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A B S T R A C T   

Roads negatively affect wildlife populations directly as a source of mortality and indirectly through habitat 
fragmentation, restricted movement, and altered habitat use. Wildlife crossing structures and roadside fencing 
are two common road mitigation strategies implemented to reduce wildlife road mortalities and maintain 
population connectivity. Metrics quantifying use of crossing structures by wildlife are often used to determine 
their effectiveness, but interpreting these metrics can be challenging when local population processes and in-
dividual variation in use are not considered. We used over six years of remote camera data, including two years 
of post-construction data, from a road improvement project in south Texas to evaluate mitigation efforts in the 
context of long-term felid abundance. Variation in seasonal felid abundance was tied to precipitation in the 
preceding 12 months, highlighting the importance of accounting for baseline wildlife abundance when 
measuring structure efficacy. Crossing structure use by felids was positively correlated with abundance estimates, 
though frequency and consistency of use varied among individuals. Probability of use was related to roadside 
fencing, canopy cover, time since crossing construction, and presence of water in the structure. Our results 
suggest that conventional indices of crossing structure effectiveness, such as crossing rates, are more informative 
when ongoing population processes are considered. By interpreting structure use in the context of long-term 
abundance trends and individual variation, managers can compare use across sites to better determine factors 
that influence crossing structure effectiveness and take steps to site, construct, and maintain structures that 
enable safe wildlife road crossing and promote connectivity.   

1. Introduction 

Few areas worldwide remain unaffected by anthropogenically- 
driven land use change (Ceia-Hasse et al., 2018). Roads, in particular, 
are an infrastructural development with ecosystem impacts that are 
outsized relative to their absolute area (van der Ree et al., 2015). For 
wildlife populations, linear transportation features and associated traffic 
are a direct source of mortality and an indirect agent of habitat frag-
mentation and alteration of individual movement (Coffin, 2007). These 
impacts can manifest in population-level effects, including altered de-
mographic composition (Ford et al., 2017), degraded genetic diversity 
(Serieys et al., 2015), and reduced metapopulation viability, ultimately 
contributing to global biodiversity loss (Ceia-Hasse et al., 2018). To 
alleviate these impacts, wildlife scientists, land managers, and civil en-
gineers have worked to develop tailored road mitigation measures, 
including roadside fencing, road crossing structures, habitat 

modifications, speed restrictions, vigilance enhancement, and informed 
road planning (Clevenger et al., 2001; Meisingset et al., 2014; Polak 
et al., 2019; Rhodes et al., 2014; Riginos et al., 2018). Wildlife crossing 
structures (e.g., underpasses, overpasses), together with roadside 
fencing, are the most commonly implemented mitigation tools used to 
reduce wildlife road mortalities and to restore or maintain population 
connectivity across roadways. 

Though there is widespread agreement on the need for road miti-
gation measures, installing new wildlife crossings and fencing infra-
structure is a costly, long-term, multi-step process, which requires the 
identification of mitigation goals and a data-driven design for site se-
lection on the landscape (Polak et al., 2019). Another key element of 
road mitigation is sufficient monitoring to assess effectiveness (Ryt-
winski et al., 2015; van der Grift et al., 2013). Ultimately, road miti-
gation measures aim to improve population viability. However, the 
effectiveness of wildlife crossing structures is typically assessed using 
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more directly quantifiable metrics that can serve as a proxy for these 
ultimate goals, such as changes in road mortality occurrence, or genetic 
connectivity before and after crossing construction (Rytwinski et al., 
2016; Sawaya et al., 2013). Another direct measure is structure use, 
which can be quantified with metrics including passage success rate, 
defined as the proportion of approaches to the structure that result in 
successful crossing (Gagnon et al., 2011), or crossing rate, defined as the 
number of times a given species uses a crossing within a selected sam-
pling period (Grilo et al., 2008). Use metrics are relatively straightfor-
ward to measure at the mitigation site with remote cameras, pit tags, 
track plates, or GPS collars (Bateman et al., 2017; Caldwell and Klip, 
2020; Chambers and Bencini, 2015; Ford et al., 2009), and as a result are 
the most common performance indices of crossing structure effective-
ness in the road ecology literature (Brunen et al., 2020; Clevenger and 
Waltho, 2005; Grilo et al., 2008; Huijser et al., 2016). 

