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Abstract

Context For depleted wildlife populations, under-

standing and effectively mitigating the direct and

indirect impacts of roads can be a key component of

recovery efforts. The ocelot is a federally endangered

wild felid at risk of local extinction in south Texas,

where vehicle collisions are their largest known source

of mortality.

Objectives To support road mortality mitigation, we

evaluated mortality risk across the south Texas road

network. We also assessed whether a sympatric

carnivore, the bobcat, could serve as a surrogate to

inform mortality risk.

Methods We used several presence-only species

distribution models to evaluate a suite of candidate

landscape and road attributes and identify those

associated with elevated road mortality risk using a

35-year wild felid road mortality dataset. Consensus

predictions among models identified high-risk road

segments for ocelots and bobcats. We compared

predictions between species to determine overlap of

high-risk areas.

Results Areas where core ocelot habitat intersected

roadways represented the greatest mortality risk,

reflecting ocelot reliance on intact habitat and avoid-

ance of degraded and fragmented landscapes. Bobcat

road mortality risk had similar relationships to land-

scape features, with nearly all areas classified as high-

risk for ocelots also identified as high-risk for bobcats.

Conclusions Ocelots are vulnerable to road mortal-

ity in areas where roads intersect their intact scrub

habitat. Bobcats, with appropriate data filters in place,

are an acceptable surrogate for informing ocelot road

mortality, particularly when ocelot mortality data are

limited and for time-sensitive conservation decision-

making. For ocelots and other fragmentation-intoler-

ant carnivore species, wildlife underpasses and fenc-

ing in focused areas where roads and intact habitat

intersect may be feasible options to reduce road

mortality.

Keywords Wildlife-vehicle collision � Road
mitigation �Ocelot (leopardus pardalis) �Bobcat (lynx
rufus) � Species distribution model � Habitat
fragmentation
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Introduction

Humans have developed much of the terrestrial

biosphere over the past century to support agricultural,

industrial, and societal systems (Ellis 2011). The

anthropogenic degradation of natural landscapes has

negatively impacted wildlife populations worldwide

(Crooks et al. 2017; Keinath et al. 2017), and led to

loss of global biodiversity and potentially irreversible

alteration of ecosystem function (Newbold et al.

2016). Roads are a ubiquitous element of anthro-

pogenic infrastructure and recognition of their impacts

has led to the emergent discipline of road ecology to

understand the effects of roads on ecosystem structure

and function, and the extensive ecological impacts of

roads on wildlife (Forman 2003; van der Ree et al.

2015). Roads can be a direct and significant source of

mortality through wildlife-vehicle collisions (Lima

Santos et al. 2017), and can indirectly restrict animal

movement and dispersal through habitat fragmenta-

tion and degradation (Bennett et al. 2013; Ceia-Hasse

et al. 2017). These direct and indirect impacts create

barriers (van Der Ree et al. 2011) which disrupt gene

flow and demographic population structure (Proctor

et al. 2005; Riley et al. 2006; Balkenhol and Waits

2009), and alter metapopulation dynamics (Ferreras

et al. 2001), in some cases leading to local extinctions

(Ceia-Hasse et al. 2018).

Mitigation measures to reduce the biological

impacts of roads are a key component of wildlife

recovery and conservation efforts (Roger et al. 2011).

Road mortality mitigation, including wildlife crossing

structures, fencing, culvert modification, signage, and

speed restrictions can reduce wildlife-vehicle colli-

sions and facilitate movement across roadways (van

der Ree et al. 2007; Glista et al. 2009; Meisingset et al.

2014). To optimize the effectiveness of these mea-

sures, analyses of wildlife-vehicle collision occur-

rence can identify relevant landscape and road

attributes associated with elevated mortality risk

(Gunson and Teixeira 2015; Lin et al. 2019). For

example, Ha and Shilling (2018) used road mortality

data across four taxonomic groups in northern Cali-

fornia to identify environmental and anthropogenic

predictors of road mortality risk, highlighting the

variability in hotspots of elevated road mortality risk

among species groups. Landscape features such as

land cover type and configuration (Červinka et al.

2015; Garrote et al. 2018), habitat fragmentation

(Grilo et al. 2011), and topography (Seiler 2004) have

been shown to influence road mortality risk. Road

attributes including traffic volume (Van Langevelde

and Jaarsma 2005; Barrientos and Bolonio 2009) and

road curvature (Grilo et al. 2009) have also been

linked to road mortality vulnerability.

