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Abstract
Roadways pose serious threats to animal populations. The installation of roadway mitiga-

tion measures is becoming increasingly common, yet studies that rigorously evaluate the ef-

fectiveness of these conservation tools remain rare. A highway expansion project in

Ontario, Canada included exclusion fencing and ecopassages as mitigation measures de-

signed to offset detrimental effects to one of the most imperial groups of vertebrates, rep-

tiles. Taking a multispecies approach, we used a Before-After-Control-Impact study design

to compare reptile abundance on the highway before and after mitigation at an Impact site

and a Control site from 1 May to 31 August in 2012 and 2013. During this time, radio teleme-

try, wildlife cameras, and an automated PIT-tag reading system were used to monitor reptile

movements and use of ecopassages. Additionally, a willingness to utilize experiment was

conducted to quantify turtle behavioral responses to ecopassages. We found no difference

in abundance of turtles on the road between the un-mitigated and mitigated highways, and

an increase in the percentage of both snakes and turtles detected dead on the road post-

mitigation, suggesting that the fencing was not effective. Although ecopassages were used

by reptiles, the number of crossings through ecopassages was lower than road-surface

crossings. Furthermore, turtle willingness to use ecopassages was lower than that reported

in previous arena studies, suggesting that effectiveness of ecopassages may be compro-

mised when alternative crossing options are available (e.g., through holes in exclusion

structures). Our rigorous evaluation of reptile roadway mitigation demonstrated that when

exclusion structures fail, the effectiveness of population connectivity structures is compro-

mised. Our project emphasizes the need to design mitigation measures with the biology

and behavior of the target species in mind, to implement mitigation designs in a rigorous

fashion, and quantitatively evaluate road mitigation to ensure allow for adaptive manage-

ment and optimization of these increasingly important conservation tools.
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Introduction
Increasing rates of urbanization, with associated habitat destruction and fragmentation, have
led to the imperilment of much the world’s biodiversity [1, 2]. Roads and traffic present some
of the longest lasting effects from both point-source mortality and enduring habitat and popu-
lation fragmentation [1, 3]. The threats posed by roads extend from individual mortality to
population-wide effects, as barriers within populations can lead to loss of genetic diversity and
isolation [4]. Over the last two decades, the field of road ecology has grown to include examina-
tion of numerous taxa and incorporates a wide variety of disciplines, all with the common goal
to better understand the interaction between roads and wildlife [1, 5, 6, 7]. Closely tied to this
research effort is the development of mitigation strategies aimed at protecting wildlife from the
negative effects of roads [8], with particular focus on large-bodied species [9, 10]. Far fewer
studies have examined effectiveness of road mitigation for small-bodied species [11, 12]. Rep-
tiles, considered one of the most imperilled groups of animals globally [13], have been substan-
tially affected by the proliferation of roads [14, 15, 16], and conservation strategies to minimize
threats posed by roads are being implemented [17, 18]. Yet, few studies have evaluated the ef-
fectiveness of these conservation efforts [7].

Threats to reptiles from roads are multifaceted and often relate to the species’ specific eco-
logical and life-history traits, behaviors, and movement patterns [19, 20, 21]. Turtles regularly
encounter roads during long-distance seasonal movements, and road mortality of adults leads
to population declines because of the “bet-hedging” life history of turtles that requires high
adult survivorship for population persistence [14, 22]. Turtles are particularly susceptible be-
cause up to 98–100% of individuals can be killed during their first road-surface crossing at-
tempt [18]. Similar to turtles, seasonal movements of snakes also require road crossings, and
road mortality has been identified as a population-level threat to several species [23, 24, 25].
Snakes bask on road surfaces to absorb radiant heat; this behavior prolongs exposure to traffic
and increases the likelihood of collisions [26]. Further increasing the threat to reptiles, 2.7% of
drivers will intentionally run over snakes [27].

Mitigation measures have been designed to reduce road mortality by installing exclusion
structures (e.g., fences, gravity walls), and to reduce fragmentation by installing population con-
nectivity structures (e.g., ecopassages, bridges) [17, 18, 27]. The integration of such structures
into highway designs is becoming increasingly common for a wide variety of affected wildlife,
yet the effectiveness of these mitigation measures is rarely quantified [7, 19, 28, 29]. This lack of
assessment is a concern because functional and cost-effective conservation measures are critical
to the recovery of imperiled populations, especially given the limited funds available for conser-
vation projects [7]. Evaluation is needed to provide a framework for effective and logistically fea-
sible mitigation that can be regularly implemented into roadways [6, 30, 31].

