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Roads increase wildlife mortality and present a movement barrier for many species. While wildlife passages have
been advocated as a solution to many of the problems associated with roads, they are expensive and many roads
still have none. However, roads usually have a series of drainage culverts designed to allow water to cross un-
derneath the road, which might also be used by some mammals. This study aims to (1) determine what variables
influence the number of successful passages of drainage culverts by mammals, and to (2) parse the effects that
these variables have on the entry into and subsequent full passage of drainage culverts by individual mammals,
using cameras and animal track stations along a 20 km stretch of autoroute 10 in Southern Quebec (Canada).
Overall, 20 species were observed outside of the drainage culverts, but only about half of them were detected
making full crossings. While various species were often seen outside, only animals highly tolerant to water,
including raccoons (Procyon lotor) and American mink (Neovison vison), were observed fully crossing the struc-
tures with regularity, whereas the number of full crossings was small (<8) for all other species. High-water levels
and use of polyethylene as a construction material were the strongest deterrents for both the number of suc-
cessful passages and the probability of entry into the culverts. While several variables (e.g., water level, structure
material, moon luminosity, distance to forest) influenced culvert entry, none had an influence on a mammal’s
probability of complete passage once it had entered. The results imply that ordinary drainage culverts are un-
suitable as substitutes for designated wildlife passages for mammals. We recommend the installation of desig-
nated wildlife passages and fences, and that in places where wildlife passages are not feasible, dry ledges be
installed in existing drainage culverts to better allow small and medium-sized mammals to safely cross under
roads while avoiding the water inside of the culverts. To our knowledge, this study is the first to successfully
combine trail cameras inside of drainage culverts with track-box data in the adjacent habitat.

1. Introduction

Global road development is expected to increase dramatically, by
14%-23% by 2050 (an additional 3.0 to 4.7 million kilometres of roads
compared to around 2015) according to Meijer et al. (2018) and by
35%-60% (i.e., 14.8 to 25.3 million km of additional paved-lane length
between 2010 and 2050) according to Dulac (2013), with estimates
differing due to choice of methods and underlying data. The effects of
roads on wildlife are numerous; road mortality presents a substantial
threat to the populations of many species without the installation of
proper fences and crossing structures (van der Ree et al., 2015). In many
cases, roads create a barrier effect that can result in the disruption of

wildlife movement (Grilo et al., 2015). Large mammals with extensive
home ranges are affected most heavily (Ng et al., 2004). This decrease in
movement can lead to changes in genetic flow within subpopulations as
well as between populations and to isolation or local extinction (Banks
et al., 2005; Mata et al., 2008; Sawaya et al., 2014).

One measure for mitigating the negative effects of roads on animals
regards the placement of wildlife passages designed to allow animals to
cross either below or above the road surface. They have been supported
for their effectiveness at encouraging wildlife to safely cross roads, as
well as their ability to educate and engage the public regarding con-
servation efforts (Niemi et al., 2014). If wildlife fences are used in
combination with such passages, they can drastically reduce
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wildlife-vehicle collisions (Beben, 2012; Rytwinski et al., 2016) while
wildlife movements between habitat patches on either side of the road
can occur (Marangelo and Farrell, 2016).

Canadian case studies have been shining examples in the world of
road ecology, among them a series of under- and overpasses in Banff
National Park in Alberta (Clevenger and Barrueto, 2014). However,
while the placement of wildlife passages is an attractive solution to
many of the ecological problems posed by roads, they are often pro-
hibitively expensive, making them unattainable in many areas (Viani
et al., 2016). In such situations of financial constraint, it becomes
important to explore cost effective (yet still functional) alternatives to
designated wildlife crossing structures, while highlighting regions of
importance to prioritize future efforts (Rodriguez et al., 1996; Bissonette
and Adair, 2008).

Drainage culverts have received increasing attention for their po-
tential as pseudo-wildlife-passages, facilitating animal movement under
highways while serving their original purpose of water drainage. It is
their ubiquity that shows the greatest potential; an even spacing of
tunnels under roads, some conceivably at preferential crossing locations,
may already be mitigating the effects that roads have on animals to some
degree, and may be improved upon with retrofitting (Krawchuk et al.,
2005; Grilo et al., 2008). Indeed, drainage culverts have been suggested
as a cost-effective alternative to designated wildlife passages when funds
for large mitigation projects are lacking (Mata et al., 2008). Some
wildlife species have been observed regularly using drainage culverts to
cross under roadways, lending support to this argument (Ascensao and
Mira, 2007).

However, can drainage culverts truly act as substitutes for designated
wildlife crossing structures? Ascensao et al. (2016) found that road
mortality of small mammals was lower in areas where drainage culverts
were present, suggesting that in some cases they act as effective ad-hoc
passages. However, the intended purpose of the drainage culvert may
prove to be its undoing as a passage for wildlife: It facilitates water
movement. In many cases, fish and aquatic mammals are the only visi-
tors to drainage culverts, with primarily terrestrial mammals avoiding
them altogether (Marangelo and Farrell, 2016). Still, for some species,
Clevenger et al. (2001) argued that drainage culverts may be critical for
maintaining habitat connectivity, making them potentially valuable
conservation tools that deserve more in-depth analysis. Furthermore,
with projected increases in the frequency and severity of storms due to
climate change, most drainage culverts will need to be modified or
replaced by larger structures to properly deal with flooding (van Vliet
et al., 2013). This presents an opportunity to install wildlife-friendly
features such as dry ledges or dry walkways in an attempt to improve
the drainage culvert’s ability to move both water and wildlife (Villalva
et al., 2013).

