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Abstract

Assessment of locations where wildlife species cross highways is a key question in mitigating future wildlife-vehicle mortal-
ity. Examination of the spatial structure, complexities, and patterns of vegetation or other land-use types (i.e., cropland, urban
areas) near roadways allows scientists to identify any thresholds that influence where animals are likely to die or successfully
cross the roadway. We used a historic 1982 to 2017 dataset of ocelot (Leopardus pardalis pardalis) mortality locations and
approximate road crossing locations of telemetered ocelots in the Lower Rio Grande Valley in Texas to examine the spatial
structure of woody vegetation within a hypothesized road effect zone. We determined if there were differences in the spatial
structure of woody cover within a 1050 m buffer of each successful crossing and roadkill location using PERMANOVA and
principal component analyses. We used a similarity percentages analysis to determine the relative contribution of each aspect
of spatial structure on differences in successful crossing and roadkill locations. We found statistically significant differences
in spatial attributes of patches at the locations of successful crossing versus roadkill locations of ocelots at the 150 m spatial
extent (pseudo-F, 4, =4.85, P(perm)=0.008, permutations = 9949). Largest patch index contributed most to the differences
between successful crossing and roadkill locations (15.94%), followed by mean patch area (15.44%), percent woody cover
(15.18%), aggregation indices (14.53%), Euclidean nearest neighbor (13.47%), edge (13.08%) and patch densities (12.36%).
Roadkill locations were clustered in locations with lower-quality woody cover within 300 m of the highway. This suggests
areas immediately surrounding roads need to contain woody patches that are larger and closer together to reduce the barrier-
effects of roads. Such information is important for informing highway planners about where to encourage crossings or to
build wildlife crossing structures to promote movement across the highway.

Keywords Landscape metrics - Lower Rio Grande Valley - Principal component analysis - PERMANOVA - Road ecology -
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Introduction

Continental transportation corridors (i.e., roads) are a pro-
found fixture on the world landscape, accounting for > 35
million km as of 2020, and a projected > 70% increase over
the next 30 years (Dulac 2013; Meijer et al. 2018). Roads
have had a profound negative impact on ecosystems, eco-
logical processes, and wildlife species globally (Jackson and
Fahrig 2011; van der Ree et al. 2015). In advanced coun-
tries like the United States where roads already affect more
than 20% of the landmass (Forman and Alexander 1998),
expansions of road infrastructure, especially in areas with
known human impacts, can further exacerbate deleterious
impacts on flora and fauna (Ament et al. 2008; Taylor and
Goldingay 2010; Qin et al. 2022). Near large metropolitan
areas, a high human population growth rate often coincides
with the rapid land conversion of adjacent wildlife habitat
which leads to an increase in road networks in once-rural
landscapes; this, in turn, leads to road planning and habitat
preservation challenges (Forman et al. 2003; Shanley and
Pyare 2011). Construction and expansion of new and exist-
ing roadways result in increased traffic volume leading to
increased direct road effects such as a barrier to movement
and reduced landscape connectivity (Grilo et al. 2021; Veals
et al 2022b), increased vehicle-induced mortality (Blackburn
et al. 2021b), and stress-induced physiological changes in
species risk (Ditmer et al. 2018).

Ecological effects of roadways occur within a road effect
zone (REZ), which is defined as the asymmetrical area
around a road over which significant ecological impacts
are measured (Bennett 1991, Forman and Deblinger 2000).
The REZ is often used by transportation planners and biolo-
gists to estimate the area of impact for species and deter-
mine where to mitigate these effects (Andrasi et al. 2021).
The effects of REZs may vary by habitat type, road type,
species, and sex (Kasworm and Manley 1990; Semlitsch
et al. 2007; Shanley and Pyare 2011; Andrasi et al. 2021).
For instance, in the Netherlands, relative bird diversity was
greatest at 1,000 m from roadways in pasturelands. however,
density near roads in forested areas was greatest around
500 m from roadways (Forman and Deblinger 2000). In
carnivores, the European wildcat (Felis sylvestris) showed
decreased habitat use and avoidance in areas within 200 m
of roadways (Klar et al. 2008). Blackburn et al. (2021a)
assessed the scale of effect of ocelot (Leopardus pardalis)
road mortality locations and random sites and found that
land cover beyond 1050 m only had significant effects with
patches that were closer together. Knowledge of the extent
of the REZ and the spatial arrangement of land cover types
within the REZ has powerful implications for understanding
where species successfully traverse roads and where they
succumb to road mortalities.
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Wildlife vehicle collisions are the leading and most detri-
mental impact of roads on wildlife populations (Grilo et al.
2021). In some areas, vehicle-caused mortality is the lead-
ing source of mortality for wildlife, which can pose serious
threats to endangered or threatened carnivores. For instance,
Grilo et al. (2021) analyzed roadkill rates of 392 different
mammal species worldwide and found that roadkill rates of
brown hyena (Hyaena brunna) in southern Africa and
maned wolf (Chrysocyon brachyurus) in Brazil are pro-
jected to lead to increased extinction risk. Road mortalities
enhance the negative effects of decreased gene flow, limited
connectivity, recruitment, and dispersal of wildlife species
(van der Ree et al. 2015). Wildlife-vehicle mortalities have
often been linked to areas near vegetative cover (Clevenger
et al. 2003), spatial aggregations of habitat patches (Main
and Allen 2002), and landscape structure of vegetative cover
(Blackburn et al. 2021a). Understanding differences in spatial
arrangements of locations where wildlife species successfully
traverse roads compared to wildlife-vehicle observations is
important to mitigate future mortality (Neumann et al. 2012)
and help inform placement of wildlife crossing structures.

