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Abstract: Crossing structures are widely accepted mitigation measures used to offset the impacts
of roads in ecologically sensitive areas that serve as important animal corridors. However, altered
interspecies interactions at crossing structures may reduce the potency of these structures for some
species and groups. Anecdotes of predation events at crossing structures have necessitated the
assessment of predator–prey interactions at crossing structures. We investigated the ‘prey-trap’
hypothesis at nine crossing structures on a highway in central India adjacent to a tiger reserve by
comparing the geometric mean latencies between successive prey, predator and free-ranging dog
camera trap capture events at the crossing structures. Among all interactions, prey–predator latencies
were the shortest, and significantly lower than prey–dog and predator–prey latencies. Prey–predator
sequences involving wild dogs had the shortest average latencies (65.6 ± 9.7 min). Prey–predator
latencies decreased with increasing crossing structure width; however, these crossing structures are
also the sites that are most frequently used by wildlife. Results indicate that the crossing structures
presently do not act as ‘prey-traps’ from wild predators or free-ranging dogs. However, measures
used to alleviate such prospects, such as heterogeneity in structure design and increase in vegetation
cover near crossing structures, are recommended.

Keywords: mitigation; road effects; conservation; predator–prey interactions; wildlife passage;
species interactions

1. Introduction

The ecological impacts of roads on natural landscapes and wildlife are well-documented
worldwide [1]. Roads create breaks in naturally contiguous landscapes and habitats [2–4]
and consequently impede animal movement between resultant habitat patches [5]. Ve-
hicular traffic on roads causes behavioural aversion and avoidance by wildlife [6,7], as
well as animal–vehicle collisions, one of the leading causes of animal mortality in human-
dominated landscapes [8]. Combined, these impacts ultimately result in genetic isola-
tion [9,10] and species decline [11].

To mitigate the adverse impacts of roads, crossing structures for wildlife, including
wildlife overpasses, underpasses, culverts and walkways, are increasingly being adopted
across the world [12]. Wildlife crossing structures enable animal movement across roads
and help to reduce the occurrence of wildlife–vehicle collisions. Long-term monitoring
studies have demonstrated the efficacy of wildlife crossing structures for a wide vari-
ety of wild animal species, including carnivores, ungulates and small mammals [13–16].
Crossing structures are constructed with the aim of providing safe passage to animals.
However, modified inter-species interactions within crossing structures, as a consequence
of a concentration of animal movement at the structures [17], could potentially reduce
their efficacy.
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The prey-trap hypothesis suggests that over time, predators learn to exploit wildlife
crossing structures to increase foraging opportunities [17,18]. Few reports of predation
by wild predators in crossing structures have been reported [19–21]. Patterns of temporal
co-occurrence between predator and prey and prey avoidance of crossing structures have
also been observed [22]. In addition to wild predators, feral animals such as dogs may
exploit crossing structures for the predation of wild prey species [18]. Such habituation
of predators can ultimately result in an avoidance of crossing structures by prey species,
reducing the overall efficacy of wildlife crossing structures. However, there is also evidence
against the prey-trap theory, i.e., predators do not actively peruse mitigation structures in
search of prey [23–26].

The nine crossing structures on National Highway 44 (NH 44) passing through the
Pench Tiger Reserve (PTR), Maharashtra, were conceived for use by the entire suite of
mammals found in the landscape, including the tiger, its co-predators, prey and associated
species. During the three years of the continuous monitoring of the crossing structures,
incidences of co-occurrence and predation attempts by tigers, wild dogs and free-ranging
dogs were captured by camera traps deployed at the structures. Considering the potential
decline in the efficacy of the crossing structures for prey in such a situation, a study
of prey–predator interactions at the crossing structures was considered vital. Together,
these structures are the largest operational set of mitigation measures, and one of the first
crossing structures dedicated for use by wildlife in the Indian subcontinent. Evidence
of adverse inter-species interactions would have repercussions for the adoption of such
measures on other linear infrastructure in developing nations with increasing trends in
infrastructure development.

