SBKR index of abundance. All microhabitat analyses were conducted in the
program R 3.3.2.
3. Results
3.1. Landscape model
Model selection focused on maximizing median HSI value and AUC for the set of 668 occurrence points. Of 13 alternative
models, the set of variables that comprised the ﬁnal model were: slope and elevation (point), annual precipitation, January
minimum temperature, August maximum temperature, percent clay, ﬂuvent soils, NDVI, alluvial scrub cover, and human
development.
For this model, the third principal component was selected to represent the relationship of SBKR occurrences to habitat
values (Fig. 3). From k-fold crossvalidation (k ¼ 7), mean calibration AUC was 0.98 and mean validation AUC was also 0.98.
Median calibration HSI was 0.64 and median validation HSI was 0.65. The very high AUC values are consistent with good
model ﬁt with the data, and derive from the relatively narrow species niche relative to most of the study area. Signiﬁcant
improvements to model quality would require increasing the number of independent presence sites across the modeled
landscape. However, all known data was utilized for this effort, and given the restricted species range, the existence of undocumented occurrence sites is unlikely. The presence of widespread urban development adjacent to the main population
sites further decreases the possibility of unknown occurrence localities.
Correlations between the explanatory variables and the HSI values resulting from this component were also examined
across all model locations. Alluvial scrub cover (0.56) and ﬂuvent soils (0.37) were most strongly correlated with HSI. Percent
cover of alluvial scrub was higher (0.60 ± 0.36) at occupied sites compared to unoccupied (pseudoabsence) modeled sites
(0.02 ± 0.10, Table 3). SBKR occurrence sites were also characterized by higher mean concentrations of ﬂuvent soils
(0.81 ± 0.35) compared to unoccupied modeled sites (0.07 ± 0.23, Table 2). Across the set of models, the ﬁrst component was
generally inﬂuenced by climatic factors.
Threshold evaluation showed that the sensitivity ¼ speciﬁcity criterion was met at HSI ¼ 0.01. All HSI values above 0.01
were therefore considered to be potentially suitable habitat. The threshold value of HSI ¼ 0.01 served to delineate between
habitat with zero (or negative) value and habitat with positive value. Even HSI values on the lower end of the index indicated
the habitat has some degree of suitability. There was also a methodological artifact present: the Mahalanobis D2 partition
model always produces some low-HSI outliers as the transformation of the eigenvalues is based on the right-skewed Х2
distribution (Rotenberry et al., 2006).
3.1.1. Landscape climate gradients
The three population clusters are spaced broadly enough that climatic and topographic differences could be observed
between the three clusters (Table 3). All three populations are found near mountain fronts, but the Santa Ana River population
is found at the lowest average elevation. Precipitation decreased across the three clusters in a west to east gradient. Temperature extremes were greatest in the San Jacinto population cluster, which is the farthest east of the three populations. The
climate variables represent average conditions over the time period (1981e2010) they were derived from. They contributed to
the habitat suitability model in that they accounted for a degree of underlying variability; however, they were not major
drivers.
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Fig. 3. Full extent of habitat suitability model. The habitat suitability index (HSI) is the eigenvalue rescaled on the Х2 distribution to range from 0 to 1. On
this scale, one represents habitat that perfectly matches the environmental characteristics of known occupied habitat, and zero represents habitat with no
suitability.