In the southern Texas-northern México borderlands, the
Lower Rio Grande Valley eco-region contains a rapidly
developing bi-national metropolitan area with an increasing
urban footprint and transportation network infrastructure.
The region’s extensive and expanding agricultural fields,
which radiate from the urban core of Brownsville, McAllen,
and Harlingen, produce the third-greatest citrus yields in the
United States (Leslie 2016; Lombardi et al. 2020). The com-
bination of these factors led to the loss and fragmentation of
woody cover communities in the region in the 20" century,
with 91% loss through the 1990s (Tremblay et al. 2005).
More recent studies indicate while woody cover across the
Lower Rio Grande Valley has increased since 1987, it was
due to a sharp increase in small patches < 0.4 ha and loss
of large patches > 100 ha (Lombardi et al. 2020). The loss
of large patches of native woody vegetation, coupled with
expanding road infrastructure has had a negative effect on
wildlife. Among affected species is the US-federally endan-
gered ocelot (Leopardus pardalis pardalis), a medium-sized
native felid.

Ocelots in Texas are separated into two isolated popula-
tions; the Ranch Ocelot Population (likely 60 + individuals;
Lombardi et al. 2022) occurs on large private ranchlands in
Kenedy and Willacy counties. The smaller Refuge Ocelot
Population (16-20 individuals) occurs in coastal areas of
the Lower Rio Grande Valley, specifically in and around
Laguna Atascosa National Wildlife Refuge (LANWR; S.
Lehnen, USFWS, pers. com). Loss of available woody cover
in the region (Veals et al. 2022a, b) coupled with exten-
sive road infrastructure and traffic volumes has led to high
levels of ocelot-road mortality to the point where vehicle
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collisions are the primary cause of ocelot mortality within
this population (Haines et al. 2005; Blackburn et al. 2021b).
Consequently, research on how ocelot populations in this
region interface with low to high traffic paved roads is criti-
cal to future recovery and road mitigation efforts (Haines
et al. 2005; Schmidt et al. 2020; Blackburn et al. 2021a, b).

Over the last 20 years, evidence has grown of the impor-
tance of incorporating landscape structure and landscape
metrics in understanding of effects of rapid urbanization
on woody cover (Lombardi et al. 2020), ocelot habitat use
(Jackson et al. 2005; Lombardi et al. 2021), and road ecol-
ogy in southern Texas (Blackburn et al 2021a, 2022; Schmidt
et al. 2020; Veals et al. 2022a, b). Ocelots in large private
ranchlands devoid of highways use large, low-density patches
of live oak (Quercus virginiana) forest and thornshrub with
lower shape indices and high aggregations (Lombardi et al.
2021). However, ocelots in the Refuge Population select for
large, isolated patches of Tamaulipan thornshrub commu-
nities with higher landscape shape indices (Jackson et al.
2005) and are more likely to use areas farther from paved
roads (Veals et al. 2022a, b). In an evaluation of road mortal-
ity data, Blackburn et al. (2021a) used landscape metrics to
suggest ocelot road mortality sites had a more woody cover
than random sites along highways. Schmidt et al. (2020)
also indicated ocelot mortality risk was highest with smaller
core areas (ha) and greater edge contrast (%) of woody scrub
habitats. Historically, the placement of wildlife crossing
structures for ocelots has focused on areas with ocelot road
mortalities and proximate woody cover (Blackburn et al.
2022). However, no study has investigated the spatial patterns
of woody cover within a hypothesized REZ differ between
where ocelots successfully crossed and where individuals
were roadkilled. If woody cover metrics differ significantly
between crossing sites and roadkill locations, it would have
powerful implications for the placement of wildlife crossing
structures on paved roadways and habitat restoration efforts
in nearby areas.