Ecological corridors, linear segments of habitat that facilitate the
movement of organisms among patches otherwise separated by unsuit-
able matrix, have been considered to be valuable tools in conservation
for maintaining habitat connectivity in an increasingly fragmented
world (Pino and Marull, 2012). Proposed ecological corridors identified
using remote-sensing technologies but not validated on-site provide
useful theoretical information regarding which areas should be priori-
tized for conservation efforts, including the identification of potential
road-crossing sites (Cushman et al., 2013; Wierzchowski et al., 2019).
Our study area contains seven proposed ecological corridors in four
priority areas (Salvant, 2017; Daguet and Lelievre, 2019), which may
result in higher levels of animal activity for drainage culverts laying
within them.

Drainage culverts are made of various materials, each of which
provide different benefits at different price points. While concrete
drainage culverts are quite durable, they are expensive. Steel culverts,
while more affordable than concrete ones, have a lower weight
threshold that can result in their collapse. Lastly, polyethylene culverts
have emerged as an inexpensive and longer-lasting alternative to those
made of steel. No study to our knowledge has analyzed the influence
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these materials may have on their use by mammals, which is an aspect
deserving more attention.

To determine the suitability and ultimately the substitutability of
drainage culverts to designated wildlife crossing structures, we
addressed three research questions: (1) How many individuals from
which species fully cross, and which drainage culvert characteristics
affect the rates of full passages? For individuals that are detected outside
of the structure, what factors influence their (2) entry and (3) subse-
quent full passage of drainage culverts? To answer these questions, we
evaluated the relationship between culvert use by mammals and 12
explanatory variables divided into two categories: structural charac-
teristics of drainage culverts and surrounding environmental
characteristics.

Structural characteristics often include physical dimensions of the
drainage culvert (Ng et al., 2004; Seiler and Olsson, 2009) as well as the
type of structure (Mata et al., 2008). To our knowledge, structure ma-
terial has not been included in a study of this nature before, but has been
included here due to the fairly even distribution of materials used to
construct the drainage culverts in our study area, and due to our per-
sonal observation that structures made with concrete echoed less and
had greater traction similar to natural substrates in the surrounding
habitat, factors which may influence an animal’s willingness to cross.
Surrounding environmental variables used in past studies include the
distance from a culvert entrance to the nearest forest edge (Clevenger
et al., 2001) and water-related variables (Grilo et al., 2008). While Grilo
et al. (2008) analyzed the effect of stream width on mammal use of
drainage culverts, we were interested in the effect that water depth
might have on the behaviour of mammals in our culverts, a variable that
to our knowledge has not yet been included in a study of this type. The
effect of the luminosity of the moon has been included in unrelated
wildlife studies (Penteriani et al., 2013; Griffin et al., 2005) with results
suggesting that the activity of animals changes considerably with the
moon’s luminosity. To our knowledge, this and all other environmental
variables used in this study have not been included in past wildlife
passage studies.

We hypothesized that (1) the number of full passages will be influ-
enced by water level (—), the distance from culvert entrance to habitat
edge (—), length of the culvert (—), and the presence of proposed
ecological corridors (+); (2) the factors influencing entry of culverts will
be the distance from the culvert entrance to habitat edge (—), use of
concrete as construction material (+), as well as water level (-); and
finally, (3) an individual fully crossing a culvert once it has been
detected entering will be influenced by culvert length (—), use of con-
crete as construction material (+), and water level (—) inside the culvert.

2. Methods
2.1. Study area

The project area lies within the Quebec Appalachians, which vary
considerably in elevation, ranging from sea level to over 1200 m,
resulting in a wide variety of habitat types. Vegetation in this area
transitions from forests of sugar maple (Acer saccharum) and yellow
birch (Betula alleghaniensis) to alpine tundra dramatically (Li and
Ducruc, 1999). This shift in ecosystems provides ample habitat types for
many species, resulting in a high species richness in the area. Within the
Quebec region of the Appalachians alone, mammals include, among
others, bobcat (Lynx rufus), Canada lynx (Lynx canadensis), moose (Alces
americanus), caribou (Rangifer tarandus), North American river otter
(Lontra canadensis), fisher (Martes pennanti), and American marten
(Martes americana) (Li and Ducruc, 1999).

The highway of interest in this study was Quebec’s autoroute 10, the
province’s fourth longest highway at 147 km, stretching from Montreal
in the north-west to the south-east-lying city of Sherbrooke (Fig. 1).
Fragmenting ecologically important regions including northern Estrie
and Monteregie, autoroute 10 was opened to motorists in 1964. It
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borders the southern boundary of Parc national du Mont-Orford, an
IUCN category II provincial park. The portion of autoroute 10 between
kilometre markers 82 and 114.6, encompassing 13 drainage culverts
(Table 1), received on average 30,950 vehicles per day in 2017 ac-
cording to data from the Quebec Ministry of Transportation. Species
killed most often by passing vehicles on this road include North Amer-
ican porcupine (Erethizon dorsatum), whitetail deer (Odocoileus virgin-
ianus), and unidentified micromammals (Quebec Ministry of
Transportation, unpublished data; LoScerbo et al., resubm.).

2.2. Trail cameras

To monitor animal activity inside and outside the culverts, this
project used Reconyx Hyperfire model HC600 motion-sensing infrared
trail cameras at each entrance (four cameras per culvert, two at each
entrance, one directed inside and one outside; see Fig. 2 for photos of
installation) in summer and fall 2018 (May 21 - December 4). Trail
camera photos allowed us to determine full drainage culvert crossing
rates (where the animal crosses entirely from one entrance of the
structure and exits out of the other without turning around within
10 min) compared to total number of visits. Visits include wildlife de-
tections outside of the drainage culvert without the animal entering the
culvert, full crossings, explorations (when the animal enters through one
entrance and turns around, exiting out of the same entrance from which
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it entered), and unknown passages (when the outcome of the visit is not
known, due to technical issues or non-detection due to high speed of the
moving animal). These numbers provide an approximation of what
proportion of animals are able to successfully use the structures to cross
under the road. Unknown passages were excluded from statistical
analyses.