Long-term population monitoring data, particularly before and after 
crossing construction, when paired with crossing structure interaction 
data, can be important to contextualize and evaluate crossing structure 
effectiveness. While use metrics are an important component to under-
standing crossing structure function with implications for wildlife 
movement, persistence, and connectivity (Clevenger, 2012; van der Ree 
et al., 2007), relying solely on use as a measure of crossing structure 
performance may lead to a limited understanding of structure effective-
ness. Without the context of additional information on target wildlife 
populations at the mitigation site, it may be challenging to determine the 
extent to which metrics of use are driven by patterns in local abundance of 
a species or by the design and placement of the crossing structure 
(Chambers and Bencini, 2015). Lack of information on variability in 
population abundance across mitigation sites also precludes meaningful 
comparison of use among crossing structures. The hypothesis of regular 
use (Rodríguez et al., 1997) suggests that local abundance and structure 
use will be correlated, but this may not be the case if attributes of the 
mitigation structure elicit avoidance. Further, uncorrected counts of 
abundance of a species at a wildlife crossing structure can be influenced 
by landscape attributes surrounding the mitigation site, or by local pop-
ulation processes, species-specific behavior and movement patterns, 
seasonality, and sampling design and effort (Dail and Madsen, 2011; 
Hostetler and Chandler, 2015; Royle, 2004; Sollmann, 2018). Disen-
tangling these confounding factors using a formal abundance analysis 
that accounts for factors affecting detection separately from those asso-
ciated with abundance is necessary to allow for comparability among 
wildlife crossing structure sites and to accurately interpret the effec-
tiveness of structures at achieving mitigation goals (Glista et al., 2009; 
Jumeau et al., 2017; Rytwinski et al., 2015; van der Ree et al., 2007). 

Because crossing interaction indices rarely account for variability in 
individual use, it can also be difficult to determine whether use is more 
indicative of individual activity or a population-level effect of a miti-
gation structure (Chambers and Bencini, 2015). Individual differences in 
movement and risk affinity or avoidance have been well documented in 
the literature (Blackwell et al., 2016; Merrick and Koprowski, 2017), 
and these differences are important to consider in the context of eval-
uating road crossing structure efficacy. For example, 10 uses of a 
crossing structure by a single individual will have a different implication 
for population-level connectivity and mortality risk than 10 uses by 10 
individuals. An assessment of individual variation in structure use can 
determine whether a crossing structure is functioning for an entire 
population or only useful for a particular subset of individuals. 

Here we use a long-term population monitoring dataset and crossing 
structure use metrics to evaluate the effectiveness of wildlife crossing 
structures along a recently modified roadway in south Texas. We 
examine how long-term fluctuations in local abundance at mitigation 
sites and variability in individual use inform conventional crossing 
structure performance indices. Our analyses consider whether structure 
use is positively correlated with local abundance, evaluate individual 
variability in crossing structure interactions, and identify features that 
maximize use in the context of local population size. 

2. Methods 

2.1. Study area and data collection 

Data were collected from May 2013 to October 2019 along an 18-km 
segment of a county road adjacent to Laguna Atascosa National Wildlife 
Refuge in Cameron County, Texas (Fig. 1). Population monitoring 
occurred from May 2013 to October 2019, while crossing structure 
monitoring occurred from June 2017 to October 2019. 

The landscape surrounding the roadway was comprised of coastal 
prairie, thornscrub forest, mesquite-huisache woodland, salt flats, agri-
cultural fields, and moderate development including residential struc-
tures, a county airport, and a U.S. Immigration and Customs 
Enforcement detention facility. In conjunction with a road improvement 
and widening project, U.S. Fish and Wildlife Service (USFWS) and the 
Texas Department of Transportation (TXDOT) selected eight sites for 
wildlife crossing structures and associated fencing infrastructure to 
allow wildlife, particularly the endangered ocelot (Leopardus pardalis), 
safe passage across the improved roadway. Ocelot populations in south 
Texas are at risk of local extinction, and this species is adversely affected 
by roads through direct mortality and loss of population connectivity 
(Haines et al., 2005). Because the wildlife crossing structures in our 
study were designed and sited on the landscape specifically for ocelots, 
we used data from a long-term felid population monitoring program that 
included both ocelot and bobcat (Lynx rufus) data. We primarily focused 
on bobcat data for this research because the local ocelot population is 
small (15 known individuals, USFWS unpubl. data), and ocelots are only 
sporadically detected along the roadway. 