Effective roadway mitigation measures must meet the following criteria [19, 28, 32]: 1) re-
duction in abundance of wildlife on roads, 2) maintenance of habitat connectivity and dispersal
routes, and 3) prevention of prey-trap formation. To this end, we quantitatively assessed these
mitigation criteria for an assemblage of reptiles along a major roadway in Ontario, Canada.
Our study used these criteria to rigorously assess the effectiveness of the mitigation via four
methods: i) Before-After-Control-Impact (BACI) study to examine change in reptile abun-
dance on roads, ii) radio telemetry to examine reptile movements around roads, iii) a willing-
ness to utilize (WTU) experiment to assess likelihood of ecopassage use, and iv) monitoring
ecopassages using wildlife cameras and an automated passive integrated transponder (PIT-tag)
reading system to quantify reptile and predator presence. If the exclusion structures are effec-
tive at preventing reptiles from accessing the highway, we expect a significant decrease in the
abundance of reptiles on the highway post-mitigation (criterion 1; method i). Concurrently, if
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the connectivity structures are effective at promoting population and habitat connectivity, then
we expect that individuals should use the ecopassages to gain access to resources on either side
of the highway without exposing them to an increased risk of mortality from collisions with ve-
hicles or potential predators within ecopassages (criteria 2–3; methods ii-iv).

Methods

Study area and mitigation measures
Mitigation measures were constructed to reduce reptile road mortality and provide safe cross-
ing options along a newly expanded section of Highway 69/400 in central Ontario, Canada.
This major thoroughfare runs north-south and bisects the Georgian Bay coastline of Lake
Huron, one of Canada’s richest areas of reptile biodiversity [33]. In addition, the area has a
high number of reptiles designated as species at risk (SAR [34]). The highway expansion and
associated increase in traffic present long-lasting and significant threats to 6 species of turtles
(5 SAR) and 12 species of snakes (5 SAR) in the region [34].

Our study was conducted over two years at two sites located 50 km apart: (1) an Impact site
near Burwash, Ontario, Canada and (2) a Control site at Magnetawan First Nation. The survey
areas at both sites consisted of a 13-km section of Highway 69/400 with comparable reptile di-
versity [34], habitats (i.e., wetland mosaics interspersed with upland rocky outcrops and mixed
forests), and traffic volumes [35]. The Impact site was a 2-lane un-mitigated highway during
2012 and a 4-lane mitigated highway in 2013. The Control site, a 2-lane highway, remained
un-mitigated during both study years.

The mitigation measures at the Impact site consisted of an exclusion structure (reptile fenc-
ing) and three population connectivity structures (ecopassages). The reptile fencing consisted
of heavy-gauge plastic textile extending 0.8 m above- and 0.2 m below-ground with a 0.1 m
wide lip running perpendicular underground. The fence was affixed to the base of a 2.3 m tall
chain-link fence intended to exclude large mammals from the highway (Fig. 1A and 1B). Sec-
tions of reptile fencing were installed along the highway at the Impact site in areas that were
identified as important habitat and to be potential hotspots for reptile road crossings. The rep-
tile fence connected the three ecopassages (spaced 450–600 m apart), and extended beyond the
north ecopassage by 600 m and beyond the south ecopassage by 150 m. Each ecopassage con-
sists of two 3.4 m x 2.4 m x 24.1 m concrete box culverts that cross the north-, and south-
bound lanes of the highway (Fig. 1C). A fenced 15.3 m gap connects each culvert through the
median between the lanes (Fig. 1C), allowing ample light to enter the ecopassages [36].

All summary data are reported as means, followed by 1 SE. The significance level of α = 0.05
was used for all statistical tests, and all statistical analyses were conducted in R (version 2.15.0, R
Development Core Team, 2012).