Road mortality is often a larger threat for depleted

and endangered populations already at risk of local

extirpation. Wide-ranging carnivores are particularly

vulnerable to the detrimental effects of roads due to

large home range requirements, low densities, low

recruitment rates, and sex-biased movement and

dispersal (Crooks et al. 2011; Ceia-Hasse et al.

2017). In the U.S., the ocelot (Leopardus pardalis) is

a critically endangered felid with populations found

only in south Texas, where this species tenuously

persists in increasingly road-impacted and fragmented

habitats (Janečka et al. 2014). Ocelots in this region

primarily inhabit dense Tamaulipan thornscrub (Har-

veson et al. 2004) and previous research indicates they

are intolerant of more open or degraded habitat types

and vulnerable to landscape fragmentation (Jackson

et al. 2005; Horne et al. 2009; Janečka et al. 2016).

Unfortunately, since the 1930s land conversion and

road construction have reduced and fragmented

thornscrub habitat by 91–95% (Jahrsdoerfer and

Leslie 1988; Tremblay et al. 2005), and the lack of

connectivity among subpopulations, exacerbated by

roads, has led to inbreeding and genetic isolation

(Janečka et al. 2011, 2014). For these populations,

vehicle collisions are the largest known source of

mortality (Haines et al. 2005a). Reduction of road

mortality, in addition to restoration of Tamaulipan

thornscrub habitat, reestablishment of population

connectivity, and translocation of individuals from

Mexico to bolster genetic diversity have been identi-

fied as the key recovery strategies needed to reduce the

extinction risk of south Texas ocelots (Haines et al.

2005b; USFWS 2016).

One major challenge to understanding road mor-

tality risk for endangered populations is data limita-

tion, as data for depleted populations are often sparse

(Breiner et al. 2015). Using a surrogate species can

increase the information available, but it is critical that

potential surrogates are vetted as reliable indicators for

the target species (Teixeira et al. 2013). Bobcats are

abundant, sympatric carnivores that occupy a compa-

rable dietary niche (Booth-Binczik et al. 2013) and use

the same Tamaulipan thornscrub habitats as ocelots,
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though bobcats are tolerant of a range of canopy cover

structures while ocelots more strongly select for

closed canopy thornscrub (Harveson et al. 2004;

Horne et al. 2009; Leonard 2016). In other regions

of the U.S., bobcats have been a model organism for

understanding the effects of roads and habitat frag-

mentation on wide ranging carnivores (Crooks 2002;

Litvaitis et al. 2015; Abouelezz et al. 2018). In south

Texas, there is potential for bobcats to serve as

informative surrogate species for ocelots, however the

similarity between bobcat and ocelot road mortality

risk has not been evaluated.

Given the need to mitigate ocelot road mortality,

understanding spatial patterns of road mortality risk

has been identified as an important element of ocelot

population recovery efforts (USFWS 2016). Our

analysis provides the first evaluation of ocelot road

mortality risk across the south Texas road network and

the potential relationship between ocelot mortality and

landscape characteristics. To consider how landscape

and road attributes are associated with ocelot road

mortality risk, we used several presence-only species

distribution models with a 35-year road mortality

dataset (1983–2018) to identify high-risk road seg-

ments. We performed a similar analysis with south

Texas bobcat road mortalities to ask how well data

from this surrogate species can inform ocelot road

mortality risk across the landscape. By identifying

factors associated with ocelot and bobcat mortality

risk, the results of these analyses can inform and

support future mitigation planning to reduce ocelot

road mortality and promote connectivity of imperiled

ocelot populations.

Methods

Study area and focal species

Our study area focused on the road network in the

three south Texas counties where ocelot populations

are extant: Cameron, Kenedy, and Willacy (Fig. 1).

Cameron and Willacy counties lie in the Lower Rio

Grande Valley floodplain, and are largely developed

for agriculture, ranching, oil and gas extraction, and

urban infrastructure. Kenedy County is located to the

north, and is primarily comprised of private ranch-

lands managed for native and exotic game species,

with some remaining native habitat suitable for

ocelots. U.S. Fish and Wildlife Service (USFWS)

estimates that as of 2016, fewer than 100 ocelots

remain in these three south Texas counties (USFWS

2016), distributed among small sub-populations that

are isolated from each other by habitat loss and

fragmentation (Janečka et al. 2011). Bobcats co-occur

with ocelots in south Texas, but previous research has

shown that, unlike ocelots, their populations are not

genetically isolated in this region (Janečka et al. 2016).