Nine road crossing monitoring sites were established with remote 
cameras (Bushnell® Trophy Cam TM, Cuddeback Models C, C123, and 
E) in 2013. Eight of the sites chosen were locations where the installa-
tion of a road crossing structure was planned, (0.9–2.9 km apart), with 
the ninth site as an additional unmitigated monitoring location along the 
roadway (Fig. 1). Four of the eight sites received crossings and fencing 
infrastructure during the monitoring period for this study. We used data 
from all nine sites to estimate abundance through time in the study area, 
and we used data from four sites where crossings were installed to assess 
structure use. The crossing structures were designed as concrete un-
derpasses located either at-grade, in agricultural drainages, or at the 
edge of resacas, which are naturally isolated and intermittently filled 
oxbow lakes that were formerly channels of the Rio Grande. Dimensions 
for each structure and the lengths of roadside fencing installed varied 
across sites. Structures sited in agricultural drainages were designed 
with concrete ‘catwalks’ 18 in. high along the walls inside of the un-
derpass to allow passage when water was present. One site located in a 
resaca received two crossing structures; one on either edge of the river 
bed. Crossing structures were not constructed contemporaneously. 
Therefore, pre-construction is roughly defined as the time period be-
tween May 2013 and October 2015. Road construction in the study area 
began in November 2015 and the first crossing structure was in place 
and actively monitored beginning in June 2017, with an additional 
crossing completed and monitored in September 2017. Two additional 
sites received crossing structures in November 2017, including the 
resaca site with two non-independent crossing structures. Completion of 
crossing construction and placement of associated fencing began the 
post-construction monitoring period at these respective sites. Prior to 
crossing structure installation each site was monitored with up to four 
cameras placed in suitable habitat located as close to the sited crossing 
structure location as possible on both sides of the roadway. Once con-
struction was complete and fencing was in place, two cameras were 
placed on either end of the crossing structure; one camera facing to-
wards the structure opening and the other camera placed facing away 
from the opening at the outer edge of the crossing structure wing wall to 
detect wildlife approaching but not interacting with the structure. At the 
site with two crossing structures, we monitored both underpasses. 
Cameras were operational 24 h a day, programmed with default motion 
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and heat sensitivity settings, and set to take three photographs per 
trigger event. Delay times between photographs were set to a 1-second 
delay, which was the shortest duration available on all camera 
models. We visited camera sites monthly for site maintenance, camera 
maintenance, and photo data collection. 

We sorted all photos collected from remote cameras to species using 
methods and programs described in Harris et al. (2010), and we 
extracted all photo records identified as an ocelot or bobcat. We desig-
nated felid photos as identifiable to the individual level or unidentifiable 
due to poor image quality. For identifiable photos, we assigned a unique 
identity to each animal based on left and right coat spotting patterns 
(Heilbrun et al., 2003). Due to concurrent GPS-collaring efforts in the 
study area (see Supplementary Field Methods) or a cat spending an 
extended period of time in front of a camera station, some cats were 
identifiable by both left and right sides. For other individuals, only left 
or right-sided identities could be determined. Cat identification followed 
established methods (see Alonso et al., 2015; Heilbrun et al., 2003) and 
went through a rigorous three-reviewer verification process, where a 
consensus among reviewers was required to confirm identity. 

2.2. Long-term abundance estimation 

To estimate wild felid abundance across the road mitigation study 
area from 2013 to 2019, we used a dynamic robust-design N-mixture 
model (Dail and Madsen, 2011; Hostetler and Chandler, 2015; Royle, 
2004). This modeling approach uses replicate counts across sampling 
sites in a hierarchical framework to simultaneously estimate the 
ecological parameters of abundance, recruitment rate, and apparent 

survival probability while accounting for the observation process by 
estimating detection probability. Abundance is estimated for multiple 
primary sampling periods (6-month periods in this study) in which 
temporary emigration is possible but population closure regarding births 
and deaths is assumed. Within primary sampling periods, individual 
counts are divided into multiple secondary sampling periods (1-month 
periods in this study, 6 per primary sampling period) that allow for the 
estimation of baseline detection probability. In addition to the assump-
tion of closure within a primary sampling period, the model assumes that 
sampling sites are independent, that individuals are only counted once 
per secondary sampling period, and that detections are independent of 
each other. To test the assumption that counts of individuals are inde-
pendent among sites, we calculated the number of sites visited by an in-
dividual across three time scales (one month, six months, 6.5-year 
monitoring period). To evaluate whether the data violated the assump-
tion of independent detections we calculated the average number of in-
dividuals detected at a single site within a non-overlapping period of 1 h. 

To format our count data, we pooled all cameras at a single mitigation 
site and used records of individuals to calculate the number of unique cats 
detected at each site during each month of monitoring. To avoid double- 
counting cats where only a one-sided identity was known, we created two 
separate count datasets; one with individuals where both sides or only the 
left side was known and one with individuals where both sides or only the 
right side was known. If camera monitoring at a site recorded only un-
identifiable individuals during a particular month, that count was 
adjusted from 0 to 1, as the presence of an unidentifiable individual was 
still indicative of a unique felid present at that site during that month. 