Effectiveness of the exclusion structures
BACI study (criterion 1). The BACI study examined the differences in abundance of rep-

tiles on the highway between the Before (2012) and After (2013) periods. Simultaneous surveys
were conducted by car at the Impact and Control sites three times daily (09:00, 18:00, 22:00)
from 1 May to 31 August each year. Daily roadside walking transects (RWT; at approximately
10:00) were conducted on foot and covered 2 km of highway. At the Impact site, the RWT was
located in an area with continuous mitigation (in the After period, 2013), while the RWT at the
Control site spanned an area with habitats similar to those at the Impact site. Over the two-
year study period, a total of 1,934 surveys were conducted. Location and mortality status were
recorded for any reptile found on the highway during both the driving and RWT surveys. To
determine if individuals were being recaptured, each live reptile captured on the highway was
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individually marked and released at a safe distance off the highway in the direction it was head-
ing. If the reptile was deceased, the individual was removed from the road to avoid being re-
counted.

Differences between reptile abundances on the highway between the Before and After peri-
ods were examined using a Poisson generalized linear model (GLM) for non-parametric count
data, including the fixed effects of period (Before, After), site (Control, Impact), and the inter-
action between these two effects. To ensure consistency in findings, differences in relative
abundances of snakes and turtles at the two sites were also compared between Before and After
periods by a paired two-sample t-test. The percentage of dead reptiles detected out of the total
reptiles recorded on the road during surveys was also calculated at the Control and Impact
sites during both the Before and After periods.

Effectiveness of the connectivity structures
Radio telemetry (criterion 2). The spatial ecologies of two SAR turtles at the Impact site

were studied using radio telemetry to examine animal movements, road crossings, and to

Fig 1. Mitigation measures completed during the fall of 2012 along Highway 69/400 in central Ontario, Canada. These measures include reptile
fencing consisting of a heavy gauge plastic geotextile extending 0.8 m above- and 0.2 m below-ground with a 0.1 m wide lip running perpendicular
underground (A). The fence was affixed to a 2.3 m tall large mammal, wire fence and was installed in areas believed to pose a risk to reptiles (B). Three
ecopassages were built within the fenced area and each consists of two 3.4 m x 2.4 m x 24.1 m concrete box culverts (C), separated by a 15.3 m gap for
increased light (D).

doi:10.1371/journal.pone.0120537.g001

Mitigating Reptile Road Mortality

PLOS ONE | DOI:10.1371/journal.pone.0120537 March 25, 2015 4 / 15



determine average dispersal distance (the linear distance an individual would travel between
crossing structures or to circumvent exclusion structures during a movement event, calculated
as the square root of home range size [37]). During both the 2012 and 2013 active seasons,
adult Blanding’s turtles (Emydoidea blandingii, n = 10, threatened [34]) and snapping turtles
(Chelydra serpentina, n = 12, special concern [34]) captured within 1 km of the highway were
outfitted with radio transmitters (R1920, Advanced Telemetry Systems). Individuals were
tracked every 2 to 3 days and locations were recorded using a handheld GPS unit (eTrex Vista,
Garmin).

Home range sizes (95% minimum convex polygons [38]), and the number of highway cross-
ings per individual were calculated and tallied (ArcGIS 10.0, ESRI). Home range sizes did not
differ between species (F1,27 = 0.15, p = 0.70), sexes (F1,27 = 0. 01, p = 0.93), or the Before and
After periods (F1,27 = 0.01, p = 0.92) allowing the data to be pooled to create an average home
range size for all turtles. Average home range size was then used to calculate a local SAR turtle-
specific dispersal distance [37]. Individual home ranges overlapping with the highway post-
mitigation and road-crossing locations were counted for all radio-tracked turtles.

Willingness to utilize experiment (criterion 2). Between 1 May to 31 August 2013, adult
painted turtles (Chrysemys picta; males n = 24; females n = 30) were collected from a wetland
2.5 km west of the highway at the Impact site. Individuals were transported to a testing site at
the east entrance of an ecopassage. Painted turtles were used for the willingness to utilize
(WTU) experiment because of their ability to navigate using the sun [39, 40], and their ability
to return to their home range [41]. During the experiment, the ecopassage was located between
the individual (east of the highway) and its home wetland (west of the highway), creating a sce-
nario in which a turtle was motivated to move in a specific direction similar to seasonal move-
ments to critical habitat (e.g., overwintering or nesting sites). Also, painted turtles were used
for behavioral trails because we could capture them in high numbers, they are frequently found
on roads [42], and because previous studies have examined their willingness to use ecopassages
in laboratory and arena settings [36, 43].