Ocelot and Bobcat mortality occurrence Data

Data processing and analyses were done in R 3.6.0 (R

Core Team 2019) and ArcGIS 10.6 (ESRI 2018). To

obtain road mortality occurrence locations, we col-

lated all wild felid mortality records available to

USFWS collected in south Texas from 1 January 1983

through 31 December 2018. USFWS records included

mortalities of collared ocelots and bobcats as well as

incidental mortality reports from opportunistically

encountered unknown cats of both species. All records

were reviewed to verify cause of death, sex, age, and

location of mortality. Confidence in cause of mortality

was categorized as verified, likely, and undetermined.

We defined ‘verified’ as mortalities with available

veterinary necropsy reports and reliable assessments

by USFWS biologists whereas those we classified as

‘likely’ lacked necropsy confirmation but contained

sufficient evidence from the condition of the carcass,

location, and assessment from USFWS biologists to

assign a cause of death. Records lacking the above

information were classified as ‘undetermined’.

All verified and likely road mortality reports were

revisited to confirm location accuracy. Road mortality

locations not recorded with a GPS (e.g., location

derived based on a verbal or written description) were

assessed for specificity of location description. Road

mortality locations where a description was exceed-

ingly vague or subjective were not included in

analysis. Bobcats are more widespread in south Texas

than ocelots, therefore bobcat road mortalities con-

sidered in our analysis were constrained to mortalities

located within a 5 km buffer of all ocelot road

mortalities to limit bobcat road mortality risk assess-

ment to a relevant range for comparison with ocelot

road mortality risk.

To evaluate wild felid road mortality risk across the

south Texas road network, we used a presence-only

species distribution modeling (SDM) approach. Using
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SDMs to understand mortality risk across road

networks is an established methodology that can

elucidate complex road-wildlife interactions across

landscapes (Garrote et al. 2018; Ha and Shilling 2018;

Kantola et al. 2019; Lin et al. 2019). In presence-only

SDM frameworks, occurrence locations are contrasted

against background locations to determine probability

of presence or habitat suitability across landscapes

(Elith et al. 2011; Merow et al. 2013). To compare

mortality locations to the surrounding landscape, we

generated 500 random locations along the road

network in our three focal counties to adequately

represent the ranges of landscape and road attributes

within our study area and serve as background

locations in our modeling approach (Phillips et al.

2009, Online Appendix A). To account for sampling

bias and potential spatial autocorrelation, we created a

Gaussian kernel density surface using ocelot road

mortality locations. This surface was rescaled between

0 and 1 and used as a sampling probability surface to

spatially bias background point selection in regard to

road mortality occurrence locations and represent a

Road Network

Minor Roads

Cameron, Willacy, and Kenedy Counties

0 10 20 30 405

Kilometers

Gulf of Mexico

Kenedy County

Willacy County

Cameron County

Fig. 1 Study area

encompassing a filtered

selection of the road

network within the three

southeasternmost counties

in Texas: Cameron, Kenedy,

and Willacy. The road

network considered in

analyses was limited to

paved roads\ 2 km in

length
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realistic extent for potential ocelot dispersal from

currently occupied areas (Kramer-Schadt et al. 2013;

Merow et al. 2013; Ha and Shilling 2018).

Characterizing landscape and road attributes

To relate wild felid road mortality risk to landscape

and road attributes, we considered four habitat frag-

mentation metrics, one topographic metric, one

hydrographic metric, one road density metric, and

one road-habitat interaction metric as candidate pre-

dictors (Table 1). Spearman rank correlation among

candidate predictors was limited to\ 0.60 (Merow

et al. 2013). We assigned all landscape and road

attributes to 500 m segments of the south Texas road

network within our focal counties. The road network

considered was limited to paved roads greater than

2 km in length to limit the inclusion of local and

private roads in our analysis. The mortality data used

in our modeling approach were collected over an

extended time period, therefore we were unable to

account for all landscape and road attributes that may

contribute to ocelot road mortality risk across the

south Texas landscape. For example, vehicle-related

attributes such as speed and traffic volume could not

be included because data were not available for earlier

road mortalities, but have been found to be significant

in other studies of wildlife and road mortality risk

(Visintin et al. 2016).

Habitat fragmentation metrics were calculated for

scrub land cover data obtained from the National Land

Cover Database (Homer et al. 2015; Jin et al. 2019;

Yang et al. 2018). We considered scrub land cover

representative of the ocelot’s preferred habitat type

based on previous research on ocelot habitat use

(Harveson et al. 2004). Using FRAGSTATS (McGari-

gal et al. 2012), we calculated metrics quantifying

habitat fragmentation within a 5 km2 buffer area

centered on each 500 m road segment including core

area, aggregation, connectance, and the degree of

scrub habitat edge contrast with developed land cover

types (Table 1). This 5 km2 scale was chosen to

represent an ecologically relevant perspective for

space use and movement given previously reported

home ranges for this species (Laack 1991; Haines et al.