Full crossings were confirmed if an individual was seen on at least
one camera from each entrance crossing completely from one side to the
other. Any combination of camera detections were permitted to confirm
full crossings, including all four cameras, both inside-facing cameras,
both outward-facing cameras, or combinations of these. Our count
dataset was constructed by taking the sums of full crossings, outside
detections, explorations, and unknown passages per two-week sampling
period, respectively, per species, per site.

Due to financial constraints, we did not have the number of cameras
required to have one inward facing and one outward facing camera at
each of the thirteen structure entrances simultaneously. We found a
solution to this issue by rotating the cameras between every other site on
a two-week rotation schedule. To minimize potential detection bias
resulting from differences in detection sensitivity that may be present
between cameras, potentially resulting in the failure of a camera to
detect an animal (Jumeau et al., 2017), this project employed a
continuous counter-clockwise rotation of cameras among sites. Every
two-week session, cameras were moved to their counter-clockwise
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Table 1

Characteristics of the 13 drainage culverts studied.

Journal of Environmental Management 268 (2020) 110423

Site ID Length (m) Width (m) Height (m) Shape Material Inside wildlife corridor? Average distance from culvert entrance to forest (m)
M6 130.40 1.70 1.70 Circular Steel Yes 0

M7 50.00 1.05 1.05 Circular Polyethylene Yes 8.50
2 62.50 1.20 1.20 Circular Steel No 1.30
3 102.90 1.50 1.50 Circular Polyethylene No 0

4 89.00 1.00 1.00 Circular Polyethylene No 0

8 56.80 0.95 0.95 Circular Polyethylene No 17.80
11 56.00 1.00 1.00 Circular Polyethylene No 9.60
14 64.50 1.80 1.80 Circular Concrete No 0

15 60.85 1.35 1.35 Circular Concrete No 0

17 63.70 1.50 1.50 Circular Concrete Yes 0

21 57.00 0.80 0.80 Circular Polyethylene Yes 8.83
22 47.50 1.25 1.25 Circular Polyethylene Yes 3.50
28 63.50 6.00 3.00 Rectangular Concrete No 5.75

Fig. 2. Trail camera and track-box installation photos. (Photo credit: Jonathan Cole, Steffy Velosa, and Mehrdokht Pourali.)

neighbour, resulting in each structure hosting a different set of cameras
for each sampling period. Data collected at any given structure was
stored on SD cards labelled with the structure’s ID to ensure accurate
photo organization during the rotation process.

2.3. Track boxes

Animal footprint collection was employed as a tool to estimate spe-
cies presence in the forest adjacent to the drainage culvert sites. Two
footprint-collecting track boxes (Fig. 2) were placed outside of each
structure entrance, 40 m away from the entrance on either side of the
structure, and an additional 20 m away from the road surface in the
adjacent habitat (Fig. 3). The goal of these track boxes was to detect
individuals within the adjacent habitat away from the highway as a
rough index of mammal activity, including animals that may not venture
out into the cleared shoulder of the road.

Track boxes were constructed using two bent sheets of corrugated
black coroplast fastened with tape and wooden poles to form a rectan-
gular enclosure following the construction plan by Bélanger-Smith
(2014) (Fig. 2). A thin layer of white polystyrene was fastened inside the
bottom of the track box, proving a surface on which to attach the track
papers. A layer of ink was applied to each entrance of the box, with

brown kraft paper placed in the center of the box, both of which were
replaced bi-weekly over a period of 14 weeks (June 6 — November 9).
The ink was formulated using activated cosmetic charcoal powder and
mineral oil, at a ratio of 0.5 cups of powder to 1L of oil. To attract
mammals, a lure was placed into the box as inspired by Bélanger-Smith
(2014): a mixture of fish oil, anise oil, and a carnivore lure called K-9
Triple Take made by Forsyth Animal Lures. The lure was poured
bi-weekly into red solo cups taped to the inside wall of the track box, and
formulated using a ratio of 0.25 cups of fish oil to one tablespoon of
anise oil to one popsicle-stick-dab of carnivore lure.

2.4. Variables considered

To address research question 1, data were organized in two-week
sampling periods. For research questions 2 and 3, daily sampling re-
sults were used. Accordingly, variables were defined to suit each
research question (Table 2). For example, “track.avg”, the average
number of tracks detected per site per two-week period for each species,
was only included in the statistical model for research question 1, ac-
cording to the two-week frequency track paper collection. Similarly,
“avg.rain (cm)”, representing the two-week average rainfall in the study
area, was used only in the model for research question 1, while “rain



B. Brunen et al.

Journal of Environmental Management 268 (2020) 110423

Track box Track box
40m ’ 40m
20m
20m
Track box | Track box
40m 40m

Fig. 3. Track-box layout in relation to each drainage culvert.