The aim of this study was to investigate whether the nine crossing structures for
NH 44 created a constricted funnel-like space in the habitat, where adverse interactions
(competition or avoidance) between wild and free-ranging predators and prey could have
implications for the effectiveness of the crossing structures for wildlife. We did so by
comparing latencies (time between subsequent animal captures) between different pairs of
animal groups (prey–predator, predator–prey, prey–feral dog) at the crossing structures
and in a control habitat. Following Ford and Clevenger, 2010 [25], we predicted that for the
crossing structures to presently or potentially create a prey-trap-like situation,

a. prey–predator latencies at crossing structures would be lower than those in control
habitats, and lower than predator–prey latencies at crossing structures, indicating that
predators scout for prey at crossing structures;

b. predator–prey latencies at crossing structures would be lower than those in control
habitats, and higher than prey–predator latencies at crossing structures, indicating an
avoidance of crossing structures by prey; and

c. prey–dog latencies at crossing structures would be similar to or lower than prey–
predator latencies at crossing structures, indicating that free-ranging dogs scout for
prey at crossing structures.

We also assessed the influence of structural characteristics on the variation in inter-
group latencies and expected lower latencies between prey–predator and prey–dog pairs at
narrow crossing structures and crossing structures located near the tiger reserve.

2. Materials and Methods
2.1. Study Area

The study was carried out on 9 crossing structures on NH 44 passing through PTR,
Maharashtra, India (Figure 1). The width of the crossing structures varies between 50 and
750 m, with a height of 5 m, according to prescribed dimensions for tiger landscapes [27].
Four of the crossing structures have natural drainage passing under them (type minor
bridge (MNB)), while five were built as animal underpasses (type animal underpass (AUP)).
The distance between the crossing structures ranges between 600 and 5800 m. Five of the
crossing structures were located at the edge of PTR, while the other four are between
1263 and 3202 m away from the tiger reserve (Supplementary Table S1).
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Figure 1. Location of nine crossing structures on National Highway 44 passing through Pench
Tiger reserve, Maharashtra (top): (A) a typical animal underpass (AUP), and (B) a typical minor
bridge (MNB).

2.2. Field Methods

The crossing structures on NH 44 are being continuously monitored for use by wildlife
since 2019 using camera traps. Given the relatively large sizes of the crossing structures and
their extensive use by wildlife, camera traps were considered to be the most convenient
means for monitoring. Camera traps provide fine-scale temporal data that was considered
essential for evaluating adverse interactions between prey and predator species. Other
methods for tracking the use of crossing structures by wildlife, such as track plots, would
not provide temporal data, while radio-telemetry gives individual-level data (instead of
population-level data) and is prone to time lags.

The crossing structures are supported by pairs of columns/pillars separated by a dis-
tance of 20–30 m, depending on the width of the structures. We deployed single motion-
triggered Cuddeback [28] C1 camera traps on each column to cover the intervening span
between two consecutive columns, as part of the long-term monitoring of the use of the
crossing structures by wildlife. A total of 78 cameras were deployed across all structures.
Data from camera traps were downloaded once every fortnight (comprising one session)
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during the monitoring period between March 2019 and December 2020. Data for natural an-
imal movement rates, i.e., in an unrestricted manner unlike at the crossing structures, were
obtained from the annual camera trapping carried out for monitoring tiger, co-predator and
prey within PTR, Maharashtra, for a period of 20–25 days during the winter of 2020 with the
same camera trap set-up. Camera trapping was carried out in a 2 × 2 km grid framework
(298 camera traps) in the forest in PTR over an area of 735 sq. km, adjacent to the crossing
structures that have the same environmental characteristics. Thus, all variability in habitat
and terrain (as well as other possible variation) was accounted for in the control setting.