Prior to the experiment, individuals were temporarily outfitted with a radio transmitter
(R1680, Advanced Telemetry Systems) and placed in an acclimation box 5 m from the entrance
of the ecopassage. The turtle was left to acclimate to the sun’s position (to provide a cue for
navigation), the substrate, and the noise and smell of the highway for 10 min. After the accli-
mation period, the box was remotely opened by a researcher situated behind a blind [20]. Tur-
tle movements were monitored from behind the blind to assess the individual’s interactions
with the ecopassage. Each individual’s behavior was ranked using a measure of crossing success
on a scale from 0–2: 0) not willing to use, walked away; 1) made no choice, remained at en-
trance; 2) willing to use, crossed into, or through, the culvert [44]. After 20 min, or if an indi-
vidual moved greater than 10 m out of the testing area, the turtle was collected and its location
was recorded. All WTU tests occurred within less than 8 h of capture. After the WTU test, the
turtle was marked to prevent reuse, and returned to the original site of capture within 12 hours.

Due to the importance of connectivity within populations for both sexes [45], and because
no difference was detected between the sexes in WTU scores (χ22 = 0.79, p = 0.67), the data
were pooled for analyses. A Pearson chi-squared test was used to compare WTU scores from
our experiments to scores for turtles tested in an arena study (n = 190 [43]). The proportion of
turtles in our study that refused to use the ecopassage (scored 0), that made no decision regard-
ing the ecopassage (scored 1), and that were willing to use the ecopassage (scored 2) were com-
pared to similar data obtained during the first 30 min of testing conducted in the arena study
(91/190 (48%) refused, 10/190 (5%) no decision, 89/190 (47%) used ecopassages [43]).

Ecopassage monitoring (criteria 2 & 3). Wildlife cameras (TrophyMAX, Bushnell) were
installed in the entrances of the ecopassages to monitor use by reptiles and potential reptile
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predators [17, 11]. Cameras were mounted to the ceiling of the culvert, and aimed directly at
the ground to maximize frame coverage. During the day, the motion-sensors set at the highest
sensitivity, triggered photo capture. Because slow-moving terrestrial ecotherms are difficult to
detect with infrared motion sensors at night, cameras were programmed to automatically take
a picture every minute between the hours of 1830 to 0630 [11].

Additionally, automated passive integrated transponders (PIT-tag) readers (HPR, Biomark)
with loop antennas (BIO 10 Antenna, Biomark) were installed in the central ecopassage at the
Impact site prior to the 2013 field season. The antennas spanned both entrances of the ecopas-
sage, providing information on the number of individuals entering the ecopassage, the number
successfully exiting the other side, and duration of the crossing event. The readers constantly
scanned and logged the PIT-tag number of any animal that passed through the loop antenna,
and the date and time of crossing. During the 2013 active season, adult turtles (n = 38: 6
painted turtles; 15 Blanding’s turtles; 17 snapping turtles) and snakes (n = 20: 8 eastern garters-
nakes, Thamnophis sirtalis; 12 northern watersnakes, Nerodia sipedon) found within 1 km of
the highway were captured and individually marked with a subcutaneously-injected PIT-tag
(HPT12, Biomark).

All research was conducted under approved Laurentian University Animal Care Committee
protocols (AUPs 2008–12–02 and 2013–03–01, and was authorized by Magnetawan First Na-
tion’s Chief and Council and the Ontario Ministry of Natural Resources.

Results

Effectiveness of the exclusion structures
BACI study (criterion 1). A total of 960 road surveys were conducted in 2012, and 974

were conducted in 2013. We recorded 618 snakes and 378 turtles on the highway at both sites
combined, and the percentage of dead snakes detected on the road was 83% and for turtles was
84%. In all cases, 2–9 times more animals were found dead on the road than alive, depending
on site and time period (Table 1). These levels of mortality are far higher than would be consid-
ered sustainable for many reptile species—especially snapping turtles based on their life history
[46] and known population densities at this latitude [47]. Alarmingly, the percentage of dead
reptiles detected at the Impact site increased by 20% for turtles and 25% for snakes between the
Before and After periods, while the Control site had an increase of only 2% for turtles and 11%
for snakes.