Table 2
Variables considered in the analysis of the use of drainage culverts (n = 13) monitored along autoroute 10, Quebec, Canada in summer and fall 2018.
Variable Definition/explanation and units Structural or environmental ~ Range of values Related to research Variable
name variable question type
material Culvert material structural Steel, polyethylene, concrete 1,2,3 Fixed
dist.forest Distance from culvert entrance to habitat edge (m) environmental 0-17.80m 1,2,3 Fixed
track.avg Average number of tracks detected per species per site environmental 0-0.50 1 Fixed
(referred to as “tracks” in text)
temp Average temperature per two-week sampling period (°C)  environmental —3.36-20.93°C 1 Fixed
daily.temp Daily temperature measurement from nearest weather environmental -9 —-32°C 2,3 Fixed
station (°C)
week Two-week sampling session of each data point - 1-7 1,2,3 Fixed
corridor Whether or not the site lies within an ecological corridor ~ environmental Oorl 1,2,3 Fixed
length Structure length (m) structural 47.50-130.40 m 1,2,3 Fixed
water Water depth at culvert entrance (cm) structural 0-55cm 1,2,3 Fixed
avg.rain Average precipitation per two-week session (cm) environmental 0-15.4cm 1 Fixed
rain Precipitation per day (cm) environmental 0-38.1cm 2,3 Fixed
qmoon Quantified moon cycle environmental 0 (new moon), 0.25, 0.5, 0.75, 1 2,3 Fixed
(full moon)

Site Drainage culvert ID - 13 sites 1,2,3 Random
species Species of each event observed - - 1,2,3 Random

(cm)”, the daily rainfall measurement, was employed in the models for
research questions 2 and 3. All other variables were used in all three
models.

2.5. Statistical analysis

2.5.1. Model selection

All statistical models were tested for multicollinearity using variance
inflation factors (VIF) (Alin, 2010). A common rule states that if any
variable returns a VIF coefficient of 10 or greater, the variable is
considered to be collinear with at least one other variable (O’Brien,
2007). However, we followed Ringle et al. (2015) using a more rigorous
VIF threshold of 5 to ensure there was no multicollinearity within our
datasets and to avoid any unreliable parameter estimates (Mansfield and
Helms, 1982).

We performed model selection for fixed effects by stepwise backward
model reduction (Zuur et al.,, 2009) and compared models using
Akaike’s Information Criterion (AIC.) (Hurvich and Tsai, 1989). When a
model excluding a given variable resulted in an AIC, score difference of
two or greater (indicating a lower degree of parsimony) compared to the
global model, the variable was considered significant and was included
in the final model. This was performed for each fixed effect in the global

model until all variables were either discarded or included in the final
model. We acknowledge the criticism calling for the cautious use of
stepwise model reduction (Flom and Cassell, 2007), but elected to use
the method for its computational efficiency, clear interpretation, and
very common usage in the field of ecology (Zuur et al., 2009; Alexandre
et al., 2018).

2.5.2. Zero inflation

To address research question 1, we modeled full crossing counts of
mammals per two-week sampling period (n=7) using zero-inflated
negative binomial (ZINB) generalized linear mixed models (GLMM) to
assess the effect that some variables may have on making sites unin-
teresting for mammals to use. Our count data of full crossings exhibited
considerable overdispersion resulting from higher variation in the data
than expected under a Poisson distribution (overdispersion param-
eter = 2.2, p="7.3e-60, with zeros comprising 87.76% of the data for
outside presence and 89.95% for full passages), necessitating the use of
negative binomial regression. Because we suspected that some variables
(water depth and the distance between the drainage culvert entrance to
the nearest habitat edge) may be causing absences (called structural
zeros) separate from those naturally occurring (called true zeros) due to
the low population densities of some mammal species in our study area,
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zero-inflation was utilized for its ability to assess which component in a
model may be causing structural zeros. Generally, zero-inflation is used
when there is a significant excess of zeros that is higher than the number
that would be expected according to a Poisson or negative binomial
distribution, leading to overdispersion (Zuur et al., 2009). Studies over
the past five years have shown that statistically ignoring the presence of
zero inflation in count datasets often causes bias in the estimation of
parameters and leads to inaccuracies in model interpretation (Bouyer
et al., 2015).

We estimated coefficients using maximum likelihood under R
version 3.3.3 (R Core Team, 2017) with the package gimmTMB (gener-
alized linear mixed models using Template Model Builder) version 0.2.3
(Brooks et al., 2017; Alexandre et al., 2018). Structurally very similar to
the package pscl (Zeileis et al., 2008), glmmTMB allows for the estima-
tion of correlation within sampling units (random effects) through
mixed models, of which pscl is not yet capable (Brooks et al., 2017). The
glmmTMB zero-inflation model has two central components: (1) a con-
ditional model that reports the coefficients of the negative binomial
generalized linear mixed model using the same syntax as lme4 (Bates
et al., 2007), and (2) a zero-inflation component that reports the prob-
ability of a fixed effect resulting in the observation of an extra zero that
is not generated by the conditional model (Brooks et al., 2017).

To account for repeated measurements at both the species and site
scales, categorical variables “species” and “site” were included in the
model as random effects. Only species with at least fifteen detections
were included in this analysis to reduce zero-counts, resulting in seven
species: common raccoon (Procyon lotor), whitetail deer (Odocoileus
virginianus), American mink (Neovison vison), eastern gray squirrel
(Sciurus carolinensis), weasel spp. (including Mustela nivalis, M. frenata,
and M. erminea), muskrat (Ondatra zibethicus), and red fox (Vulpes
vulpes). To account for potential temporal variation in mammal activity,
a numeric value for each two-week sampling period was included as a
fixed effect in the global model.

2.5.3. Logistic regression

For mammals that were detected by trail cameras outside of the
drainage culverts (for research questions 2 and 3), we modeled binary
outcomes for both entry into and full crossing through the culverts with
logistic regression using generalized linear mixed models with binomial
distributions and logit links. Through this method, we determined which
structural and environmental factors affect entry into, and once inside,
which factors affect full crossing of drainage culverts by mammals.
Generalized linear mixed effects models were required for this data type

578
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due to the non-normal binomial distribution. Additionally, the random
effects of the model required a mixed model type. All statistical tests for
this section were performed in R version 3.3.3. (R Core Team, 2017)
with the package Ime4 (Bates et al., 2015).