We analyzed the spatial structure of woody cover at
monitored ocelot highway crossing locations from a 19-year
(1982-2001) telemetry database (n=52) and locations of
confirmed roadkilled ocelots (n=26) from 1982 to 2017.
We compared the landscape structure of woody cover
within a 1,050 m REZ of 1) individual telemetered ocelot
successful crossing locations and road mortality locations
of ocelots that died of vehicle collisions (all ocelot analy-
sis); 2) successful ocelot crossing locations of telemetered
ocelots that were roadkilled to their respective roadkill
locations (paired ocelot analysis); 3) successful telemetered
ocelot crossing locations for ocelots with an unknown fate
compared to successful telemetered ocelot crossing loca-
tions for ocelots who were roadkilled between 1982 and
2017 (successful crossing analysis).

Methods
Study area

The study focused on a fragmented urban-agriculture-wildland
mosaic landscape in coastal Cameron County in the Lower Rio
Grande Valley and Laguna Madre Barrier Island and Coastal
Marsh eco-regions in southern Texas (Griffith et al. 2007).
This area has a semi-arid subtropical climate (10-36 °C) with
highly variable rainfall (313-529 mm) and episodic drought
periods (Norwine and Kuruvilla 2007). The focal area of inter-
est contained a mosaic of low to medium-density urban devel-
opment, large private ranchlands managed for cattle, native
game species (e.g., white-tailed deer (Odocoileus virginiana),
and waterfowl, row-crop agriculture, and protected natural
habitat (Fig. 1).

The focal area is in and around the US Fish and Wildlife
Service’s (USFWS) Laguna Atascosa National Wildlife Ref-
uge (LANWR; 26° 13° N, 97°, 22” W) and proximate areas
in Cameron and Willacy Counties, Texas (Haines et al. 2005;
Blackburn et al. 2021a; Lehnen et al. 2021; Veals et al 2022b).
Paved roads included county roads (CR), state highways (SH),
farm-to-market roads (FM), and major secondary roads on
Laguna Atascosa National Wildlife Refuge (i.e., Bayside Loop
[active 1982-2013]). Traffic volume in these areas has been
consistent or increased since the end of ocelot monitoring in
2001 with annual average daily traffic (AADT) volumes rang-
ing from 176 to>9000 cars/day (Table 1). High traffic volume
roads (> 7000 cars/day) are connected to seasonal tourism on
the nearby South Padre Island beachside community (Aaron
Economic Consulting 2017).

Laguna Atascosa National Wildlife Refuge is found in
the northeastern half of the study area and is composed of
low-traffic volume paved roadways (40 kph) that served as
scenic drives. Vegetation communities on the refuge included
patches of native thornshrub communities in the southern
and northern edges of LANWR, scattered hypersaline estua-
rine lakes, tidal flats, and restored and native coastal prairie
(Veals et al. 2022a, b). Private ranchlands in Willacy County
and scattered throughout eastern Cameron County contained
rangeland for cattle and fragmented patches of thornshrub
communities. Associated thornshrub vegetation communities
used by ocelots in this area included lime prickly ash (Zanth-
oxylum fagara), spiny hackberry (Celtis pallida), crucifixion
thorn (Castela emoryi), blackbrush acacia (Vachellia rigid-
ula), and ebony (Ebenopsis ebano; Lombardi et al. 2021).

Methodology
Ocelot telemetry data collection We complied a historic

(very high frequency [VHF]) telemetry database of oce-
lots (n=52, 29 males, 23 females; Blackburn et al. 2021a;
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Fig. 1 Map of the urban-
agricultural mosaic study areas
including the location of Laguna
Atascosa National Wildlife
Refuge (LANWR), paved roads
with low-high traffic volume, dirt
and gravel roadways in eastern
Willacy and Cameron counties in
southern Texas

10 Kilometers

Veals et al. 2022a, b) monitored from individuals collared
on LANWR and immediate surrounding areas, Cameron
County, Texas from 1982 to 2001. Telemetry location data
with VHF varied across time, but at least one diurnal loca-
tion was recorded per day, and locations were recorded up to
two weeks/per month using traditional ground-based trian-
gulation with more than one observer sporadically through-
out the year (Veals et al. 2022a, b). During these 19 years,
duration of VHF monitoring generally ranged from 2 to
2 years, with multiple individuals monitored > 2 times over
multiple years.