The Poisson GLM demonstrated no significant interaction between period (Before and
After) and site (Control and Impact) for turtles (z488 = -0.05, p = 0.57) but there was a signifi-
cant interaction for snakes (z488 = 3.60, p< 0.01); however, this interaction was due to an in-
crease in snakes recorded at the Control site rather than a decrease in snake presence at the
Impact site. The paired two-sample t-test corroborated our findings. Relative turtle abundance

Table 1. Number (proportion) of reptiles, alive (AOR) and dead (DOR), observed on the road between samples periods (Before, After) and sites
(Control, Impact).

Taxa Before After

Control Impact Control Impact

AOR DOR AOR DOR AOR DOR AOR DOR

Turtle 20 (14%) 121 (86%) 18 (32%) 39 (68%) 15 (12%) 108 (88%) 8 (14%) 49 (86%)

Snake 41 (24%) 131 (76%) 26 (32%) 55 (68%) 34 (12%) 261 (88%) 7 (10%) 63 (90%)

Total 61 152 44 94 49 369 15 112

doi:10.1371/journal.pone.0120537.t001
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(Control relative to Impact) on the highway did not differ between the Before and After periods
(t121 = 0.81, p = 0.42) (Fig. 2A). In contrast, relative snake abundance on the highway differed
between the Before and After periods (t121 = -3.78, p< 0.01); however, snake abundance on
the road was not substantially reduced at the Impact site post-mitigation and the statistical dif-
ference between the Before and After periods is attributed to the increase in snake abundance
on the road at the Control site (Fig. 2B).

Effectiveness of the connectivity structures
Radio telemetry (criterion 2). The average home range size for all turtles combined was

42.5 ha (SE 12.4), and the calculated dispersal distance was 652 m. Post-mitigation, there were
11 road crossings by 3 of the turtles (2 snapping turtles, and 1 Blanding’s turtle) and 1 snapping
turtle passed through the exclusion fence but did not cross the highway. Based on telemetry

Fig 2. Daily abundance of reptiles on the highway for each survey period (Before and After) did not
differ for turtles (A), but did differ for snakes (B) when considering survey sites (Impact (●) and
Control (�)). The parallelism between the solid and dashed lines visually represents no significant interaction
between site and period for turtles (A; GLM z488 = -0.05, p = 0.57), while this interaction was significant for
snakes (B; GML z488 = 3.60, p< 0.01). Yet, a strong reduction in snake abundance at the Impact site was still
not seen between periods, thus the interaction is due to the large increase in snake abundance observed at
the Control site during the After period.

doi:10.1371/journal.pone.0120537.g002
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locations, the successful road crossings were not likely through an ecopassage, but rather
through a drainage culvert that was incorporated into the mitigation fence.

Willingness to utilize (WTU) test (criterion 2). Most turtles did not make a decision re-
garding use of the ecopassages within the allotted time (n = 37/54; 69%). Of the individuals
that did make a decision, more than twice as many turtles refused to use the ecopassage (n =
12/54; 22%) than were willing to enter (n = 5/54; 9%). When our results were compared to
those from a previously reported arena study [43], we found that far fewer individuals were
willing to use an ecopassage below an active highway than in a testing arena (χ22 = 863.52, p<
0.001).

Ecopassage monitoring (criteria 2 & 3). A total of 485 individual animals were photo-
graphed in the ecopassages, consisting of at least 23 non-reptile and 3 reptile species (S1 Table).
Ducks and geese (Family Anatidae) were present in 40.2% of photographs and were the most
common taxa recorded using the ecopassages. In contrast, reptiles were one of the least photo-
graphed taxa (in 2.0% of photos). Painted turtles were photographed in the ecopassages on 6 oc-
casions (4 adults and 2 hatchlings; 1.2% of photos). An adult snapping turtle (0.2% of photos),
and 3 northern watersnakes were also photographed in the ecopassages (0.6% of photos). Addi-
tionally, during regular camera maintenance, snapping turtle tracks were observed that were not
associated with a photograph, and a live juvenile red-bellied snake (Storeria occipitomaculata)
was also observed within an ecopassage. A number of potential reptile predators were also seen
using the ecopassages: Ardea herodias (8.9% of photos), Procyon lotor (8.2%),Neovison vison
(2.3%) and Canis latrans (1.7%).