2006; USFWS 2016). Because mortality events accu-

mulated over an extended time-span (1983–2018), we

matched mortalities with the closest temporal NLCD

layer available to assign landscape characteristics. For

ocelot road mortalities that occurred more than three

Table 1 List of landscape and road attributes considered as candidate predictors of road mortality risk in ocelot and bobcat SDMs

Predictor (FRAGSTATS

abbreviation)

Description

Core area of scrub habitat

(CAI_AM)

Percentage of total scrub habitat found within the 5 km2 area around a 500 m road segment

classified as ‘core’ rather than ‘edge’, where ‘edge’ is defined as the outer 50 m of all habitat

patches and ‘core’ is defined as habitat that lies inside the 50 m edge depth

Aggregation of scrub habitat

(NLSI)

Index ranging from 0 to 1, where 1 represents maximal aggregation (the greatest perimeter

length possible given the total area of scrub habitat) and 0 represents minimal aggregation

within 5 km2 around a 500 m road segment

Connectance of scrub habitat

(CONNECT)

Percent of scrub patches that are connected within 5 km2 around a 500 m road segment, with a

distance threshold among patches set to 100 m

Edge contrast of scrub habitat

(TECI)

Percent of scrub habitat edge adjacent to high-contrast developed landscapes within 5 km2

around a 500 m road segment

Topographic complexity Standard deviation of topographic position index at a 500 9 500 m scale within 5 km2 around a

road segment, where greater values indicate a more complex topography and values closer to

zero indicate a flat landscape

Distance to water Euclidean distance from center of a 500 m road segment to the nearest natural waterway (canals

and irrigation water infrastructure removed)

Road density Kilometers of paved road within 5 km2 around a 500 m road segment

Distance to scrub habitat

intersecting roadway

Euclidean distance from road segment to nearest patch of scrub that intersects the roadway, set

to a threshold distance of 25 m on either side of the roadway

123

Landscape Ecol (2020) 35:1651–1666 1655



years from the closest available NLCD layer, we used

historic imagery available from the Texas Natural

Resource Information System (TNRIS) to assess each

focal area and visually confirm that land cover change

between the year of the mortality and the year for the

NLCD layer used was negligible.

Road density was quantified as kilometers of paved

road within a 5 km2 area around each road segment

using the Texas Department of Transportation Road-

way Inventory layer (TxDOT 2019). To quantify

topographic complexity, we calculated topographic

position index (TPI) within a 0.25 km2 focal area using

a National Elevation Dataset layer at 1-arc second

resolution (USGS 2016a, b) and then took the standard

deviation of TPI within a 5 km2 area around each road

segment. To relate road segments to hydrography, we

calculated Euclidean distance from each road segment

to the nearest waterway using the U.S. Geological

Survey National Hydrography Dataset stream layer

(USGS 2016a, b), excluding artificial irrigation and

canal waterways because this predictor was chosen to

represent potential travel corridors along natural

waterways with associated remnant habitat strips

rather than water availability (Laack 1991). To

quantify the interaction of scrub patches and road

segments, we calculated the Euclidean distance of

each road segment to the nearest patch of scrub

intersecting the roadway within a buffered distance of

25 m on either side of the road segment. All input

variables were scaled before analysis using the scale

function in R based on recommendations for effective

SDM model implementation (Royle et al. 2012).

Risk models

To assess mortality risk across the south Texas road

network and ensure the consistency and stability of our

results, we used three presence only SDMs: MaxEnt,

MaxNet, and MaxLike. MaxEnt is a common pres-

ence-only SDM that uses multinomial logistic regres-

sion in a machine learning approach to determine the

probability distribution of maximum entropy given the

discrete study area and occurrence locations to derive

a relative occurrence rate, which can approximate road

mortality risk (Phillips et al. 2006; Elith et al. 2011;

Kantola et al. 2019). MaxNet employs an infinitely-

weighted logistic regression where background points

are heavily weighted (W = 100) compared to presence

points (W = 1) (Phillips et al. 2017). MaxLike directly

estimates probability of occurrence using a logit-linear

model (Royle et al. 2012). This multi-model frame-

work allowed for comparison of results among the

three approaches to evaluate consensus among input

variables and resulting predictions and ensure that our

conclusions were not an artifact of the individual

limitations or behavior of one SDM (Marmion et al.