As before, repeated measures of species and sites were accounted for
by including them as random effects. Moon luminosity as a function of
the moon phase has been shown to affect the movement of some species
(Prugh and Golden, 2014; Penteriani et al., 2013). To account for this
potential effect, moon luminosity was included as a fixed effect. See
Table 2 for full list of variables considered.

3. Results

Across 13 sites and 99 observation days at each site, we collected a
total of 193,867 trail camera photos that included a total of 1145 unique
animal detections, 261 of which resulted in a full crossing (22.79%).
Regarding research question (1), detections spanned 20 species (Figs. 4
and 5), though only species with at least 15 detections were included in
further analysis for research question one. Common raccoons fully
crossed drainage culverts most often (37.54% of interactions with
drainage culverts resulted in a full passage, 217 full crossings out of 587
detections), 2.8 times more likely to make a full crossing than the next
highest full crossing species, the American mink (13.39%, 17 full
crossings out of 127 detections). Species of special interest that were
detected inspecting the drainage culverts included 3 observations of
bobcats and 3 observations of American black bear (Ursus americanus),
but no full crossings were attempted. Track boxes detected 15 species,
with mouse spp., Eastern gray squirrel, and common raccoon being the
most commonly detected species (Fig. 6).

3.1. Number of full crossings per two week period

The ZINB GLMM model containing only three variables after step-
wise model selection (Zuur et al., 2009) was more parsimonious than the
global model (Table 3), and included tracks per species per site per
sampling unit, temperature, and week as fixed effects, with site and
species kept as random effects. We collected a total of 638 two-week
sampling period data points across our sites, which were included in
our statistical analysis. We found that excess absences of full crossings
significantly rose as a result of water level (4=0.13 [0.03 to 0.23],
p =0.01), while no significant effect on excess zeros was measured by
the distance from a drainage culvert entrance to the nearest habitat edge
(Table 4). These excess absences of full crossings resulting from water

Fig. 4. Total number of detections (black) and full crossings (green) by species (observed based on camera data). (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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Site

Fig. 5. Total number of detections (black) and full crossings (green) per drainage culvert site (observed based on camera data), ordered by number of full crossings.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

400

Detections

Fig. 6. Total numbers of track-box results by species.

level (or excess “true” zeros) mean that the zero-inflation model pre-
dicted that due to the level of water at each site, animals were not able to
enter the detection zone of the trail cameras, resulting in an inflated
number of zeros in the data. With absences accounted for, the number of
full passages per species was found to be higher when tracks from that
particular species were also detected in the adjacent habitat (f =5.52
[1.69 to 9.35], p=0.005), as well as when temperatures were higher
(#=0.10 [0.05 to 0.14], p<0.001). Sampling period did not have a
significant effect on full passages. Unexpectedly, culvert material, the
distance from culvert entrance to forest edge, the location within an
ecological corridor, the length of the culvert, and average two-week rain
levels were not selected for the final model.

3.2. Entry into and full crossing of drainage culverts

For estimating which factors influenced the entry of mammals that
were first detected outside of drainage culverts, the model containing
only variables selected during the model selection process was
marginally better performing than the global model (Table 3). A total of
409 outside detections across 15 species were collected across all sites
throughout the 99-day sampling period. Comparing conditional pseudo-

R?s revealed that the final model explained 6 percentage points more
(global model R?=0.76, final model R? = 0.82) of the variance than the
global model. Regarding research question (2), entries into drainage
culverts were found to be significantly affected by the material of the
structure, with polyethylene negatively affecting entries (8= —3.36
[-5.28 to —1.44], p<0.001), and steel and concrete showing no differ-
ence. Surprisingly, the distance from the drainage culvert entrance to
the nearest forest edge showed a positive relationship with entry
(=0.76 [0.22 to 1.30], p=0.006). Environmental factors also signif-
icantly influenced entries, with water level negatively affecting entry
(p=-0.17 [-0.28 to —0.06], p = 0.06) and moon luminosity positively
influencing entry (§=2.25 [0.63 to 3.87], p=0.006). Variables not
selected from the global model included the location within an ecolog-
ical corridor, culvert length, daily temperature, and daily rain level.
Using a subset of the above dataset containing only observations of
individuals having entered the drainage culvert (n =78 across 4 spe-
cies), several models provided an equally reasonable fit following
stepwise model selection, and therefore none of them could be dis-
carded. We therefore elected to construct all suitable models and use the
most parsimonious model (Table 3). The most effective model contained
only the location within an ecological corridor and the distance from the
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Table 3

Results of model-selection procedure evaluating number of full crossings, entry
success, and crossing success by mammals over seven two-week sampling pe-
riods. The most parsimonious model is indicated with an asterisk.

Dataset Models® df® LLR® AIC.”  R*¢
Full crossings per Tracks + temp + week* 10 —253 526 -
two week Material + dist.forest + 17 —250 533 -
session tracks + temp + week +
(Negative corridor + log (length) +

binomial; count) water + rain
Outside detections Material + log (dist. 8 -93.4 203 0.82
that lead to forest+1) + water +
entry moon*
(Logit; Corridor + material + log 12 —-90.2 204 0.76
binomial) (dist.forest+1) + log
(length) + water + moon
+ temp + log (rain-+1)

Inside detections Corridor + log (dist. 5 —-29 70 0.09
that lead to full forest+1)*
crossing Corridor + material + log 12 -27 78 0.19
(Logit; (dist.forest+1) + log
binomial) (length) + water + moon

+ temp + log (rain-+1)

2 See Table 2 for detailed information about the variables.

b Degrees of freedom (df), Log Likelihood (LLR), Akaike’s Information Crite-
rion adjusted for small sample size (AIC.), and conditional pseudo-R? value.

¢ pPseudo-R? values not shown for ZINB GLMM because this statistic is not
suitable for two-step regression models.