Ocelot road mortality data We obtained 26 roadkill loca-
tions from 1982 to 2017 from a comprehensive database of

@ Springer
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confirmed ocelot-vehicle mortalities in the study area of both
radio-collared and non-collared individuals (Blackburn et al.
2021a; Schmidt et al. 2020). Of these 26 roadkill locations
found throughout the region, only five were of radio-collared
individuals monitored from the 1982 to 2001 monitoring
period. These road mortality observations were each discov-
ered incidentally over the 35 years by state game wardens,
academic and federal biologists, and private citizens; all mor-
talities were verified by trained biologists, and GPS locations
and habitat descriptions were collected. Unlike more stand-
ardized road mortality surveys, the nonsystematic collection
method of these ocelot mortality locations over 35 years may
represent a potential bias (Blackburn et al. 2021a) and may
not be representative of every ocelot road mortality during
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Table 1 Summary of annual average daily traffic (AADT) data from
stations closest to known mortalities, surface type, road width (lanes),
speed (km/h) and number of ocelot mortalities for on road with oce-

lot mortalities including state highways (SH), county roads (CR), and
farm-to-market (FM), located within the area of interest in southern
Texas

Major Paved Roads  Earliest Year  Earliest AADT  Current Year Current AADT  Surface Type Road Width Speed  Mortalities
SH510 2002 2700 2021 3393 Paved 2 80 6
SH100 2002 7200 2021 7583 Paved 4 807* 4
FM106 2013 176 2021 875 Paved 2 80 3
CR517 2013 1650 2021 1859 Paved 2 40 1
FM1847 2002 900 2021 2148 Paved 2 80 1
SH 186 2002 770 2021 1001 Paved 2 120 8
SH48 2002 6200 2021 9596 Paved 4 105 1
FM490 2002 290 2021 282 Paved 2 120 1
CR519 N/A N/A N/A N/A Paved 2 40 1

Earliest year and earliest AADT information were the first year that AADT data were collected for that road, available from the Texas Depart-
ment of Transportation. Current year and current AADT are the most recent AADT information available

* At time of mortalities

this period. Due to the small size of this local population
(less than 120 individuals in a given year); however, we are
confident that the data used in this study likely represent the
majority of ocelot mortalities in this region.

Spatial analyses To understand the role of the spatial struc-
ture of woody cover at crossing locations of paved roads we
employed a four-pronged approach: classification of paved
roadways in the study area, identification of successful road
crossing locations of telemetered ocelots through simulated
movement paths, roadkill locations on paved roads (Blackburn
et al. 2021a), and development of temporally distinct remotely
sensed imagery for each corresponding year(s) for successful
crossing and roadkill locations (Table 2).

For the roadway data, we downloaded paved roadway
shapefiles from the Texas Department of Transportation
(2022) and cross-referenced satellite imagery. From 1982
to 2017, based on satellite imagery, we documented no
new roadways constructed in the focal study area. The only
large-scale road expansions and improvements of existing
roads were initiated in the mid-2010s to install wildlife
crossing structures on SH100 (starting in 2016) and FM 106
(starting in 2013). In the larger Lower Rio Grande Valley

Table2 Summary of ocelot (Leopardus pardalis pardalis) successful
crossing events (1982-2001) and road mortality events (1982-2017)
in Willacy and Cameron counties in Southern Texas

Years Crossing Events Mortalities
1980s 10 7
1990s 5 8
2000s 1 4
2010s N/A 7

Table modified from Blackburn et al. 2021a

region, however, large-scale road construction took place
closer to major and secondary roads in and around the cities
of Brownsville, Harlingen, San Benito, Los Fresnos, and
Port Isabel, which were located outside (> 10 km) of known
ocelot telemetry locations.

We classified roads as unpaved and paved based on
imagery from the USFWS (2017) and satellite LANDSAT 5
imagery (30-m) and conducted ground assessments to verify
the substrate of each roadway in March 2019 and June 2021.
Unpaved roads, including dirt, earthen two-track, gravel, and
caliche gravel surfaces were not used in this analysis because
wildlife road mitigation projects (i.e., wildlife crossing struc-
tures) are largely tied to paved highways and roads and there
has never been a documented ocelot road mortality on an
unpaved road in Texas.