Although frequent tests of the automated PIT-tag reader occurred, only two PIT-tagged ani-
mals were recorded in the ecopassage: a watersnake and a painted turtle. In both cases, the
readers did not detect a complete crossing (i.e., PIT-tags were not logged at both entrances). In-
stead, it appears that the individuals either retreated from the entrance of the ecopassage after
approaching the reader, or circumvented the exclusion fencing within the highway median be-
tween the ecopassages.

Discussion
To determine the effectiveness of exclusion and connectivity structures, we examined whether
the mitigation resulted in a reduction in abundance of reptiles on roads (criterion 1), while
maintaining habitat connectivity and dispersal routes (criterion 2) without forming a prey-trap
(criterion 3). By taking a broad, multispecies approach we were able to examine effectiveness of
the mitigation to determine if it had the desired wide-ranging ecological impact (i.e., across
multiple species and demographic groups). We found that the success of the connectivity struc-
tures was reliant upon the success of the exclusion structures, and that the entire mitigation
system was compromised at our site because of failures in the materials, implementation, and
design of the exclusion structures. Our findings demonstrate the importance of designing ro-
bust, biologically-relevant exclusion structures to mitigate road mortality of a variety of small-
bodied terrestrial and semi-aquatic animal taxa.

Lack of reduction in abundance of reptiles on the road (criterion 1)
The first criterion of our evaluation was not satisfied because the reptile fence did not prevent
turtles from gaining access to the road surface, and the percentage of dead turtles detected on
the road increased by 20% during the post-mitigation period. In contrast, surveys post-mitiga-
tion did record a difference in relative abundance of snakes on the road; however, this differ-
ence was not due to a decrease in the abundance of snakes on the highway at the Impact site,
but rather due to the prevention of a parallel proportional increase in snake abundance as
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observed at the Control site in 2013. Furthermore, there was a 25% increase in percentage of
dead snakes detected on the road at the Impact site in the post-mitigation period, indicating
that although the fence may have prevented a proportional increase in abundance on the road,
as seen at the Control site, many more individuals were killed on the highway post-mitigation.

The increase in the percentage of dead turtles and snakes detected on the road post-mitiga-
tion may be attributed to a corralling effect of the exclusion fence on individuals who gained
access to the highway via fence-gaps. Reptiles may then be forced to spend an increased
amount of time on, or adjacent, to the highway in search of a gap in the fence through which to
pass on the other side of the road [48]. Another potential cause of the increase in the percent-
age of dead reptiles on the road may have been the increase in road surface area from 2-lanes
pre-mitigation to 4-lanes post-mitigation. Although increases in road width may increase rep-
tile exposure to traffic, one of the goals of mitigation is to reduce road mortality and if an over-
all reduction is not seen, then mitigation cannot be deemed effective regardless of the changes
in road width. In fact, in many cases, highway improvement projects involve the widening of
highways, thus our results are representative of what wildlife is truly experiencing on the land-
scape. Considering that there was no relative reduction in turtle abundance, and an increase in
both snake and turtle mortality were observed, we conclude that a non-continuous, flexible-
plastic fence is not capable of reducing reptile abundance on a highway. The inability of the
fencing tested in our study should not be generalized to all exclusion structures; several studies
have documented high success rates with various styles of exclusion structures [17, 18]. This
begs the question, why was the fence in our study not effective?

Close examination of the fence revealed a suite of issues that rendered this style of exclusion
structure incapable of preventing reptiles from gaining access to the highway, including failures
in both the material and installation. One of the main issues was over 115 gaps located along
the 3 km of sectionally-fenced highway resulting from rips, holes, and washouts. Furthermore,
during the spring melt, up to 30% of the fence was semi-submerged, which allowed reptiles to
easily swim or climb over the fence. Between areas that were deliberately left unfenced and the
many unintentional gaps, approximately 2/3 of the sectionally-fenced area was permeable. The
distance between locations of reptiles found on the highway in the fenced area (n = 91) to the
closest known gap in the fence averaged only 38.3 m (SE 4.2). This is a relatively small distance
for reptiles to cover given their spatial ecologies [25, 49], clearly indicating that animals were
easily gaining access to the road through the gaps.