4 The distance to forest variable was not log-transformed for research question
one due to model convergence errors.

Table 4
Regression coefficients for final models.
Response variable Variable Coefficient  CI p-value
Number of full Track average 5.52 [1.69, 0.005
passages 9.35]
Temperature (°C) 0.10 [0.05, <0.001
0.14]
Water (cm)® 0.13 [0.03, 0.01
0.23]
Distance to forest -0.25 [-0.93, 0.47
(m)* 0.43]
Individual culvert Material -3.36 [-5.28, 0.001
entries (polyethylene) —1.44]
Material (steel) -1.07 [-3.37, 0.36
1.24]
Distance to forest 0.76 [0.22, 0.006
(m) 1.30]
Water (cm) -0.17 [-0.28, 0.002
—0.06]
Moon luminosity 2.25 [0.63, 0.006
3.87]
Individual full Location within 1.21 [-0.31, 0.12
crossings corridor 2.74]
Distance to forest 0.73 [-0.15, 0.10
1.62]

2 Indicates zero-inflation coefficient, where positive values indicate the vari-
able’s likelihood of producing excess zeros in the data.

culvert entrance to the nearest habitat edge as fixed effects, though all
models had low pseudo-R2 values (<0.19).

Regarding research question (3), no significant effects were found to
influence the full crossing of mammals once they had entered a drainage
culvert (Table 4).

4. Discussion
4.1. General results

Our results highlight that despite the multitude of species present
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near the habitat edge and roadside, only a small fraction of species were
documented entering and even fewer fully crossing drainage culverts in
our study area. Only common raccoons, American mink, and whitetail
deer were observed fully crossing drainage culverts with some regularity
during our sampling period, while other species often observed outside
of the structures, including weasel spp (including Mustela nivalis,
M. frenata, and M. erminea), red fox, and snowshoe hare (Lepus ameri-
canus), were rarely if ever observed fully crossing the structures. All of
the drainage culverts in our study received entry by mammals, while all
but two culverts received full crossings (Fig. 5).

4.2. Influence of variables

Animal track data have been a valuable tool in wildlife studies for
decades (Ward, 1982; Clevenger and Waltho, 2000). When used for
assessing wildlife crossing through passages, track stations have served
as a cost-effective method of detecting which species were present in a
structure over a given sampling period (Ng et al., 2004). However, using
animal tracks as a means of determining full crossings and general
behaviour of animals can be problematic, in that it is difficult to infer
information beyond presence/absence using only the tracks of a species
over a given period of time (Seiler and Olsson, 2009). Here, we used
track data as a method of determining whether species are present in the
adjacent habitat to then compare with animal activity in and around the
drainage culverts using motion-sensing trail cameras. We found that
track data are highly predictive of the number of full crossings observed
in drainage culverts. As a fixed-control variable, the average number of
tracks found per species per site was found to significantly improve the
performance of our ZINB GLMM, accounting for 7.98% more variance of
the data within the fixed effects (marginal Rz) than our final model
without track data (Table B4 in suppl. Material).

Water level was found to be both negatively correlated with mammal
entry into drainage culverts and a source of structural zeros in our count
data. This has very important implications for drainage culverts as al-
ternatives to designated wildlife crossing structures: The drainage cul-
vert’s inherent purpose of facilitating water movement makes it entirely
unsuitable as a passage under roads for most species in our study area.
While this is a highly intuitive result, and while some studies have dis-
cussed the need for alterations to drainage culverts for animals to avoid
water (Niemi et al., 2014), very few studies (for instance, Marangelo and
Farrell, 2016) have quantified the effect that water has on the entry and
full crossing of drainage culverts by mammals.

The distance from the entrance of a drainage culvert to the nearest
habitat edge was found to have a positive effect on the entry of mammals
into the structures. This result was surprising due to past research
findings that even small linear clearings in habitat act as impenetrable
barriers for many species, small mammals in particular (Rico et al.,
2007). Indeed, because density of mammal populations is known to be
generally higher away from road surfaces (Pocock and Lawrence, 2005;
Torres et al., 2016), we expected that greater distance between a culvert
entrance and habitat edge — often indicating an entrance closer to the
road surface — would result in fewer entries into culverts by mammals.
However, reviewing the results by species revealed that this result may
largely be a result of generalist species dominating the dataset that are
more tolerant of non-ideal habitat types, including common raccoon and
larger species with greater mobility including whitetail deer. It is also
conceivable that individuals entering the open area between the road
and adjacent forest may already be habituated to the open area and may
even be aware of the location of the drainage culvert.

Structure material is rarely considered in wildlife passage studies (for
instance, Beben, 2012), but due to drainage culverts coming in various
shapes, sizes, and materials, we included this variable in our analysis to
assess the effect that material might have on entry and full crossing of
mammals. We found that culverts constructed with polyethylene, a
sturdy and affordable plastic, strongly deters entry by mammals, while
steel and concrete displayed no significant difference on mammal
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response. To our knowledge, the effect of the material of a crossing
structure on animal use has rarely been analyzed (e.g., Woltz et al.,
2008), and has important ramifications for transportation authorities
and decision makers wishing to consider wildlife-friendly drainage
culverts. While polyethylene culverts are a cost-effective alternative to
traditional concrete or steel drainage culverts, decision makers should
be wary of them when considering drainage culverts that both facilitate
water movement and allow for the passage of wildlife. From observa-
tions taken in the field, polyethylene culverts had a distinct plastic smell
and were much more slippery than either steel or concrete culverts.
While we cannot say with certainty what may be deterring animals from
polyethylene culverts, we suspect that a mixture of these factors likely
plays a role in their disfavour among wildlife. To our knowledge, this
result has not been reported in previous studies.