2009; Merow and Silander 2014). We ran risk models

separately for ocelots and bobcats using verified and

likely road mortalities with accurate location data

from 1983–2018. MaxEnt was run through the dismo

package (Hijmans et al. 2017) using only a linear

feature class and a regularization multiplier of one to

prevent over-fitting (Merow et al. 2013). We dupli-

cated these parameters for MaxNet using the maxnet

package (Phillips et al. 2017). MaxLike was run with

the maxlike package (Royle et al. 2012) using the

‘‘BFGS’’ method (Merow and Silander 2014).

To calibrate risk models, we evaluated all land-

scape and road attributes using the three SDM

approaches to assess consistency of relationships

between predictors and road mortality risk. We

removed predictors if their relationships (e.g., signs

of the model coefficients) to road mortality risk were

not consistent across all three approaches, because a

lack of agreement across SDMs suggested poor

predictor performance. We also ran preliminary

univariate analyses across the three SDM approaches

to develop a best consensus of predictor variable

inputs for each felid species. In MaxEnt, we assessed

percent contribution of a predictor, whether predictor

response curves were static when other predictors

were held at their mean, and univariate area under the

receiver operator characteristic curve (AUC; Ha and

Shilling 2018). In MaxNet, we assessed the magnitude

of the model coefficients, which is an appropriate

cursory assessment of variable importance for glmnet-

based models if input variables are scaled. In Max-

Like, we assessed significance of predictors at

p\ 0.05 in univariate analysis.

Once calibrated, we ran 50 iterations of each

presence-only SDM using the best consensus model

for each species, subsampling with replacement 80%

of road mortality locations to train each model and

reserving 20% of mortalities to test model perfor-

mance in a cross-validation approach (Elith et al.

2011; Merow et al. 2013). We reported average

coefficients from each SDM, and visualized predictor

relationships for MaxEnt, MaxNet, and MaxLike

123

1656 Landscape Ecol (2020) 35:1651–1666



using their packages’ respective predict functions

across the full range of each predictor variable while

holding all other predictors at their mean. To evaluate

model performance, we used the testing data from

each iteration to calculate the average area under the

receiver operator characteristic curve (AUCtest) for

each SDM approach. AUC values range from 0 to 1,

where a value of 1 indicates a perfect fit to the data,

and 0.5 represents chance performance (Phillips et al.

2006). AUC interpretation is not always straightfor-

ward for presence-only SDM frameworks (Fitzpatrick

et al. 2013), therefore we also evaluated model

performance using the continuous Boyce index

(Bcont), which uses a moving window across predicted

values for training and background data to create a

predicted/expected curve used to calculate Bcont

(Hirzel et al. 2006; Breiner et al. 2015). Values for

Bcont range from - 1 to 1, where 1 indicates a perfect

fit, 0 represents model performance no better than

random, and values below 0 indicate that model

performance is worse than random (Hirzel et al. 2006).

Risk maps

To develop road mortality risk maps across the south

Texas road network for each felid species, we used

each of the 50 training model iterations for each SDM

approach to assign road mortality risk prediction

values across the full south Texas road network. To

compare predictions across SDM approaches, we

converted model predictions to binary classifications

of low and high risk. Therefore, high risk road

segments are interpreted as segments with landscape

and road attributes consistent with those associated

with road mortality occurrences for each species

(Garrote et al. 2018; Kantola et al. 2019). Optimal

thresholds for binary classification were calculated

with the full dataset of road mortality occurrence

locations for each species using the maximum sum of

sensitivity and specificity (maxSSS), which maxi-

mized the proportion of correctly predicted presences

and correctly predicted absences (Liu et al. 2005). This

threshold selection method is suitable for presence-

only data and is robust to a range of known occurrence

to background point ratios (Liu et al. 2013, 2016). We

evaluated threshold selection performance with two

additional metrics, sensitivity and the Symmetric

Extremal Dependence Index (SEDI, Ferro and

Stephenson 2011). Sensitivity describes the proportion

of mortality occurrences accurately assigned a high-

risk classification. SEDI is an evaluation metric for

thresholded binary SDM predictions that is well-suited

to presence-background data with limited prevalence

(Wunderlich et al. 2019). SEDI ranges from - 1 to 1,

where values above zero indicate predictions that are

better than random, zero represents predictions no

better than random, and below zero indicates worse

than random performance. Road segments that were

consistently above the high-risk threshold for all 50

training model iterations and across all three SDM

approaches were classified as consensus high-risk. We

report the number of ocelot and bobcat mortality

occurrences that fall in consensus high-risk road

segments for their respective model predictions.