All statistical analyses were completed in R version 3.6.3 (R Core 

Fig. 1. Study area encompassing the focal roadway and nine sites monitored with remote cameras (2013–2019). Sites 1–5 and 7–9 were selected as sites for wildlife 
crossings structures and roadside fencing, and construction was completed at sites 1–4 during the 6.5-year monitoring period. Sites 1 and 2 received at-grade crossing 
structures, site 3 received a crossing structure sited in an agricultural drainage, and site 4 received two crossings structures located at the east and west edges of 
the resaca. 
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Team, 2020). To fit the model, we used the unmarked package (Fiske 
and Chandler, 2011). Because our data covered a 6.5-year time span, we 
used the pcountOpen function, capable of fitting the open N-mixture 
models described in Dail and Madsen (2011) and Hostetler and Chandler 
(2015). We defined our primary sampling periods as thirteen six-month 
seasons (Hot/Wet: May 1–October 31, Cool/Dry: November 1–April 30). 
To employ a robust design method, we defined our secondary sampling 
periods as the individual months within the six-month primary sampling 
periods. We followed the model selection process recommended by 
Hostetler and Chandler (2015) and demonstrated in Kidwai et al. 
(2019). First, we tested the random variable of the abundance parameter 
using the Poisson, zero-inflated Poisson, and negative binomial distri-
butions and selected the best-supported distribution based on AIC and 
Chi-square goodness-of-fit tests (Kidwai et al., 2019). We then evaluated 
camera monitoring effort, which we defined as the total number of 
camera trap monitoring days per site per secondary sampling period as a 
covariate for detection probability (p, Table 1). Next, we tested candi-
date models specifying the structure of the recruitment (γ) and survival 
(ω) parameters to model population dynamics. Finally, we tested factors 
hypothesized to influence abundance by selecting environmental and 
landscape covariates for recruitment rate (γ) and initial abundance (λ), 
including a covariate quantifying whether a site did or did not have a 
crossing structure present during the primary periods of monitoring, 
landscape and habitat connectivity covariates, and covariates describing 
precipitation at multiple time-lag scales (Table 1). Best-supported 
models were selected based on AIC values. 

We reported coefficients for the best-supported full model and 
visualized covariate relationships for detection and abundance-level 
parameters. Additionally, we used the empirical Bayes method in the 
unmarked package to generate posterior distributions of seasonal and 
site-specific seasonal latent abundance to explore temporal and spatial 
patterns of realized felid abundance. We ran goodness-of-fit tests on the 
top model by simulating 1000 bootstrap samples using the parametric 
bootstrap function in the unmarked package, and evaluated the p-values 
of the fit-statistics specified in Kidwai et al. (2019), including Chi- 
square, Freeman-Tukey, and sum of squares error (SSE). The disper-
sion parameter (ĉ) was calculated for each fit statistic by dividing the 
observed by the simulated mean. 

2.3. Crossing structure interactions 

To assess crossing structure interactions, we used post-construction 
monitoring data from the four installed structures, classifying all felid 
detections based on the type of interaction with the structure and 
assigning identities to detected individuals. We designated interactions 
as ‘confirmed use’ if the cat was detected entering the crossing structure 
and emerging from the other side, ‘putative use’ if the cat was detected 
only entering or emerging from the structure, or ‘non-use’ if the cat 
entered and then exited on the same side, or was detected on the cross-
ing’s cameras but did not interact with the structure itself. To ensure 

interactions were independent, particularly at the site with two crossing 
structures, we set a 6-hour buffer before and after every detection at a 
crossing structure and collapsed all detections of a single individual 
within this 12-hour time period. We selected the highest order of inter-
action within this period, where observation of confirmed use or putative 
use took precedence over non-use. As with our long-term abundance 
analyses, we created two separate datasets to account for cats with only 
the left-side or right-side coat pattern known. For analysis, we pooled 
‘confirmed use’ and ‘putative use’ to a single ‘use’ classification, pri-
marily because we assumed that the difference between these designa-
tions stemmed from the ability to detect a confirmed use due to variability 
in camera angle and placement rather than an indication that the indi-
vidual was not using the crossing structure. Additionally, because vari-
ability in camera angle and placement is a site-specific issue, removing 
putative use had the potential to bias our results against certain sites in a 
way that was unrelated to factors affecting use. 

To evaluate the extent to which use correlated with abundance, we 
calculated Spearman correlation coefficients using site-specific seasonal 
abundance estimates and total use interactions during a season for the time 
period when all four crossing structures were completed (November 
2017–October 2019). We did this for all estimates combined as well as 
separately for each season. To evaluate individual differences in use, we 
reported percent of individuals that used the crossing structure given the 
number of months detected (1 month, >1 month), as well as number of total 
uses, non-uses, and the proportion of uses to total interactions for each in-
dividual over the entire time period during which an individual was 
detected. 

To test factors affecting crossing structure use at the interaction level, 
we used a binary response variable comprised of each independent use 
or non-use by an individual to run a logistic regression. We considered a 
suite of predictor variables that included structural, landscape, tempo-
ral, and individual attributes as candidate factors affecting probability of 
structure use. Structural attributes included structure length, cross- 
sectional area (width × height), volume (width × height × length), 
and fencing length. We tested a landscape covariate quantifying the 
mean percent canopy cover within a 500-m buffer of the crossing 
structure using canopy data from Lehnen et al. (2021). Temporal attri-
butes included time since crossing completion and the presence of water 
in the structure measured as a binary presence/absence on a weekly 
time scale, where interactions were associated with the closest weekly 
measurement. To consider differences among individual felids we 
calculated the proportion of months over the total monitoring period 
during which an individual was detected, where fewer months suggest 
transient individuals and a longer time span of detection suggests resi-
dent individuals (Janečka et al., 2006; Litvaitis et al., 1987). We did not 
include sex as a covariate because sex was unknown for a majority of 
individuals, and the ability to determine sex was biased against in-
dividuals that did not use the crossing structure. Because 40% of in-
dividuals had only one detection, we were unable to test individual as a 
random factor. We limited candidate models considered to those that 

Table 1 
Summary of covariates tested on detection (1 total), recruitment rate (14 total), and abundance (18 total).  