Ecological corridors can be essential links between otherwise iso-
lated patches of habitat in an increasingly fragmented landscape (Hilty
et al,, 2006). We followed the hypothesis that properly functioning
ecological corridors should have more animals travelling within them,
and that drainage culverts lying within the path of these corridors
(n=>5) would therefore have more animal activity than those outside of
them (n=28). The ecological corridors in our study area were deter-
mined in a past study as having potential to act as links between patches
of habitat in southern Quebec (Salvant, 2017; Daguet and Lelievre,
2019). Our results, however, showed that the location within a corridor
played no significant role in predicting animal presence, entry, or full
crossing of mammals through drainage culverts. We suspect that while
the corridors certainly have potential to act as linkages between habitat
patches, at present they are likely fragmented by roads to such an extent
that they are not functioning as proper ecological pathways. This
inference is supported by the results of a Welch two-sample t-test be-
tween the average number of tracks detected within versus outside of
the ecological corridors, that did not find a significant difference be-
tween the two groups (t (474.56) =0.78, p = 0.44).

Indeed, when highways are constructed through ecological corri-
dors, the resulting habitat fragmentation often acts as a major constraint
on the movement of animals in the area (Forman, 2005). If the barrier
presented by the road is severe enough, animals will not be able to cross
in large enough numbers resulting in loss of ecological connectivity and
isolation of fragmented habitat patches (Dupras et al., 2016). To help
combat this, we recommend constructing wildlife passages that align
with the paths of ecological corridors, allowing animals moving along
them to safely cross the highway without having to significantly deviate
from their paths (Clevenger and Huijser, 2009). In our study area,
several drainage culverts are already placed within ecological corridors,
and retrofitting these structures to better suit animals should therefore
be a high priority. Additionally, constructing wildlife fencing that would
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lead to either drainage culverts or designated wildlife crossing structures
in these corridor areas would be necessary for lowering the amount of
roadkill in these areas, as Rytwinski et al. (2016) found in their
meta-analysis of mitigation measures intended to reduce road mortality.
Moon luminosity was found to have a significant effect on the entry
of mammals into drainage culverts. Because the grand majority of ani-
mal detections in our study were during nighttime hours (Fig. 7), it
follows that nights with greater moon luminosity — and therefore higher
visibility — would result in higher animal activity. The effect that the
moon’s luminosity has on animal activity has been assessed in other
studies (Griffin et al., 2005; Prugh and Golden, 2014), but to our
knowledge has been included in animal studies relating to roads only
very recently (Colino-Rabanal et al., 2018). We suspect that road mor-
tality would peak during periods of higher moon luminosity, and we
encourage the inclusion of this variable in future roadkill studies.

4.3. Species of special interest

Although we observed low numbers of detections from species of
special interest, for example American black bear and bobcat, their
naturally low population densities and large home ranges mean that
their detection in our study is still highly significant. Both American
black bears and bobcats were observed from the drainage culverts’
outward-facing trail cameras approaching and investigating the
entrance to the structures, but no entries were recorded. This result is
very important as it shows that these species are present along the
habitat edge and close to the highway barrier and the drainage culverts,
but found the drainage culverts in our study area to be unsuitable as
passages across the road. Since mammals with large home ranges are
often impacted the most by fragmentation of their habitat, monitoring
and mitigating this fragmentation is of high importance. We strongly
recommend the implementation and monitoring of larger structures that
are better suited to facilitate the movement of medium-sized and large
mammals.

4.4. Novel findings and techniques

One of the most intriguing results in our study was that for mammals
fully crossing under highways, several factors influenced their entry into
drainage culverts, while no effects were found influencing their full
crossing once inside. Factors including water level, structure material,
and moon luminosity affected an animal’s entry into a drainage culvert,
but once it was inside, no variables included in our study affected
whether it would fully cross. Low pseudo-R? values were observed for all
of our potential models for this test, with no statistical significance
among them. Because of this, we felt confident in selecting the final
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model for this research question solely by AIC, score, due to no variables
being significant regardless of the outcome of the model selection pro-
cess. This result suggests that mammals in our study area consider
multiple factors before entering a structure, and that once inside, few
factors change their initial decision. This too has significant implications
for wildlife passage planners, as it suggests that while the passage in its
entirety should be designed with care, entrances to wildlife passages
should receive the utmost attention to make them as attractive to
wildlife as possible. In our study, mammals preferred structures with
little to no water running through them, as well as structures that were
not constructed with polyethylene. Other studies have found that
vegetation around the passage entrance (Clevenger and Barrueto, 2014),
a soil substrate along the passage floor (Krawchuk et al., 2005), and
passages with a high structural openness (Seiler and Olsson, 2009) are
also strongly favored by many species.

We assessed the factors affecting mammals’ entry and full crossing of
culverts while employing several novel data collection methods and
statistical techniques. To our knowledge, this is the first research project
that has (1) used a scheduled rotating motion-sensing camera study
design to minimize detection bias present in individual cameras, (2)
utilized both outward- and inward-facing cameras to determine outside
presence of animals as well as inside of drainage culverts, (3) combined
animal track data with motion-sensing camera data to assess the rela-
tionship between mammals present in the habitat adjacent to the road
versus animals within detection-range of the trail cameras, and finally
(4) utilized zero-inflated negative binomial generalized linear mixed
effects models to test for the presence of structural zeros in a road-
related wildlife study.

One method that is very likely to become standard procedure in
ecological studies to determine factors that lead to habitat unsuitability,
much like culvert water depth in this study, is the use of zero-inflated
modelling. The utilization of zero-inflated mixed models in ecology is
currently on the cutting edge of statistical analyses, with only a handful
of publications using the method since its creation in 2010 and wide-
spread introduction in 2017 (Brooks et al., 2017; Garcia-Romero et al.,
2019; Williams et al., 2019). Due to ecologists’ interest in not only
determining what factors contribute to a response, but what variables
may entirely prevent a response from occurring, such as animals not
being present in a sampling area, we feel that zero inflated modelling is a
natural fit for ecological studies.