Surrogate evaluation

To evaluate how well our bobcat risk predictions

performed as a surrogate for ocelot risk, we assessed

the overlap of road segments predicted as high-risk

between ocelots and bobcats. We also used our ocelot

testing data to calculate average minimum predicted

area (MPA) for ocelot and bobcat risk models to

compare their respective performance with ocelot

testing data.We definedMPA as theminimum number

of road segments categorized as high-risk to cover

90% of the occurrence testing data (Engler et al. 2004),

where lowerMPA values are indicative of a model that

is more precise in discerning between occurrence and

background locations (Fitzpatrick et al. 2013).

Results

Road mortality occurrence data

Over the 35-year data set, recorded mortalities

included 46 ocelot road mortalities (41 verified, 5

likely) and 101 bobcat road mortalities (99 verified, 2

likely) across Cameron, Willacy, and Kenedy Coun-

ties. Ocelot mortality summary statistics from 1983 to

2018 can be found in Appendix B in the supplemen-

tary materials. Forty ocelot mortalities had sufficiently

precise location data, whereas 80 bobcat road mortal-

ity locations occurred within the 5 km buffer of ocelot

road mortalities and had acceptable location data for

our presence-only SDM analyses.
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Risk models

Based on our model calibration and input variable

selection methods across the three SDM approaches,

we identified four significant predictors of ocelot road

mortality risk, including core area of scrub, distance to

scrub patch intersecting roadway, road density, and

edge contrast of scrub habitat with developed land

cover types (Table 2). Contrast of scrub habitat edge

with developed land cover types quantified fragmen-

tation and degradation of scrub habitat. Ocelot road

mortality risk increased with greater core area of

scrub, while ocelot road mortality risk decreased with

greater distance to scrub patch intersecting roadway,

road density, and scrub habitat edge contrast with

developed land cover types (Fig. 2). Two of the four

predictors were also significant for bobcats, as road

mortality risk decreased with increasing distance to

scrub patch intersecting the roadway and increasing

scrub habitat edge contrast with developed land cover

types (Fig. 3). Road density and core area of scrub did

not perform well in preliminary bobcat model runs and

we excluded these covariates from final bobcat models

(Table 2).

Model coefficients were comparable in sign and

relative magnitude across risk models for each species,

which is indicative of comparable performance among

SDM frameworks (Table 2; Merow and Silander

2014). Evaluation metrics, AUCtest and Bcont, were

generally consistent across approaches indicating an

acceptable fit of the models to the data for both species

(Fig. 4). Average ocelot AUCtest was 0.80 for all three

SDM approaches, and Bcont ranged from 0.72 to 0.82.

Average bobcat AUCtest was 0.66 for all three SDM

approaches, and Bcont ranged from 0.65 to 0.79.

Risk maps

Discretization of the south Texas road network into

500 m segments yielded 2726 road segments that

could be used for model predictions. For ocelots,

MaxEnt, MaxNet, and MaxLike identified 322, 335,

and 319 high-risk road segments respectively, which

yielded 313 consensus high-risk road segments across

all three models and accounted for 11% of the total

road network (Fig. 5a). Average SEDI ranged from

0.68 to 0.71, and average sensitivity ranged from 0.77

to 0.82 across SDM approaches. For bobcats, MaxEnt,

MaxNet, and MaxLike identified 551, 729, and 729

high-risk road segments respectively, which yielded

551 consensus high-risk road segments and accounted

for 20% of the total road network (Fig. 5b). Average

SEDI was 0.42, and average sensitivity ranged from

0.74 to 0.75 across SDM approaches. 25 of 40 ocelot

road mortalities fell in consensus high risk road

segments as defined by ocelot model predictions, and

47 of 80 bobcat road mortalities fell in consensus high

risk road segments, defined as those segments that

were consistently above the high-risk threshold for all

50 training model iterations and across all three SDM

approaches.

Surrogate evaluation

When we compared the consensus high-risk road

segments between ocelots and bobcats, we found

overlap in 307 high-risk road segments. This

accounted for 98% of ocelot high-risk road segments.