Following similar methodologies as Poessel et al. (2014),
we simulated movement paths for individual ocelots by cre-
ating lines between consecutive observed locations using
ArcMap (version 10.8.1 ESRI, Redlands, CA). We identified
movement paths that intersected roads, thereby indicating a
successful paved road crossing (Chruszcz et al. 2003; Lewis
et al. 2011; Poessel et al. 2014). VHF telemetry data can
be potentially biased in identifying the exact coordinates of
locations, so there was a potential that some of the cross-
ing events across paved roads were due to location error
rather than actual crossings (Lewis et al. 2011); therefore,
we refer to these as “apparent successful crossings.” Con-
firmed crossings were validated through a four-step process
that began with the identification of telemetry locations on
each side of a paved roadway. Three additional criteria were
used to refine crossing classifications: (1) > 1 sequential
location was recorded on both sides of the paved road to
reduce the likelihood that the crossing was simply a loca-
tion error (Lewis et al. 2011); (2) locations on each side of
the road were <72 h apart to avoid the probability that the
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ocelot took a different route that did not include a road cross-
ing; (3) a crossing location was the mean minimum daily
distance traveled for ocelots calculated from the telemetry
data (Blackburn et al. 2021a; Veals et al 2022a, b) from
the endpoint (e.g., dead-end) of a paved road to ensure the
individual crossed rather than travel around the road. We do
acknowledge that due to the lower temporal frequency of
VHEF radio collars it is likely there were more road crossings
than we estimated.

Landscape structure analyses We obtained remotely sensed
imagery for the years within successful ocelot crossings
(1982-2001) and known ocelot-vehicle mortality locations
(1982-2017) to examine the spatial structure, shape, and
complexities of woody cover within a REZ around each
successful crossing roadkill location on paved roads. We
used previously classified LANDSAT 5 and LANDSAT 8
imagery created by Blackburn et al. (2021a) and analyzed
new imagery for additional years to ensure that we accounted
for potential changes in woody cover over time. We con-
ducted an unsupervised classification in ERDAS IMAGINE
2018 (Hexagon Geospatial, Norcross, GA). We selected
scenes that had minimal cloud cover (< 10%) during the
cropland growing season (March-May) to distinguish among
cover types. We followed a classification scheme developed
by Blackburn et al. (2021a) for the region: woody cover
[i.e., thornshrub communities, and taller tree species (i.e.,
brasil, ebony, and mesquite], herbaceous cover (i.e., native
and invasive grassland and coastal prairie), bare ground (i.e.,
bare earth, oil pads, inland, and coastal dunes), water (rivers,
coastal and inland playas, ox-bow lakes [sic resaca], estua-
rine areas, and the intercoastal waterway). Areas of row-crop
agriculture and urban areas were manually digitized for each
time period based on data acquired Texas Natural Resources
Information System (TNRIS, Austin, TX) and we mosaicked
these digitized layers into the classified imagery for temporal
representative images for the corresponding year(s). We used
200 random points to conduct an accuracy assessment our
classified imagery until we exceeded an accuracy threshold
of > 85% (Lombardi et al. 2020; Blackburn et al. 2021a).

Based on road ecology literature indicating the
importance of REZs within 1 km of highways (Clevenger
and Huijser 2011), and the landscape structure of ocelot
road mortality locations in Blackburn et al. (2021a), we
developed a methodology to examine the role of woody
spatial structure on ocelot crossing patterns. We quantified
seven class-level landscape metrics within five spatial
extents surrounding confirmed successful ocelot crossing
locations and mortality sites to examine potential scales
of road effects (Fig. 2). We used a subset of spatial extents
used by Blackburn et al (2021a, 2022) to measure road
effects (i.e., 150, 300, 450, 600, 1050 m). We selected
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1050 m as the final buffer size because our previous
research found that areas further away may be more likely
to be affected by landscape-level processes than direct road
effects (Clevenger and Huijser 2011; Veals et al. 2022a, b).
To explore if there were differences in the spatial struc-
ture of woody cover based on the four objectives we defined
a set of seven class-level landscape metrics: edge density
(ED, m/ha), percent land cover (PLAND, %), patch den-
sity (PD, patches/ha), mean patch area (AREA_MN, ha),
mean nearest neighbor (ENN_MN, m), largest patch index
(LPI, %), and aggregation index (Al, %). These metrics
have previously been used to evaluate the spatial structure
of woody cover and landscape features for ocelots across
their geographic range (Jackson et al. 2005; Garcia et al.
2019; Schmidt et al. 2020; Lombardi et al. 2021; Blackburn
et al. 2021a, 2022). We used package landscapemetrics
in Program R (Hesselbarth et al. 2019) to calculate land-
scape metrics of woody cover at each spatial extent for all
crossing and roadkill locations. Some ocelots crossed paved
roads more than one time so metrics of successful crossing
locations for individual ocelots were averaged to obtain an
average set of metrics for each ocelot. To compare metrics
from successful crossing locations to the historic database of
ocelot-road mortality in southern Texas, we used landscape
metric values for the remaining unmonitored roadkill ocelots
originally used by Blackburn et al. (2021a) in their study.