Parameter Covariate Description 

Detection Camera monitoring effort Monthly site-specific sum of monitoring nights per camera 
Recruitment rate Mean monthly rainfall 6, 12, 18, 24-month time lag before primary sampling period 

Max monthly rainfall 6, 12, 18, 24-month time lag before primary sampling period 
Standard deviation of monthly rainfall 6, 12, 18, 24-month time lag before primary sampling period 
Season May 1–October 31 (Hot/Wet), November 1–April 30 (Cool/Dry) 
Crossing structure installed Yes, No (If only present for partial primary period, set to No) 

Abundance Mean percent canopy cover 250 m and 500 m buffer around mitigation site 
Mean percent scrub cover 250 m and 500 m buffer around mitigation site 
Proportion non-habitat <5%, 10%, and 25% canopy cover 

250 m and 500 m buffer around mitigation site 
Proportion non-habitat <5%, 10%, and 25% scrub cover 

250 m and 500 m buffer around mitigation site 
Local landscape connectivity Mean and maximum radius of gyration (McGarigal et al., 2012) within a 500 m buffer around mitigation site  
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contained covariates with Spearman rank correlation < |0.50|. Best- 
supported models were determined using AICc, and we chose not to 
average any competing models (<2 ΔAICc) due to issues with coefficient 
interpretation associated with model averaging when predictor vari-
ables across models are collinear (Cade, 2015). We evaluated predictor 
variables by calculating odds ratios with 95% confidence intervals and 
tested goodness-of-fit for all competing models by calculating Nagel-
kerke’s pseudo-R2 using the rcompanion (Mangiafico, 2019) package, 
and evaluating sensitivity and specificity of model predictions. 

3. Results 

3.1. Long-term abundance estimation 

During the 6.5-year monitoring period we recorded 4090 detections 
of bobcats (65% identifiable) and 63 detections of ocelots (94% identi-
fiable) over 65,062 camera trap monitoring days. We detected 81 unique 
bobcats with both left and right coat patterns known, 74 unique bobcats 
with only the left coat pattern known, and 74 unique bobcats with only 
the right coat pattern known. We detected five ocelots with both left and 
right coat patterns known. Individual-specific patterning and the parti-
tioning of bobcats with only left or right sides identified ensured that the 
assumption of a unique account of individuals was met. Bobcat in-
dividuals were detected at an average of 1.04 mitigation sites/monthly 
monitoring period, 1.1 mitigation sites/six-month monitoring period, 
and 1.1 mitigation sites/6.5-year monitoring period, demonstrating that 
the assumption of independence of sampling sites was sufficiently met. 
Similarly, ocelot individuals were detected at an average of 1 mitigation 
site/monthly sampling period, 1.1 mitigation sites/six-month sampling 
period, and 1.6 mitigation sites/6.5-year monitoring period. The 
average number of bobcat and ocelot individuals detected at a single 
sampling site within a one-hour window was 1.05 and 1, respectively, 
indicating that we sufficiently met the assumption of independent 
detection events. Based on preliminary tests that showed little difference 
between the left and right-side count datasets we proceeded with model 
selection using the bobcat-only dataset of individuals with both sides 
known and individuals with only left sides known. There were not 
enough ocelot detections for a formal abundance analysis. 

Initial abundance was best described using a Poisson random variable 
(Table S1). The best-supported full model included the covariate quanti-
fying sampling effort, where detection probability increased with 
increasing camera monitoring effort (Fig. 2, Table 2) and used a constant 
population dynamics structure with a time-lag precipitation covariate 
describing the positive relationship of recruitment rate with increasing 
maximum monthly rainfall 12 months prior to the primary sampling 
period (Fig. 2). Using empirical Bayes methods to estimate posterior dis-
tributions of the latent variables, seasonal abundance across all mitigation 
sites (Fig. 3) ranged from 23 to 57 individuals. Site-specific seasonal 
abundance estimates are visualized in Fig. 3 and reported in Table S2. 

Goodness-of-fit tests indicated an acceptable fit of the best supported 
model to the data with bootstrapped p-values for Chi-square, Freeman- 
Tukey, and SSE calculated as 0.19, 0.48, and 0.49, respectively. The ĉ 
values for the respective fit statistics were 1.1, 1.0, and 0.98, indicating 
slight but not significant overdispersion of the data. 

3.2. Crossing structure interactions 

Between June 2017 and October 2019 across the four installed 
crossing structures, we detected 24 unique bobcats with both left and 
right coat patterns known, 8 bobcats with only the left coat pattern 
known, and 9 bobcats with only the right coat pattern known (6 female, 
13 male, 22 unknown). We detected 1 male ocelot with both sides 
known. To remain consistent with our long-term abundance analyses, 
we proceeded with interaction analyses using the bobcat-only dataset of 
individuals with both sides known and only left sides known (n = 32, 6 
female, 12 male, 14 unknown). Among these individuals, we recorded 

Fig. 2. Covariate relationships from the best supported model showing a) 
detection probability as a function of increasing camera trap effort and b) 
recruitment rate as a function of increasing maximum monthly precipitation 12 
months prior to the primary sampling period. 