2.3. Analytical Methods
2.3.1. Comparison of Geometric Mean Latencies between Group Pairs and Sites

We classified leopard Panthera pardus, tiger Panthera tigris and wild dog Cuon alpinus
in the ‘predator’ category, and the primary prey species of the tiger and its co-predators
in the landscape [29,30]—chital or spotted deer Axis, gaur Bos gaurus, nilgai or blue bull
Boselaphus tragocamelus, sambar deer Rusa unicolor, wild pig Sus scrofa—as ‘prey’. Free-
ranging dogs, solitary or in packs, were categorised as ‘dog’. We calculated latency, i.e., the
time elapsed (in minutes) between two successive captures for all predator–prey (prey
following predator), prey–predator (predator following prey), and prey–dog (dog following
prey) pairs following Martinig, Riaz and St. Clair, 2020 [31]. This was performed for
individual cameras on each span of the crossing structure, i.e., for a 100 m-wide structure,
we obtained data from 5 camera traps. We filtered out all observations with latency >1 day.
We compared pair-wise geometric means between crossing structures and between crossing
structures and the control habitat using one-tailed Wilcoxon’s tests. For the calculation
of geometric means, a value of 1 min was given to all latency observations of less than
one minute.

2.3.2. Assessment of Factors Influencing Variation in Latencies

We examined the influence of environmental and crossing structure-related features
on the latency between groups using generalised linear mixed models (GLMMs). The
latency period (in minutes) was taken as the response variable; structure type, season,
crossing structure width (in metres), distance to tiger reserve (in metres), distance to nearest
crossing structure (in metres) were taken as fixed effects; and the station ID was taken as
a random effect. The most parsimonious models with ∆AIC < 2 were averaged using the
package MuMIn [32] in the statistical software R [33].

3. Results
3.1. Comparison of Geometric Mean Latencies between Group Pairs and Sites

The least geometric mean latency at the crossing structures was observed between
prey–predator sequences (112 min ± 10), followed by predator–prey sequences (151 min
± 15; Table 1; Figure 2). Both prey–predator and predator–prey geometric mean latencies
were significantly lower than geometric mean latencies for these pairs in the control habitat
(Wilcoxon rank sum test p < 0.05).

Table 1. Geometric mean latencies (minutes) between predator–prey, prey–dog and prey–predator
under crossing structures on NH 44, Pench Tiger Reserve, Maharashtra, India.

Pair Site n Geometric Mean
(Minutes) Mean Standard

Deviation
Standard

Error
95% Confidence

Interval

1 Predator–prey Control 475 405 589 134–1220 385–426 366–447
Crossing structure 374 151 355 24.1–948 137–166 125–182

2 Prey–dog Crossing structure 1602 170 385 27.3–1060 162–178 155–186

3 Prey–predator Control 492 331 540 88–1240 311–351 294–372
Crossing structure 387 112 295 17.4–726 102–123 93.2–135
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Figure 2. Comparison of geometric mean latencies (black triangle) and median latencies between
predator–prey, prey–predator, and prey–dog pairs at crossing structures and control site. Error bars
indicate 95% confidence intervals. Black dots represent outliers.

The geometric mean latencies for prey–predator sequences at crossing structures
were significantly lower than predator–prey and prey–dog latencies at crossing structures
(Wilcoxon rank sum test p < 0.05), while the latter two sequences were not significantly
different (Wilcoxon rank sum test p = 0.106). The highest geometric mean latency among all
pairs at crossing structures was observed between prey and dog (170 min ± 8). Prey–dog
mean latency was significantly higher than that for prey–predator sequences at crossing
structures (Wilcoxon rank sum test p <0.05), and lower than natural prey–predator latencies
(Wilcoxon rank sum test p < 0.05).

At the crossing structures, the number of prey–dog sequences was the highest as
compared to other prey–predator species sequences. Among wild predator species for the
same time period (Table 2, Figure 3), the highest number of prey–predator events were
recorded for wild dogs (n = 186), with the lowest geometric mean latency of 65.6 min
(55.9–76.9).