Bobcat road mortality risk predictions identified an

additional 244 segments as high-risk that were not

classified high-risk for ocelots. Average MPA, or the

number of road segments classified as high-risk to

correctly predict 90% of ocelot testing data, resulted in

833 road segments and 831 road segments for ocelots

and bobcats, respectively. Comparable MPA values

indicate that both species’ SDMs perform similarly in

Table 2 Average road mortality risk model coefficients from

50 cross-validation iterations of MaxEnt, MaxNet, and Max-

Like for ocelot and bobcat

MaxEnt MaxNet MaxLike

Ocelot

(Intercept) – – - 8.325

Distance to scrub - 4.245 - 1.274 - 1.408

Edge contrast - 2.311 - 1.489 - 1.575

Core area 1.023 0.441 0.457

Road density - 3.010 - 1.030 - 1.067

Bobcat

(Intercept) – – - 5.191

Distance to scrub - 3.423 - 1.044 - 1.088

Edge contrast - 1.204 - 0.822 - 0.862

Relationships of predictors to mortality risk are consistent

across approaches and relative magnitudes of the coefficients

are comparable. Unlike MaxLike, MaxEnt and MaxNet do not

estimate an intercept
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a

b

c

Fig. 2 Relationship of

ocelot road mortality risk to

input variables (distance to

scrub patch intersecting

road, edge contrast of scrub

habitat with developed land

cover types, core area of

scrub, and road density) for

a MaxEnt, b MaxNet, and

cMaxlike SDM approaches.

95% confidence intervals

are shown around response

curves. Input predictors

were back-transformed to

the original scale for ease of

interpretation
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terms of predictive accuracy when tested with ocelot

road mortality data.

Discussion

Building on previous applications of SDMs to road

ecology research (Garrote et al. 2018; Ha and Shilling

2018; Kantola et al. 2019), we successfully applied

this method to detect relationships between wild felid

road mortality vulnerability and landscape and road

attributes, employing a rigorous consensus modeling

approach using three presence-only SDMs to account

for individual modeling framework limitations and

ensure the validity and consistency of results across

modeling frameworks. Areas with intact, preferred

scrub habitat intersecting roadways were associated

with increased ocelot road mortality risk, while factors

associated with habitat fragmentation and degradation

such as high road density and high contrast of scrub

a

b

c

Fig. 3 Relationship of

bobcat road mortality risk to

input variables (distance to

scrub patch intersecting road

and edge contrast of scrub

habitat with developed land

cover types) for a MaxEnt,

b MaxNet, and c Maxlike

SDM approaches. 95%

confidence intervals are

shown around response

curves. Input predictors

were back-transformed to

the original scale for ease of

interpretation

Fig. 4 Boxplots of evaluation metrics calculated using reserved

testing data for ocelot and bobcat SDMs (MaxEnt, MaxNet,

MaxLike). Upper graph shows boxplots for the area under the

receiver operator characteristic curve (AUCTest) metric. Lower

graph shows boxplots for the continuous Boyce index (BCont)

metric
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habitat with developed land cover types were associ-

ated with lower road mortality risk. Greater road

mortality risk in areas with greater amounts of

preferred habitat is expected because these areas are

more likely to be occupied, a trend that has been found

in other studies exploring landscape predictors of road

mortality risk for ungulates, small mammals, carni-

vores, and birds (Grilo et al. 2012; Barthelmess 2014;

Ha and Shilling 2018). High-risk road segments were

predominantly in areas with protected natural habitat

and private undeveloped rangeland, with minimal

development and urban infrastructure, underscoring

the importance of intact scrub habitat for ocelots and

supporting their classification as a fragmentation-

intolerant, Tamaulipan thornscrub specialist in this

region (Horne et al. 2009; Janečka et al. 2016). The

importance of high-quality intact habitat for ocelot

abundance in anthropogenically impacted landscapes

has also been highlighted in other areas of the ocelot

range (Paolino et al. 2018). Our results confirm that

ocelots in south Texas are fragmentation intolerant

and demonstrate the implications of this relationship

for ocelot road mortality risk.

Comparison between ocelot and bobcat risk models

indicates that, with specific data filters in place and

when landscape-level data are used, bobcats can be

useful surrogates to inform ocelot road mortality risk.

This is likely to be of particular importance when

ocelot data are limited. Given the modest amount of

ocelot data available after 35 years of monitoring

(n = 40), timely decision-making to reduce road

mortality on shorter temporal scales or for specific

mitigation locations will likely need to rely more

heavily on bobcat data, keeping in mind the differ-

ences in habitat selection for co-occurring ocelots and

bobcats (sensu Horne et al 2009).

As the first quantitative comparison of ocelot and

bobcat road interactions and road mortality risk in

south Texas, our research provides a baseline that can

inform future studies aiming to use bobcat data to

Ocelot Road Mortality Risk
Low Risk

High Risk

Focal Counties

0 10 20 30 405

Kilometers

Gulf of Mexico

Kenedy County

Willacy County

Cameron County

a

Bobcat Road Mortality Risk
Low Risk

High Risk

Focal Counties

0 10 20 30 405

Kilometers

Gulf of Mexico

Kenedy County

Willacy County

Cameron County

b

Fig. 5 Binary high-low road mortality risk classifications across the south Texas road network derived from consensus agreement of

SDM modeling approaches for a ocelots and b bobcats
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inform ocelot road mortality risk and mitigation.