3.2. Microhabitat model
Results from generalized linear models (Table 4) indicated that the SBKR index of abundance was associated with low
levels of grass and shrub cover. We found no relationship between SBKR and forb cover. Of the surface variables that were
included in the model, SBKR had a strong positive relationship with the percent of sandy bare ground at each site. There were
trends towards a positive relationship with the percent of gravel cover and a negative relationship with duff, or unattached
organic debris on the surface.
In the soil texture analysis, Principal Component 1 (PC1) indicated decreasing sand and increasing silt and explained 63.9%
of the variation. Principal Component 2 (PC2) indicated decreasing clay and increasing gravel, and explained 29.4% of the
variation. Together, PC1 and PC2 explained 93.3% of variation of the soil texture. The SBKR index of abundance was strongly
negatively correlated with PC1 (low sand and high silt); as sand decreases and silt increases, we expect a decrease in SBKR. We
found no relationship with PC2 (decreasing clay and increasing gravel), or with the average depth of soil compaction.
With heterospeciﬁc data from 78 sites, there was a negative association with San Diego pocket mice but a positive
relationship with cactus mice. There were no relationships between SBKR and the other species.
The categorical splitting of variables was generally consistent with results of the linear models. Exceptions included gravel
and woody debris on the surface, which were not signiﬁcant as continuous variable in the GLMs, but there was positive
selection as categorical variables on high relative to medium amounts of gravel, and medium relative to low amounts of
woody debris (Table 5). San Diego pocket mice were negatively associated with the SBKR index of abundance in the
continuous model, but there were no differences between low/medium/high values in the categorical model. The categorical
analysis also provided a speciﬁc range of values for habitat variables associated with SBKR abundance.
4. Discussion
The landscape level and microhabitat models provide different, but complementary, information for SBKR habitat associations. The landscape model identiﬁed the important vegetation, soil, and climate features that inﬂuence the species’
distribution. This information is critical for identifying extant areas of high habitat suitability for preservation, and prioritizing
less suitable adjacent areas for restoration. These analyses also demonstrate how little suitable habitat remains for the
species, and suggests that in some locations of low suitability where SBKR persist, these populations might be at higher risk of

8

R.Y. Chock et al. / Global Ecology and Conservation 21 (2020) e00881

Table 2
Landscape-scale measures for habitat characteristics at SBKR presence sites (n ¼ 668) compared to all pseudoabsence sites on the landscape (n ¼ 248,338).
Variable

Elevation
Slope
Winter Precipitation
Spring Precipitation
Annual Precipitation
Jan. minimum temp
August maximum temp
Sand (150 cm)
Clay (150 cm)
Depth to Restrictive Layer
Bare Cover
NDVI
Fluvent Soils
Annual Grassland
Alluvial Scrub Cover
Urban development

Units

Pseudoabsence

m
degrees
mm
mm
mm
C
C
%
%
cm
% cover within 15 m
index (1.0 to 1.0)
% cover within 150 m
% cover within 150 m
% cover within 150 m
% cover within 150 m

Presence

Mean

SD

Range

Mean

SD

Range

904.5
13.3
206.2
220.0
449.3
3.4
33.0
62.0
11.2
65.4
27.5
0.45
0.07
0.09
0.02
0.31

666.8
13.4
99.7
98.6
209.9
3.5
3.7
23.5
7.8
72.4
22.0
0.19
0.23
0.22
0.10
0.42

156.0 e 3498.0
0.0 e 69.4
96.2 e 648.2
87.1 e 698.5
198.0 e 1348.5
10.0 e 9.5
18.0 e 39.6
0.0 e 97.9
0.0 e 50.0
0.0 e 201.0
0.0 e 100.0
0.15 e 1.0
0.00 e 1.00
0.00 e 1.00
0.00 e 1.00
0.00 e 1.00

444.4
1.6
164.3
176.0
353.0
5.6
35.1
83.6
4.3
89.4
56.3
0.27
0.81
0.11
0.60
0.20

75.9
1.6
41.2
37.6
79.2
0.7
0.7
10.3
2.3
85.0
21.9
0.09
0.35
0.21
0.36
0.25

314.0 e 842.0
0.0 e 10.6
128.8 e 379.4
139.1 e 403.5
283.0 e 828.8
3.7 e 6.6
32.9 e 36.9
19.1 e 97.4
0.5 e 28.0
4.0 e 201.0
0.0 e 100.0
0.11 e 0.76
0.00 e 1.00
0.00 e 0.99
0.00 e 1.00
0.00 e 1.00

Table 3
Topographic and climatic gradients summarized across occurrence points for the three population clusters: Lytle/Cajon Creek (n ¼ 171), Santa Ana
River (n ¼ 421), and San Jacinto River (n ¼ 76). Abiotic gradients accounted for a degree of underlying variability in habitat suitability, but were not major
drivers.
Variable

Elevation
Slope
Winter Precipitation
Spring Precipitation
Annual Precipitation
Jan. minimum temp
August maximum temp