Table 2. Geometric mean latencies (minutes) between prey–predator sequences for different wild
predator species and free-ranging dogs at crossing structures on NH 44, Pench Tiger Reserve, Maha-
rashtra, India.

Prey–Predator
Species Site n Geometric Mean

(Minutes) SD SE CI

1 Prey–dog Crossing structure 1602 170 27.3–1060 162–178 155–186

2 Prey–Leopard Control 129 344 79.5–1490 302–391 266–444
Crossing structure 72 156 39.1–625 133–184 113–216

3 Prey–Tiger Control 253 365 120–1110 340–391 318–419
Crossing structure 129 203 54.3–758 181–228 161–255

4 Prey–Wild dog Control 110 252 53.2–1190 217–292 188–337
Crossing structure 186 65.6 7.42–580 55.9–76.9 47.8–89.9
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3.2. Assessment of Factors Influencing Variation in Latencies

Among crossing structures, shorter mean latencies across all three pairs were observed
among the wider structures (>100 m). The shortest predator–prey and prey–dog mean
latencies were observed at the 750 m wide structures, while the shortest mean prey–predator
latency was observed at the 50 m crossing structure, followed by the two 750 m-wide
crossing structures (Figure 4).
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Latencies across all three groups decreased with increasing crossing structure width,
most significantly for prey–predator sequences. Prey–dog latencies significantly decreased
with increasing width of crossing structures with natural drainage (MNBs), and declined
insignificantly with increasing animal underpass (AUP) width (Supplementary Figure S1).
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None of the variables were found to significantly influence the patterns of predator–prey
latencies (Figure 5, Supplementary Tables S2 and S3).
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4. Discussion

Geometric mean latencies across all pairs were shorter at crossing structures than the
geometric mean latencies for the corresponding pairs at control sites. Shorter latencies at
crossing structures are expected, since such structures tend to funnel animal movement into
narrower restricted spaces [34], thus increasing the movement rates at crossing structures
as compared to forest interiors. Consequently, mean prey–predator latencies were found
to be lower than those in the control habitat, and significantly shorter than predator–prey
latencies at crossing structures. However, the geometric mean prey–predator latencies at
crossing structures are not short enough to suggest that predators actively scout for prey at
crossing structures. Present evidence suggests that species’ use of the crossing structures on
NH 44 is dictated by factors other than predator or prey activity (Saxena et al., in review).

4.1. Predator Following Prey into Crossing Structures

Regression analysis revealed that an increase in crossing structure widths was asso-
ciated with a decrease in prey–predator latencies. This could be an artefact of the greater
use and concentration of wildlife at wider crossing structures. This could also be because
the relatively smaller size of some crossing structures (50–80 m) is a limiting factor for use
by the major group-living prey species in the landscape, viz., chital, sambar and nilgai.
Crossing structures on which prey–predator interactions have been studied to date are
narrow and have limited escape routes (single entry and single exit), and possibly limit the
utility of anti-predation strategies by prey [17]. However, AUPs on NH 44 are considerably
wide (100–750 m wide). More open spaces under the crossing structures possibly enable
the early detection of predators and escape by prey [18], which is why not many instances
of predation near the crossing structures have been observed during the present study.

Further, after categorising prey–predator sequences by the predator species involved,
we found that prey—wild dog pairs were the most frequent, and had the shortest latencies.
Four events of predation attempts by wild dogs at the crossing structures (and none in-
volving other predator species) were recorded during the two years of continuous crossing
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structure monitoring. This suggests a proportionally larger weight of prey–wild dog se-
quences in the overall prey–predator latencies, as a consequence of frequent use of crossing
structures by wild dogs in proximity to the tiger reserve and occasional predation attempts.
Therefore, it would be prudent to interpret these findings in light of the relative use of
crossing structures by species and structure type.