Table 2 
Estimates, associated standard errors, and transformations to the original scale 
with 95% confidence intervals in parentheses for the top supported full model 
for detection (p), recruitment rate (γ), apparent survival (ω), and abundance (λ) 
for bobcats in the road mitigation study area (2013–2019).   

Estimate SE Transformation Estimate (95% CI) 

Detection 
Intercept p(.)  − 1.35  0.21 log() 0.20 (0.14–0.27) 
pEffort  0.01  0.00 none 0.01 (0.01–0.01)  

Recruitment rate 
Intercept γ(.)  − 1.47  0.63 exp() 0.23 (− 0.06–0.51) 
gRain  0.18  0.07 none 0.19 (0.05–0.31)  

Apparent survival 
Intercept ω(.)  1.25  0.31 log() 0.78 (0.7–0.88)  

Abundance 
Intercept λ(.)  1.04  0.24 exp() 2.83 (1.52–4.14)  
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659 independent crossing structure interactions (125 confirmed use, 
173 putative use, 361 non-use). Though we detected the majority of 
individuals at a single crossing structure, three individuals were detec-
ted at two sites. As before, we excluded ocelots from our analysis due to 
low sample size, but did detect ocelots three times at a single site, with 
each detection classified as non-use. 

The total number of uses recorded at a site during a season showed a 
positive monotonic relationship with site-specific seasonal abundance 

estimates between November 2017 and October 2019 from the four sites 
where crossing structures were installed (rs = 0.64, n = 16, p < 0.01, 
Fig. 4). This relationship was consistent across seasons, though not 
significant (Fig. 4 inset). The number of independent interactions per 
individual ranged from 1 to 172 (x‾ = 19). 23% of the 13 individuals 
detected in only one month of monitoring used a crossing structure at 
least once. 100% of the 19 individuals detected across multiple months 
of monitoring (2–24 months) used a crossing structure at least once. For 

Fig. 3. Estimated a) seasonal and b) site-specific seasonal abundance of bobcats in the road mitigation study area (2013–2019). Months listed indicate the beginning 
date of each primary sampling period. The dashed vertical lines in the panels for sites 1–4 represent the first season where the crossing structure was in place. 
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all individuals detected using a crossing structure (n = 21), the number 
of independent uses (confirmed and putative) per individual ranged 
from 1 to 67 (x‾ = 14). The proportion of uses to all interactions per 
individual ranged from 0 to 1 (x‾ = 0.40, Fig. 5). At the individual level 
there did not appear to be an increase in the proportion of use to total 
interactions through time, and a pattern of increasing interactions over 
time appeared limited to a few individuals and not consistent across the 
population (Figs. 5, S1, and S2). 

The two best-supported competing models for probability of crossing 
structure use (w1 = 0.23 and w2 = 0.18) indicated that probability of use 

increased with time since crossing construction, longer fencing length, and 
greater canopy cover, and decreased if water was present in the crossing 
structure (Tables 3, S3, Fig. 6). Nagelkerke’s pseudo-R2 values for the top 
two competing models were both 0.25. Both models did well predicting 
non-uses (specificity1 = 0.82, specificity2 = 0.84), but sensitivity metrics 
suggest that there was unexplained variation limiting the ability of the 
models to accurately predict use (sensitivity1 = 0.57, sensitivity2 = 0.53). 

4. Discussion 

Wildlife use of a crossing structure definitively represents the elim-
ination of road mortality risk and the mitigation of a potential barrier to 
movement for a single individual in a single event. However, while 
metrics derived from wildlife crossing structure use are informative, 
they are not sufficient to evaluate population-level impacts, including 
functional connectivity and ultimately population viability (sensu Riley 
et al., 2006). Informing use metrics with local wildlife population 

Fig. 4. Seasonal abundance estimates (6-month periods from November 2017 
to October 2019) for crossing structures 1–4 represented by the numbered 
circles paired with total crossing uses detected within each season (n = 16). 
Inset illustrates the trend for each season in which abundance was estimated 
and crossing structure use monitored. 

Fig. 5. Variation in use of crossing structures by individual bobcats across the monitoring period. Y-axis ticks represent the accumulation of unique bobcat in-
dividuals detected at each site over time; horizontal blocks indicate months when an individual was detected. Block color represents the proportion of detections that 
were uses relative to total detections for each individual in a given month. Three individuals were detected at more than one crossing structure. Dashed vertical lines 
indicate the month when the crossing structure was installed and monitoring began. 

Table 3 
β-Coefficients, standard errors, odds ratios with 95% confidence intervals and 
associated p-values for the top competing crossing structure use models.  