Units

m
degrees
mm
mm
mm
C
C

Santa Ana River

Lytle/Cajon Creek

San Jacinto River

Mean

SD

Mean

SD

Mean

SD

420.7
1.5
145.6
160.3
316.4
5.6
35.1

66.1
1.6
5.4
5.7
10.7
0.1
0.1

476.3
1.9
219.7
227.0
460.2
6.4
34.5

85.4
1.7
49.2
43.6
93.1
0.3
0.4

503.6
1.1
143.2
148.1
314.4
3.8
36.9

35.5
1.7
9.1
5.0
15.9
0.1
0.2

extirpation due to low densities and greater isolation. The microhabitat model identiﬁed habitat conditions at a local scale
that affect patch usage within a larger suitable landscape. These values can help set restoration goals for creating suitable
patches identiﬁed through the landscape model.
A positive relationship of ﬂuvent soils with species presence identiﬁed the most important associations with soils at a
landscape scale for SBKR. SBKR occurrence sites across the landscape were characterized by higher concentrations of ﬂuvent
soils compared to unoccupied modeled sites. At a microhabitat level, the percent of sand in the soil was an important predictor of SBKR index of abundance, with a strong negative relationship between the principal component containing low sand
and SBKR, thus we expect a strong positive relationship between high levels of sand in the substrate and SBKR abundance.
Sandy, alluvial soils have often been associated with the species, and results from both models provide further evidence of the
importance of this relationship.
Surface substrate was also important, and we found a positive association between the SBKR index of abundance and the
percent cover of sandy, bare ground. Bare ground is critical for sandbathing which maintains the pelage (Eisenberg, 1963) and
also serves as scent communication and functions in neighbor recognition and dominance in solitary kangaroo rat species
(Randall, 1991, 1981). Moreover, sandy surface substrate with small soil particles is beneﬁcial for kangaroo rat foraging as it
improves seed harvest rate (Price and Podolsky, 1989). The categorical model predicted a signiﬁcant increase in the SBKR
index of abundance in areas of high surface gravel (27e40%) relative to moderate gravel cover (12e19%), although there was
only a trend towards a positive association with surface gravel cover in the linear model. Gravel is a component of ﬂuvent
soils, and this relationship might reﬂect the broader pattern of substrate association. However, we did not assess particle size
within the surface gravel category, and smaller gravel particles might function in a similar manner as sand for foraging,
burrowing or locomotion.
At the landscape level, alluvial scrub was the vegetation type most strongly associated with SBKR. The landscape cover
measurements quantify the area of alluvial scrub habitat surrounding each grid point rather than measure shrub cover.
Although alluvial scrub habitat consists of patches of shrubs of variable height and density, depending on disturbance
stage and water availability, seral differences in shrub cover are not captured by the landscape model. At a microhabitat
level, however, SBKR were negatively associated with shrub cover, which may be driven by the reduction in bare ground
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Table 4
Results from generalized linear models of predictor variables on number of SBKR documented at each site. Asterisks indicate signiﬁcant variables after
Benjamini-Hochberg p-value correction to control for false discovery rate.
Model

Variable Set

Estimate

Std. Error

z value

Raw p-value

BH corrected p-value

1.Vegetation

percent grass*
percent shrub*
percent forb
percent duff
percent sand/bare ground*
percent gravel
percent cobble þ boulder
percent woody debris
percent soil crust
PC1 (low sand high silt)*
PC2 (low clay high gravel)
average depth
San Diego pocket mouse*
Dulzura kangaroo rat
LA pocket mouse
Cactus mouse*
Deer mouse

0.03
0.10
0.21
0.22
0.05
0.06
0.02
0.11
0.05
1.01
0.43
0.05
0.18
0.00
0.02
0.16
0.01

0.01
0.03
0.11
0.10
0.01
0.03
0.11
0.09
0.07
0.33
0.51
0.19
0.07
0.04
0.05
0.06
0.01

2.41
3.46
1.88
2.11
3.54
2.13
0.20
1.20
0.67
3.04
0.84
0.26
2.39
0.03
0.34
2.72
0.50