Statistical Analyses Once metrics were quantified for each
successful crossing and roadkill location, we used a permu-
tational multivariate analysis of variance (PERMANOVA) to
determine whether there were significant differences in the
landscape structure of woody cover between ocelot success-
ful crossing locations and roadkill locations using Primer
v7 (PRIMER-e, Albany Auckland, New Zealand; Anderson
2001). Metrics were normalized before analysis and con-
verted to a dissimilarity matrix based on Euclidean distances
(Anderson 2001). We conducted three different PERMANO-
VAs at each spatial extent: (1) the mean value of metrics of
successful crossings of all monitored ocelots to the locations
of all known ocelot roadkills (hereafter, all-ocelot analysis);
(2) a paired analysis of ocelots that were roadkilled while
monitored of the mean value of metrics of successful cross-
ings to their respective roadkill locations (hereafter, paired
analysis); (3) the mean value of metrics of successful cross-
ings of roadkilled ocelots to ocelots with an unknown fate
(hereafter, successful crossing analysis). If a PERMANOVA
was significant, we conducted a one-way similarity percent-
ages (SIMPER) analysis to determine the relative percentage
that differences in individual metrics contributed to overall
differences in the landscape structure (Clark 1993). We also
conducted a separate principal components analysis (PCA)
for each spatial extent and PERMANOVA design to iden-
tify patterns in the landscape structure of crossings/roadkills
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Fig.2 Example of location

of identified ocelot M170
successful paved road cross-

ing location and hypothesized
road effect zone (150, 300, 450,
600, 1050 m) used around each
paved road crossing or mortality
location to examine landscape
structure of woody cover

M170
Buffers

Woody

and how these patterns relate to individual landscape met-
rics. We conducted all PCAs in R v4.1.2 using the prcomp
function in the Stats package; data were centered and scaled
before analysis.

Results

From 1982 to 2001, we documented 69 paved road crossing
events from 16 individuals (7 females, 9 males). Of these
individuals, 5 (1 female, 4 males) suffered vehicle-attributed
road mortalities. The average number of paved road cross-
ings was 4.31 (range: 1-15) for males and 5 (range: 1-9)

Herbaceous | | Bare Ground

B Agricutture [l Urban

Paved Roads - Water

0 0475 035

for females. Of the monitored individuals who died from
vehicle-attributed mortality, 1 female crossed paved roads at
least 7 times, whereas the 4 males each had at least 2 cross-
ings. We documented 26 road killed ocelots between 1982
and 2017, 5 of which were being monitored at the time (see
Fig. 1 in Blackburn et al. 2021a).

We found statistically significant differences in the attrib-
utes of the locations of successful crossings to roadkill loca-
tions for the all-ocelot analysis at the 150 m spatial extent
(pseudo-F, 4, =4.85, P(perm) =0.008, permutations =9949).
The SIMPER analysis revealed that the largest patch index
contributed the greatest to the differences between suc-
cessful crossings and roadkill locations (15.94%), followed
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by mean patch area (15.44%), percent landscape cover
(15.18%), aggregation index (14.53), Euclidean nearest
neighbor (13.47%), edge density (13.08%) and patch den-
sity (12.36%). All other PERMANOVAs at the other spatial
extents showed no significant differences at the 0.10 level
(Supplemental Table A1-3).

Our PCA results, however, revealed consistent clustering
patterns, especially when comparing successful crossings
to roadkill locations. Ordination clustering patterns were
most apparent at finer spatial extents (150-300 m) where
there was the greatest distinction between roadkill locations
and mean successful crossing locations. Although we did
not see statistically significant effects at 300 m buffer, the
pattern is similar to the 150 m buffer result (Fig. 3). At
broader spatial extents, there was more overlap between
successful crossing and roadkill locations. At each spa-
tial extent, the structure of woody cover for roadkill loca-
tions tended to have greater Euclidean distances between
patches, higher patch densities, and smaller patch areas
than the successful crossing locations (Figs. 3 and 4). This
pattern held true for the all-ocelot analysis and the paired

analysis. For the successful crossings analysis, ocelots that
were road killed tended toward locations with higher patch
densities, higher mean patch areas, and greater Euclidean
distances between patches (Fig. 5).

Discussion

Within the road effect zone, landscape structure within
300 m of highways is likely to be the best indicator of
whether a crossing event will be successful or unsuccess-
ful (i.e., roadkill) for ocelots in Southern Texas. Ordina-
tion clustering of roadkill locations of telemetered ocelots
suggests landscape structure is of lower quality compared
to mean values of successful crossing locations. Locations
with road mortalities of both telemetered and unmonitored
ocelots all had longer distances between woody patches
and smaller patch sizes, which is indicative of low suitable
woody cover for ocelots (Lombardi et al. 2021). These
results put previous studies on ocelot road mortalities into
context, where road mortality sites had more woody cover,