Coefficient β SE OR 95% CI p-Value 

Model 1 (DeltaAICc = 0.00, AICcwt = 0.23) 
(Intercept)  − 2.02  0.22 – –  0.00 
Fencing length  1.67  0.17 5.29 3.76–7.44  0.00 
Time  0.57  0.19 1.76 1.22–2.55  0.00 
Water present  − 1.19  0.37 0.30 0.15–0.63  0.00  

Model 2 (DeltaAICc = 0.47, AICcwt = 0.18) 
(Intercept)  − 2.46  0.25 – –  0.00 
Canopy cover  2.07  0.21 7.97 5.19–12.23  0.00 
Time  0.52  0.19 1.68 1.16–2.43  0.01 
Water present  − 0.85  0.38 0.43 0.20–0.90  0.02  
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attributes is an important step to connect crossing structure use with 
these ultimate conservation goals. Our results demonstrate that pairing 
long-term abundance analyses with evaluation of inter-individual vari-
ation in crossing structure use provides a clearer understanding of 
structure effectiveness in the context of ongoing population processes. 

Seasonal bobcat abundance across the study area was related to 
changes in precipitation rather than site-specific covariates, suggesting 
that bobcat populations in this area are influenced by regional-scale 
environmental attributes. Our results indicate that increased rainfall 
occurring in the previous year had a positive effect on bobcat recruit-
ment in the study area the following year. Previous research in this semi- 
arid region characterized by periodic droughts and irregular rainfall has 
demonstrated that high levels of precipitation result in an increase in the 
relative abundance of prey species populations, including rodents and 
lagomorphs (Korn, 2013). As habitat generalists, bobcats may experi-
ence a similar response to increased precipitation levels, where rainfall 
in the previous year drives increases prey availability and, as a result, 
reproduction and juvenile bobcat dispersal (Hansen, 2006). For road 
mitigation efforts targeting populations whose dynamics are known to 
be strongly tied to climate or other broad-scale patterns, accounting for 
these factors is likely essential to effectively interpret drivers behind 
wildlife crossing structure use over time. 

Without long-term monitoring at multiple sites before and after un-
derpass construction, it would be difficult to parse the impact of envi-
ronmental factors on fluctuations in abundance from impacts of the 
installed road crossing structures. The two years of post-construction 
monitoring occurred during a time when bobcat abundance in the 
study area was reduced relative to previous years. The reduced abun-
dance observed at sites both with and without crossing structures sug-
gests that this change was unrelated to underpass construction. This 
finding highlights the importance of long-term monitoring to contex-
tualize potential road mitigation efficacy. Continued monitoring will be 
necessary to determine whether local felid abundance continues to 
follow annual precipitation patterns in the post-construction landscape. 

Additionally, the strong relationship between monitoring effort and 
detection probability underscored the necessity of formally accounting 
for factors affecting the observation process separately from ecological 
processes, rather than relying on raw counts of individuals to quantify 
abundance at road mitigation sites. 

In the post-construction period, seasonal counts of crossing structure 
use were positively correlated with site-specific seasonal abundance esti-
mates, which supported the hypothesis that variation in use among sites is 
influenced by variation in local abundance (Chambers and Bencini, 2015; 
Rodríguez et al., 1997). Even with a positive correlative relationship 
supported between abundance and use, we identified landscape and 
structural factors that impacted the probability of crossing structure use at 
the interaction level. Specifically, longer stretches of roadside fencing 
increased the probability of a use interaction relative to a non-use inter-
action. Previous research on the influence of fencing presence and length 
on road mitigation efforts has suggested that extensive (>5 km) fencing 
around a crossing structure can significantly reduce road mortality (Cle-
venger et al., 2001; Huijser et al., 2016), but evidence for the role of 
fencing length in promoting structure use is inconclusive. Although we did 
not detect any relationship between seasonal abundance estimates and 
land cover, increased canopy cover surrounding the crossing structure was 
associated with higher probability of use, suggesting that this factor may 
have a unique relationship with structure use that does not affect abun-
dance. However, because canopy cover and fencing length were highly 
correlated, we could not determine the extent to which either attribute 
may have separately or jointly contributed to probability of use in this 
case. Appropriate fencing length is determined by the movement patterns 
of the target species and the attributes of the surrounding landscape, and 
therefore the role of local canopy cover and fencing length in promoting 
crossing structure use may be inextricably linked (Glista et al., 2009). 
Incorporating a greater number of sites into future monitoring efforts 
could help determine additional landscape and structural factors that 
encourage or deter use. 