Bobcat risk models incorporated two of the four road

mortality risk predictors for ocelots, and the relation-

ships of these predictors to road mortality risk were

consistent between ocelots and bobcats; decreasing

distance to scrub habitat intersecting the road and

decreasing scrub habitat edge contrast with developed

land cover increased road mortality risk for both

species. These relationships indicate that bobcats

occurring in the same areas as ocelots also exhibit

some level of landscape fragmentation intolerance,

though likely not to the same degree of ocelot

intolerance. For example, both Janečka et al. (2016)

and Taylor (2017) found evidence of restricted genetic

dispersal for bobcats in extremely fragmented habitats

in south Texas, though the genetic impacts of

fragmentation were more severe for ocelots. This

supports previous descriptions of the bobcat as having

intermediate sensitivity to habitat fragmentation

(Crooks 2002; Abouelezz et al. 2018). Future appli-

cations with bobcats as ocelot surrogates would benefit

from additional habitat data, to focus more on intact

thornscrub habitats relevant to ocelot populations.

Because the areas of highest ocelot road mortality

risk overlap directly with intact thornscrub habitat, our

results can be used to inform targeted mitigation

efforts including wildlife underpasses, speed limits,

signage, and restoration (Fig. 5). Through a produc-

tive collaboration with USFWS and the Texas Depart-

ment of Transportation, a suite of wildlife underpasses

were recently constructed on roadways that have been

sources of ocelot road mortality in Cameron County.

The underpass locations were originally chosen based

on expert opinion of USFWS ocelot biologists

employing a visual assessment of previous ocelot

mortalities and ocelot telemetry data. Our analysis

shows that a majority of these underpasses are located

within high-risk road segments as defined by our

modeling approach, suggesting that these crossings

are well-placed to mitigate ocelot-vehicle collision

risk. Fencing and speed limits, specifically night speed

limits, may also be needed to effectively reduce road

mortality risk (Meisingset et al. 2014; Polak et al.

2019).

In addition to mitigation of direct mortality from

vehicle collisions, restoration of Tamaulipan thorn-

scrub has also been identified as an important element

of ocelot recovery efforts (Haines et al. 2005b). Recent

Tamaulipan thornscrub restoration efforts have been

focused in areas where ocelot populations are extant to

encourage expansion of breeding female ranges

through dispersal (USFWS 2016; Alexander et al.

2016). These long-term projects aim to create addi-

tional habitat for breeding females and to restore and

fortify corridors of Tamaulipan thornscrub between

currently isolated populations within south Texas

(Lehnen et al. in review). The higher mortality risk

associated with scrub habitat intersecting roadways

suggests that wildlife crossings should be installed

along corridors of preferred habitat, both existing and

restored, that intersect roadways to ensure that these

areas do not become an additional source of road

mortality.

Ocelot movement and resource use data can also

provide an important complement to road mortality

data to identify drivers of road mortality risk, because

mortality data alone may not be able to fully describe

the drivers of road mortality risk (Teixeira et al. 2017).

Location data and connectivity modeling that quanti-

fies movement across a road network (Loraamm and

Downs 2016), as well as connectivity corridors with

pinch-points that intersect roads (Chetkiewicz and

Boyce 2009; McClure et al. 2017), can be leveraged to

inform targeted road mitigation and restoration efforts.

Recent work by Lehnen et al. in review applied least

cost path and circuit theory methods to evaluate

landscape connectivity and identify key habitat link-

ages between isolated ocelot populations in south

Texas. Pairing these types of movement analyses with

road mortality risk mapping can support the identifi-

cation of road segments that could benefit from

mitigation action. Additionally, by incorporating

bobcat data into these analyses, continued evaluation

of how bobcats can serve as an effective surrogate for

ocelot research can be extended from road mortality

risk to movement and space use analyses.

Our analyses present a robust approach to deter-

mine the predictors of road mortality risk for the south

Texas ocelot, and there is clear evidence that ocelot

road mortality risk is highest in areas of intact

Tamaulipan thornscrub habitat. Given the limited

extent of this intact habitat, focused road mitigation

efforts that target these areas may successfully miti-

gate the risk from ocelot-vehicle collisions. Our

findings support the use of bobcats as a surrogate

species for ocelots in the context of road mortality risk

if bobcat data are filtered to habitats and spatial extents

relevant to ocelots in this region. For ocelots, and other
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depleted populations, our research also provides a

foundation for future efforts to integrate movement,

dispersal, and landscape connectivity data to inform

our understanding of the risks to ocelots and other

medium-sized carnivores in the context of natural and

built landscape features.
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