Type @ roadkill @ success
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Fig.3 Principal components analysis plot of woody cover metrics
of the average successful crossing locations of all monitored ocelots
and all known roadkilled locations between 1982 and 2001 at each
of five spatial extents. Principal component (PC) axes 1 and 2 are
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sity (PD; patches/100 ha), edge density (ED; m/ha), mean patch area
(AREA_MN; ha), largest patch index (LPI), aggregation index (Al),
and Euclidean nearest neighbor distance (ENN_MN; m). Correlation
between landscape metrics and PC axes are represented by radial lines
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Fig.4 Principal components analysis plot of woody cover metrics of
the average successful crossing locations of individual ocelots and
their roadkill location at each of five spatial extents. Principal compo-
nent (PC) axes 1 and 2 are shown. Metrics included percent landscape
(PLAND; %), patch density (PD; patches/100 ha), edge density (ED;

patches aggregated closer together and larger patches than
random sites on the landscape (Blackburn et al. 2021a;
Schmidt et al. 2020). However, ordination clustering indi-
cates ocelots who successfully cross paved roads are doing
so between patches close to the highway that are larger and
closer together, an indication of a typical high landscape
structure suitability (Lombardi et al. 2021).

Ordination clustering in poor landscape structure in areas
immediately closer to highways is not surprising, particu-
larly in regard to highway construction and design. Typi-
cally, when roads are constructed through areas of intact
habitat, there is a considerable amount of disturbance in
areas within the first 50-m from the center of the highway,
depending on the size of the road. Highways and other paved
roads typically also include paved shoulders and 20 m of
mowed rights of way for drainage and utility lines. Often,
when paved roads are built, large intact patches of woody
cover are fragmented into smaller patches or are cleared
outright. As a result, this directly impacts the movement
and connectivity of wildlife species, especially those like
ocelots who prefer woody environments (Jackson et al. 2005;

m/ha), mean patch area (AREA_MN; ha), largest patch index (LPI),
aggregation index (AI), and Euclidean nearest neighbor distance
(ENN_MN; m). Correlation between landscape metrics and PC axes
are represented by radial lines

Schmidt et al. 2020; Blackburn et al. 2021a; Lombardi et al.
2021). These 150 m areas around roadways were found to
be significant in identifying where ocelots were more likely
to be killed across southern Texas compared to randomized
locations on the landscape. Blackburn et al. (2021a) reported
these areas contained more woody cover than random loca-
tions. These results coupled with our findings suggest oce-
lots may seek out larger patches of woody cover in areas
closer to roads, compared to random locations but more dis-
tant and smaller patches may lead to an increased likelihood
of mortality rather than successful crossings.

Of monitored individuals that did succumb to vehicle
mortality in locations with poorer landscape structures, 75%
were male. However, across all mortalities examined regard-
less of a telemetered individual, males represented over half
of ocelot road mortalities (Blackburn et al. 2021b). Upon
closer inspection of the paired analysis results, we discov-
ered of the five roadkill locations of monitored cats, one
individual (M65) showed a successful/roadkill pattern that
was opposite to the other four cats. This individual success-
fully crossed in areas with high PD and ENN_MN, smaller

@ Springer
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Fig.5 Principal components analysis plot of woody cover metrics of
the average successful crossing locations of monitored ocelots that
were eventually roadkilled compared with cats with an unknown fate
at each of five spatial extents. Principal component (PC) axes 1 and 2
are shown. Metrics included percent landscape (PLAND; %), patch

AREA_MN at fine spatial extents (150 and 300 m), more
associated with roadkill locations of the other cats but died
in an area of higher-quality structure that most resembled
where the other cats successfully crossed.

Male ocelots are highly territorial and occupy large home
ranges to encompass 3-5 females (Logan and Sweanor
2001; Hunter 2015). In areas with a mosaic of urban and
road development, agriculture, and natural cover, male oce-
lots are more likely to encounter roadways. Veals (2022a)
indicated male ocelots were more likely than females to
use areas closer to high-traffic volume roads, which are
attributed to having higher mortality risks (Blackburn
et al. 2021b). Dominant males are likely to occupy areas
of the larger and more suitable woody structure and cover
(Veals et al. 2022a; Lombardi et al. 2021), which may aid
in selecting areas to cross if a paved road is found in their
home range. Whereas smaller, younger, or more subordinate
males may occupy a more marginal habitat with smaller and
distant patches of cover, which may influence their ability to
find safe places to cross. However, the one male that died in
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density (PD; patches/100 ha), edge density (ED; m/ha), mean patch
area (AREA_MN; ha), largest patch index (LPI), aggregation index
(AI), and Euclidean nearest neighbor distance (ENN_MN; m). Cor-
relation between landscape metrics and PC axes are represented by
radial lines

areas with the best woody structure of all monitored ocelots,
suggests that there is always a chance that crossing roads is
dangerous for ocelots.