4.5. Limitations

While this study employed particularly strong sampling techniques,
including the use of four motion-sensing trail cameras per drainage
culvert, as well as the two-week rotation of trail cameras to reduce
detection bias in individual cameras, it could have benefitted from
several small changes to its general design and duration. For example, a
longer sampling period would lend support to a stronger statistical
analysis due to a larger sample size. This study covered 99 days at each
site, with cameras active in each site for half of the sampling period from
May 21 to December 4 due to the rotation of trail cameras. However, a
longer sampling period in this study would have extended into the
winter months, when many of the species in our study area would either
be in hibernation or be exhibiting lower activity. Starting the sampling
period earlier in the spring season would undoubtedly have resulted in a
larger sample size. Additionally, having multiple sampling seasons and a
larger number of drainage culverts would potentially further strengthen
our findings.

Although the variation in drainage culvert characteristics including
construction material and dimensions was as large as possible given the
study area, having a larger sample of drainage culvert materials and
sizes would have increased the strength of the study considerably. In
particular, this study would have benefitted from a higher number of
large box culverts. Because of the small sample of box culverts in this
study (1 out of 13), it will be difficult to draw confident conclusions
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regarding their ability to allow animals to cross through them. In
particular, the large box culvert in this study showed good potential to
allow for the passage of deer and other large mammals of special in-
terest, so increasing the sample size of this type of culvert could have
ecologically significant implications.

This research was also limited by its dependence on ecological
corridor data that were originally collected as part of another study. A
broader environmental evaluation such as inclusion of variables of
landscape pattern into the statistical models could have contributed to a
stronger study.

4.6. Suggestions for future research

While wildlife monitoring studies with a one-season sampling
period, as this study was, provide ecologically significant information,
conducting a multi-timeframe study that assesses the activity of animals
both before and after a variable is introduced provides an excellent
opportunity to test the effect of the variable on the response variable
(Rytwinski et al., 2015). Regarding this study’s survey area, the poten-
tial for the installation of wildlife fencing along the highway presents a
unique opportunity to measure both animal activity around the highway
as well as animal mortality on the road surface before and after the
fence’s installation. Ideally, fences would be constructed where roadkill
hotspots exist (Spanowicz et al., 2020), with fence ends placed in
conjunction with existing drainage culverts to allow animals venturing
to the end of the fence to cross under the highway. This study design
type, known as a before-after-control-impact (BACI) study (Roedenbeck
et al., 2007), has the potential to show the impact that a wildlife fence
may have on the movement patterns and mortality on the road surface of
mammals along autoroute 10. These results would be essential for
determining the value of such fencing, and would have the potential to
influence the installation of wildlife fencing in other areas.

The plastic smell of the polyethylene culverts may be related to the
fact that those culverts were relatively new. It is conceivable that
mammals might eventually get used to them after some time. To test this
possibility, the age of polyethylene culverts should be studied as a var-
iable in future research. Including habitat types (Clevenger et al., 2001)
and landscape connectivity metrics (Mimet et al., 2016) or functional
connectivity assessments (Girardet et al., 2015; Valerio et al., 2019)
could also be an interesting step toward better understanding road
crossing behaviour and the use of culverts.

5. Conclusions and recommendations

For 13 drainage culverts along a high-traffic 4-lane highway in
southern Quebec, we assessed the effect that structural and environ-
mental factors have on the entry, full crossing, and number of full
crossings by mammals. We found that, (1) the presence of water outside
of and within drainage culverts resulted in site avoidance, (2) poly-
ethylene drainage culverts were strongly disfavored, (3) increasing
distance from culvert entrance to habitat edge was related to more en-
tries, (4) the luminosity of the moon had a positive effect on mammal
activity and entry of culverts, and (5) that many more factors play a role
in an animal’s entry into a drainage culvert than its full crossing once it
is already inside.

We recommend the installation of designated wildlife crossing
structures to allow safe passage by all species present in the study area.
Larger structures should be considered to facilitate the movement of
larger mammals. Where this is not feasible, we recommend dry ledges be
installed inside of drainage culverts to allow for mammals to cross
through drainage culverts without water levels deterring their passage,
in accordance with Glista et al. (2009), Villalva et al. (2013), and Smith
et al. (2015). In times of climate change, extreme weather events are
expected to occur more frequently in many regions, and many water
culverts will need to be replaced by larger structures. In this situation,
types of culverts should be selected that are more suitable for wildlife
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movement or can be retrofitted with ledges more easily to make them
more suitable. Furthermore, retrofitting and conservation priority
regarding drainage culverts should be given to those that are situated
within ecological corridors. Improving these structures could help
restore ecological functionality of ecological corridors that have lost it as
a result of the barrier effect of the road, since they are optimally placed,
at least in principle. Additionally, we recommend installing wildlife
fencing along our study area, with sections that end at the entrances to
drainage culverts, and that culvert entrances be situated on the
habitat-side (rather than the highway-side) of the fence (Ford and Cle-
venger, 2018). This is in accordance with the meta-analysis by Ryt-
winski et al. (2016) that found that animal mortality on roads
significantly decreases when wildlife passages are employed in combi-
nation with wildlife fencing, whereas wildlife passages without fences
do not reduce road mortality. Mortality reduction graphs can be used to
determine the length of fencing required to achieve any given mortality
reduction target, as part of an adaptive fence implementation plan
(Spanowicz et al., 2020). In lieu of designated crossing structures,
ending fence sections at culvert entrances would be the best possible
strategy in the current situation and might increase the use of the cul-
verts by more individuals from a larger range of species.
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