Temporal factors also affected crossing structure use. As time since 

Fig. 6. Odds ratios for the top two competing models describing probability of crossing structure use at the individual interaction level visualized across the full 
range of the predictor variables. Top row is the top-weighted model (w1 = 0.23), bottom row is the next highest weighted model (w2 = 0.18). Dashed line represents 
the threshold for which use is more likely (>1) or less likely (<1). 
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crossing construction increased, there was a slight increase in proba-
bility of use. Habituation to crossing structures has been documented for 
multiple taxa, including ungulates and carnivores (Clevenger and 
Waltho, 2005; Gagnon et al., 2011). Particularly for individuals whose 
home ranges span roadways, these crossing structures can become in-
tegrated into daily movements over time (Chambers and Bencini, 2015). 
Although structure use increased over time, abundance also increased 
slightly across the study area in the last season of monitoring (May – 
October 2019); because abundance and use were correlated in our study, 
this may have contributed to the positive effect of time since construc-
tion on crossing structure use. Because we did not observe a clear trend 
in change in use over time within individuals (Figs. 5 and S2), this also 
suggests that probability of use with time since crossing construction is 
tied to increased bobcat abundance. 

The presence of water in the crossing structure negatively affected 
use probability, but was variable over time with sites that were more 
regularly inundated experiencing lower use rates overall. In fact, as little 
as 3 cm of water in a crossing structure can be enough to significantly 
deter use (Serronha et al., 2013). Craveiro et al. (2019) explored the 
impact of water inundation on structure use, distinguishing between 
crossings in built drainages versus natural waterways. They found that 
while water in drainages discouraged use, this effect did not extend to 
natural waterways. South Texas is dominated by agricultural land-
scapes, and wildlife crossings are often sited in irrigation drainages and 
other built drainage features. Modifying existing infrastructure greatly 
reduces the cost of road mitigation, and our findings suggest that efforts 
to reduce water inundation in these crossing structures can promote use 
and ensure structure effectiveness. If this cannot be achieved, natural 
waterways like resacas or at-grade locations should be prioritized for 
wildlife crossing structures targeting wild felids in this region. 

Finally, we observed inter-individual variability in crossing structure 
use, both in the proportion of uses to total detections for each individual 
as well as the frequency of detection across the crossing structure 
monitoring period. While our logistic regression models adequately 
predicted non-use, there was unexplained variation that hindered our 
ability to predict use with the same level of accuracy. This may have 
been driven by the inter-individual variability in use that we observed, 
which can be related to differences in home range size and location, 
movement patterns, or life history (Ascensão et al., 2014; Sawaya et al., 
2014). Though we tested for the effect of residency and transiency on 
use probability using a covariate quantifying the duration of each in-
dividual’s detection period, we were unable to account for additional 
individual factors that may have had an effect on probability of use. 
With the assumption that individuals detected only once or over a short 
period of time at a crossing structure represent some level of transiency, 
our results suggest that transients may be averse to using a structure, 
while individuals detected over extended periods of time all used 
crossing structures to some degree (Fig. 5). To maintain population 
viability, crossing structures must facilitate connectivity, which can be 
maintained both through local movements and overlapping home 
ranges as well as long-distance dispersal events (Ament et al., 2014). 
Therefore, crossing structures are most beneficial when they promote 
use by both resident and transient individuals (Ascensão et al., 2014). 
Future research should focus on elucidating the drivers of individual 
variability in use to better site and design crossing structures that pro-
mote use by as many individuals of the target population as possible. 

Although ocelots were a key target species for this mitigation project, 
we did not detect enough individuals across the 6.5-year monitoring 
period for a formal analysis. The roadway was adjacent to core ocelot 
habitat found on Laguna Atascosa National Wildlife Refuge, and 
dispersing males were typically detected along the roadway once or 
twice annually. Though bobcats have been shown to be acceptable 
research surrogates for ocelots in a road mortality context (Schmidt 
et al., 2020), we were unable to determine whether bobcats are appro-
priate surrogates for understanding ocelot response to crossing struc-
tures due to our limited ocelot dataset. Focusing only on the interactions 

of transient bobcats with crossing structures may be more representative 
of how dispersing ocelots perceive these structures. 

5. Conclusions 

When metrics of use can be paired with additional information about 
the target wildlife population, these data can provide insight into the 
population-level benefits of road mitigation efforts for wildlife pop-
ulations negatively impacted by roads. Our findings align with the road 
mitigation literature that has pointed to the importance of long-term 
population monitoring to contextualize road mitigation efficacy (Gag-
non et al., 2011; van der Grift et al., 2013). Failing to account for 
ongoing population processes when evaluating crossing structure use 
can lead to conflation of factors affecting long-term population trends 
with factors related to crossing structure effectiveness. Though we found 
use and abundance were positively correlated, we also identified fea-
tures related to structure placement and design that may promote 
crossing structure effectiveness, including discouraging standing water 
for crossings sited in agricultural drainages and planning for more 
extensive roadside fencing. Additionally, consideration of inter- 
individual variability in use is needed to determine whether crossing 
structures are beneficial to all demographic groups (e.g., residents and 
transients). Assessing the effectiveness of road mitigation measures is 
essential for informing crossing structure design and placement and for 
optimizing conservation practices in road-impacted ecosystems, and our 
research provides an approach that disentangles external factors 
affecting local wildlife populations to better interpret the impacts of 
necessary road-related management and conservation action. 
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