0.02
0.00
0.06
0.03
0.00
0.03
0.85
0.23
0.50
0.00
0.40
0.79
0.02
0.98
0.74
0.01
0.62

0.05
0.00
0.11
0.07
0.00
0.07
0.90
0.39
0.71
0.01
0.62
0.90
0.05
0.98
0.89
0.03
0.80

2. Surface

3. Soil

4. Species

Table 5
Results from generalized linear models with one variable at a time classiﬁed as categorical with low, medium, or high values to test for intermediate
selection. Asterisks indicate variables with signiﬁcant differences between one or more categories, with SBKR abundance expected to decrease when
moving from : categories to ; categories across each variable.
Model

Variable Set

1. Vegetation

Shrub cover*
Grass cover*
Forb cover
Duff cover
Sand/bare ground*
Gravel*
Woody debris*
SD pocket mouse
Dulzura kangaroo rat
Cactus mouse*
Deer mouse
LA pocket mouse

2. Surface

3. Species

:
:

;
;

;

Low

Medium

6e15%
1e17%
0e4%
2e9%
5e19%
1e8%
0e4%
0
0
0
0e10
0e1

23e35%
22e28%
5e9%
15e18%
35e40%
12e19%
6e13%
1e5
1e5
1e6
10e30
3e9

:

;
:

;

High
;
;

:
:

:

40e65%
45e81%
10e19%
25e30%
59e71%
27e40%
16e25%
5e25
6e49
9e32
30e90
10e22

that is associated with a closed shrub canopy during later seral stages. With regard to predation, kangaroo rats may be
more vulnerable to ambush by snakes under shrubs, but shrubs may also provide protection from aerial predators such as
owls (Randall, 1993). Moreover, shrub root systems may provide stability for burrowing. Kangaroo rats have been shown
to preferentially utilize burrows adjacent to shrubs (Striplin, 2004). Shrub base density may, however, negatively affect
locomotion. In our study, “shrub” included buckwheat (Eriogonum fasciculatum), scale broom (Lepidospartum squamatum), brittlebush (Encelia farinosa), Yerba Santa (Eriodictyon californicum), and deerweed (Acmispon glaber). These shrubs
might not all be functionally equivalent, with some (e.g. buckwheat) growing very dense at the ground, likely restricting
rodent movement while others (e.g. scale broom) are sparser at the base and might not impede SBKR locomotion in the
same way. Certainly, kangaroo rats have been shown to utilize habitat under creosote bush (Larrea tridentata) (Schroder,
1987), which typically create more sandy soil and an area of bare ground at the base (Vasek, 1980), likely by outcompeting other plants for root space (Yeaton et al., 1977). Our landscape-scale vegetation classiﬁcation polygons did not
distinguish areas of dense understory cover that could obstruct kangaroo rat movement, contributing further to the scale
differences between the landscape and microhabitat models. Furthermore, while woody debris was not signiﬁcant in the
linear model, we did ﬁnd selection for intermediate values (6e13%) over low values (0e4%) when we explored non-linear
relationships. Woody debris comes from dead and disarticulating shrubs, and although SBKR are negatively associated
with shrub cover at a microhabitat level, there appears to be selection for some low level of shrubs (6e15%). These results
are similar to those for other kangaroo rats (i.e. D. spectabilis) which occupy habitat with less than 20% shrub cover (Krogh
et al., 2002).
In the landscape model, the presence of exotic grass was derived from polygon based vegetation layers for grassland,
which were not strongly associated with SBKR presence. However, the ﬁeld surveys captured exotic grass cover both in
grassland areas and within the matrix of shrubs and scrub. A negative relationship between non-native grass and the SBKR
index of abundance was found at microhabitat scale, which is consistent with our understanding of the species’ biology. A
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negative relationship with grass cover was also found in two site-speciﬁc models for SBKR (USFWS, 2010; WRCBMP, 2015),
and in studies of other California heteromyids, Stephens’ kangaroo rats (Dipodomys stephensi) (Kelt et al., 2005) and Paciﬁc
pocket mice (Perognathus longimembris paciﬁcus) (Brehme et al., 2018). Thick non-native grass likely impedes heteromyid
movement through the habitat and can impair predator detection and avoidance behavior (Whitford et al., 2017) and creates
a mat of vegetation that precludes above-ground sandbathing, an important mode of communication in this species (Randall,
1991, 1981). Although the diet of the SBKR has not been studied, other species of kangaroo rats consume grass seeds (Meserve,
1976), and can tolerate moderate levels of grass cover which provide food but does not restrict movement. Our models
indicate we expect to ﬁnd more SBKR in areas with low (1e17%) to medium (22e28%) values of grass cover compared to high
(40e65%) amounts of non-native grass cover.
The association between SBKR and an index of heterospeciﬁc abundance requires further investigation, and we cannot
determine whether they are driven by competitive interactions or shared habitat preferences. Another study of habitat use in
a similar community found both San Diego pocket mice and cactus mice were positively associated with shrub cover relative
to forb cover, but San Diego pocket mice were found more frequently in habitat with leaf litter and woody debris while cactus
mice tended towards habitat characterized by bare ground (Chock, 2018). SBKR were found in areas with bare ground and
were positively associated with cactus mice and negatively associated with San Diego pocket mice. Anecdotal evidence
suggests that SBKR are less likely to occur in areas with Dulzura kangaroo rats (Service, pers. comm.), but we found no
relationship between the two species of kangaroo rats. Few of our sites had high densities of Dulzura kangaroo rats (only 3 of
78 sites had >5 Dulzura kangaroo rats after adjusting for trapping effort), and it is possible that there may be a competitive
relationship that was not identiﬁed in these trapping areas.
Land managers and regulatory agencies can begin applying the results of these models immediately. Both models identiﬁed features associated with periodic ﬂooding events as important in SBKR presence and abundance. Flooding deposits
sediment and resets the vegetation community, opening up areas of sandy bare ground and low vegetation cover. With
increased urbanization and suppression of ﬂoods and ﬁres, there is less early successional habitat available (Hanes et al.,
1989). Management of land for the species should include the possibility of reestablishing natural periodic disturbance.
Where natural disturbance is not feasible, active management to periodically create patches of early successional vegetation
will be necessary to restore and maintain patches and connectivity between suitable SBKR habitats.
Our modeling results support the existing critical habitat designation for SBKR (USFWS, 2002). The results indicate that the
very small amount of remaining high quality habitat falls inside the designated critical habitat area, and there is no high
quality and very little medium quality habitat outside of the critical habitat area. Our model identiﬁed a low quality habitat
patch near Cabazon that falls outside of the known historical range of SBKR, the eastern extent of which was near Beaumont,
approximately 16 km west of Cabazon. This area is occupied by a different subspecies of kangaroo rat, Dipodomys merriami
merriami, and thus may not be suitable for SBKR due to risk of introgression.
It is imperative to protect the high quality habitat that persists, as it can support up to 30 times more SBKR than low quality
habitat (McKernan, 1997). Limiting further destruction and fragmentation of designated critical habitat should be a top
priority for SBKR conservation. Given the rarity and restricted range of SBKR, even landscape areas with low HSI predicted by
the Mahalanobis partition model should be included in initial restoration assessments, especially if they are adjacent to
occupied locations. Low suitability values resulting from vegetation condition may be altered with a variety of management
approaches, while low suitability driven by underlying soils requires more intensive inputs to alter. An accurate picture of the
current state of any site must be ground truthed before either including or excluding it from further consideration for
restoration. Current microhabitat status should be surveyed, and restoration targets can then be set. On conserved lands that
could support a translocated population, the patches with the highest predicted suitability can be identiﬁed initially with the
landscape model. Habitat improvements through restoration should then be initiated immediately, so that when mitigation
translocations occur, the habitat will be ready. There are few reliable strategies for synchronizing the longer timeframe
required for shrub establishment with the typical schedule of a mitigation translocation. The consequences of failing to
establish suitable habitat, though, will be a failed translocation (Grifﬁth et al., 1989; Wolf et al., 1996). With continuing
pressure from development, assessing conserved habitat and beginning restoration is critical to promote population
expansion or prepare for future mitigation translocations.
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