4.2. Prey Following Predator into Crossing Structures

Predator–prey latencies were shorter than those in the control habitat and longer than
prey–predator latencies. However, none of the variables could significantly explain the
structure-wise or width-wise patterns of predator–prey latencies. We did not find evidence
of prey responding to changes in prey–predator latencies in either crossing structures with
low or high prey–predator latencies (Supplementary Figure S2).

4.3. Free-Ranging Dogs Following Prey into Crossing Structures

Although high prey–dog latencies and no significant differences between prey–dog
and prey–predator latencies were found during our study, two incidents of prey and dog
co-occurrence and one instance of a predation attempt by a pack of dogs was recorded at the
crossing structures. Moreover, given the presence of dogs in packs regularly accompanying
domestic cattle and cattle herders, and the vicinity of the crossing structures to human
settlements, the eventual possibility of the predation of wild prey by dogs at the crossing
structures cannot be ruled out. In India, dogs—free-ranging or accompanied by humans—
are responsible for attacks on 44 species of mammals, especially ungulates, in the vicinity
of protected areas [35]. This also presents the problem of disease transmission between free-
ranging dogs, wild dogs and other wildlife [36,37]. Free-ranging dogs usually accompanied
by humans and livestock have the potential to learn about the availability of prey at crossing
structures. Given the lack of co-evolution between dogs and wild prey, the latter may not
be able to adapt quickly to the situation [34].

While the need for further research into predator–prey interactions within crossing
structures has been emphasised [17,34], appropriate metrics to evaluate the same are
required. In contrast to the use of track beds [22], the use of camera traps provides finer-
scale temporal data for studying such interactions [31]. Further work towards establishing
the trade-off between the effectiveness of crossing structures and the predation risk for
prey species should include the study of predation patterns, kill site characteristics near
roads [24,25], and aspects of predator and prey behaviour.

In addition to demonstrating the efficacy of crossing structures in mitigating road-
related mortality and as a barrier to animal movement, it is critical for road ecology
research to demonstrate the success of crossing structures in terms of maintaining natural
or near-natural interspecies interactions. Evidence suggests that the prey-trap situation
could be a concern if wildlife passages built for use by prey are exploited by predators for
foraging [17]. However, given the richness of both predator and prey species using the
crossing structures on NH 44 because of the proximity to PTR, exploitation by predators
is unlikely. Although a few instances of wild dogs and free-ranging dogs preying on
ungulates were observed in our study (as in Ford and Clevenger, 2010 [25]), these are rare
events and possibly represent infrequent opportunism [17], and the role of the crossing
structures in mitigating the impacts of roads currently outweighs these concerns. However,
we suggest increasing spatial heterogeneity at crossing structures and vegetation cover near
structures in a planned manner to enable their greater use by prey species [34]. Moreover,
since crossing structure use is more often influenced by species preferences that may include
anti-predation strategies, heterogeneity in structure design [38], increase in vegetation cover
parallel to the crossing structures and measures to control the presence of free-ranging dogs
in forest areas are recommended.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d14050312/s1, Figure S1: Plot showing the interactive influence of crossing structure type
and crossing structure width on geometric mean latencies (in minutes); Figure S2: Variation in
predator–prey and prey–predator latencies among crossing structures with high (highlat) and low
(lowlat) overall prey–predator latencies throughout the monitoring period; Table S1: Details of
crossing structures on National Highway 44 passing through Pench tiger reserve, Maharashtra;
Table S2: Model selection table showing best models with factors explaining prey–predator, predator–
prey and prey–dog latencies, with Akaike’s Information Criterion values, difference in AIC (∆AIC)
from the best model, and degrees of freedom (df). Models with AIC < 2 were averaged; Table S3:
Model-averaged coefficients (β) for models explaining factors affecting prey–predator, predator–
prey and prey–dog latencies at crossing structures on NH 44 passing through Pench Tiger Reserve,
Maharashtra, India.
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