At the broader landscape-level (450-1050 m) REZs,
we did not observe the same level of clustering of habitat
characteristics regardless of whether ocelots successfully
crossed or died. This suggests that beyond the suggested
REZ (> 450 m), ocelots may be using woody cover in pro-
portion to what is available on the landscape and less likely
because of a direct road effect. Veals et al. (2022a) showed
that ocelots in this region exhibited proportional use of
woody cover at the third order (home range) in areas proxi-
mate to paved roads of different traffic volumes. In frag-
mented areas as seen in this study, the woody structure at
the landscape level (Lombardi et al. 2021) along with the
connectivity of patches (Veals et al 2022b) will be impor-
tant to steer ocelots to an ideal woody structure adjacent to
areas that appear more conducive to successful crossings
(i.e., larger patches [>0.87 ha; Lombardi et al. 2021] close
together within 300 m of roadways).
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Increased ordination clustering at finer spatial extents
(<300 m) compared to more landscape-level extents need to be
accounted for when designing where wildlife crossing structures
are built. If ocelots are using woody cover structures available
on the landscape at larger extents around roads, then landscape-
level factors to get ocelots to roadways only represent one-half
of the puzzle. Wildlife crossing structures in this region have
historically been constructed in areas where ocelots were killed
by vehicles, regardless of the landscape-level extent (Blackburn
et al. 2022). Blackburn et al. (2021a) showed that ocelot road
mortality sites had a 20% greater proportion of woody cover
compared to randomized sites at 150 m spatial extents. How-
ever, this study now demonstrates this may not represent an ideal
structure conducive to successful crossing events.

Our results indicate the importance of considering landscape
structure and its influence on species ecology within appropri-
ate spatial extents (Moraga et al. 2019; Blackburn et al. 2021a;
Lombardi et al. 2020, 2021; Seo et al. 2021). Knowledge of
the REZ effects for different species is critical when designing
road mitigation measures. Road effect zones can differ widely
for wildlife species and road types (Benitez-Lopez et al. 2010).
Larger carnivores such as grizzly bears (Ursus arctos) shift their
REZ (0.2 to 0.9 km) when encountering major and minor roads
(Kasworm and Manley 1990), whereas western chimpanzees
(Pan troglodyes verus) have much larger REZs (major: 17.2 km;
minor: 5.4 km; Andrasi et al. 2021). However, REZ can also
vary by sex; female moose in Alaska have larger REZs than
male moose (Shanley and Pyare 2011). Beyond the identifi-
cation of REZs for species crossing and mortality locations,
landscape metrics can serve important roles in wildlife crossing
site selection (Wiens 1989, Snow et al. 2014). Our study dem-
onstrates that future research in REZ of ocelots or similar-sized
carnivores should incorporate landscape metrics.

We acknowledge potential shortcomings of this research,
including non-significant differences between roadkill and
successful crossings. We contend, however, that the signifi-
cant differences observed at the 150 m extent for all ocelots,
and the consistency in ordination clustering in the PCA in the
all-ocelot and the paired-ocelot analyses provide convincing
evidence of differences in landscape structure between suc-
cessful crossing locations and roadkill locations despite the
small sample size. Ocelots have been endangered in the United
States since 1982, and during the time of telemetry monitoring
(1982-2001), this population represented >90% of the known
individuals in the United States. Consequently, this study rep-
resents the total available data for ocelots in the United States
in a fragmented landscape with varying road densities. Studies
like this form a baseline analysis for future studies on rare and
endangered species when data are lacking to make strong infer-
ences. Further, traffic volume and road characteristics were
similar on all paved roads in our study area, precluding our
ability to conduct a meaningful analysis to discern potential
effects on successful crossing or road mortality events.

Based on the results of this study, we recommend that
placement of wildlife crossing structures factor in spatial
structure of the woody cover within 300 m of highways and
not select locations solely based on roadkilled individuals
(Teixeira et al. 2017; Ascenséo et al. 2019). Furthermore,
connectivity at the landscape level will be an important
aspect to consider in further research to facilitate ocelot
movement to and from the highway (Veals et al 2022b). Veg-
etation restoration work should be focused on maintaining
and restoring patches of woody cover to increase the size and
decrease the distance between adjacent patches proximate
to highways. Further, vegetation restoration efforts beyond
300 m from highways should focus on a landscape level
approach, using suitable woody structure characteristics
(Lombardi et al. 2021), and connectivity (Veals et al 2022b)
to ensure woody cover is conducive to a higher probability
of ocelot use and home range placement (Veals et al. 2022a).
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