The need to increase the effectiveness of exclusion structures is evident, particularly in light
of both the high levels of road mortality documented and the permeability of the type of fence
used in our study. We suggest the use of more durable materials in the design of exclusion
structures. Flexible-plastic fencing is prone to rips and tears, quickly degrades over the short-
term, and requires regular maintenance [18]. Also, both plastic and metal mesh fences are easi-
ly climbed by many reptile species [18, 50]. High water levels and drainage must be taken into
consideration so that the threats of washouts and flooding are minimized, as exposure to water
will degrade or destroy exclusion structures. Roads are built to be long-lasting structures, and
mitigation measures should be equally long-lasting. An alternative exclusion structure to fenc-
ing would be a concrete or steel gravity wall fitted into the sloped gravel between the shoulder
and ditch, which would provide a solid long-lasting barrier known to be effective [17]. Al-
though incurring a higher initial cost, this more durable exclusion structure may be far more
cost-effective compared to intense maintenance (e.g., annual maintenance costs can equal in-
stallation cost of geotextile fencing [51]) that is necessary to maintain this type of fencing over
the long term [18]. Furthermore, as previous evaluation indicates [17], concrete or steel gravity
walls are more biologically effective (i.e., they successfully reduce road mortality of animals),
which is a crucial consideration in order to effectively protect imperiled, ecologically-important
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species. When planning mitigation measures it is also important to take a pragmatic approach,
such as using a cost-benefit analysis [52] including consideration of factors such as: initial cost,
maintenance costs, human-wildlife collision costs, effectiveness, benefits to target species, over-
all ecological benefit, human benefit, and the lifespan of the structure. The relative weighing of
the factors used to determine what style of mitigation is warranted and effective for ungulates
can be distinctly different than those for reptiles, particularly because mitigation measures for
ungulates are often implemented to off-set the costs of human-wildlife collisions [52], rather
than as a conservation tool. When the goal of mitigation measures is conservation, then long-
lasting exclusion structures are required to ensure that conservation efforts are successful at re-
ducing the abundance of wildlife on roadways to a level that is biologically significant for
population viability.

Maintenance of habitat connectivity and dispersal routes (criterion 2)
The ecopassages demonstrated low use, and likely would have had more crossings if the exclu-
sion fencing was functioning properly. The wildlife cameras and haphazard encounters showed
that 4 reptile species used ecopassages. However, the number of observations documented
within the ecopassages (n = 12) was much lower than the number of individuals found on the
highway during the same timeframe (n = 127). Additionally, data from the two automated
PIT-tag readers detected only 2 of the 54 individual reptiles implanted with PIT-tags [42]. This
further indicates that although reptiles were observed using the ecopassages to facilitate move-
ments between or within habitats, the number of reptiles using the ecopassage to cross was
only 9% of the number using the road surface to cross.

Our two-year radio telemetry study of Blanding’s and snapping turtles at the Impact site es-
tablished that home range sizes did not change in response to the changes in the highway and
that 27% of the radio-tagged individuals had home ranges that overlapped with the highway
(n = 6/22). These individuals had critical habitats (i.e., nesting and overwintering sites) and sea-
sonal habitats (i.e., basking and foraging sites) on both sides of the highway. The locations of
road crossings, used to move between critical and seasonal habitats, were all within the calcu-
lated dispersal distance of the turtles in our study (652 m) to an ecopassage, suggesting that al-
though the turtle had access to ecopassages, they choose not to use them. In fact, alternative
methods of crossing were used that involved circumventing the fence (n = 1/4 turtles), or cross-
ing via a drainage culvert (1.0 m diameter; n = 3/4 turtles) incorporated into the fence. The use
of the drainage culvert is believed to be a result of its placement in an open channel in the cen-
ter of the wetland, an observed movement corridor, rather than a preference by individuals to-
wards small, flooded, poorly-lit drainage culverts. The use of the drainage culvert rather than
the large well-lit ecopassages illustrates the importance of carefully selecting ecopassage loca-
tions. If ecopassages are constructed for only a limited number of species, then specific habitats
can be targeted; however, if the goal is to mitigate for a wide variety of species, or if habitat se-
lection by a target species varies due to sex and age-class, then diversifying ecopassage loca-
tions (e.g., movement corridors in wet and dry, lowland and upland locations) may assist in
maximizing likelihood of use. Overall, the turtles did not use the ecopassages as travel routes,
which together with the low use by reptiles in general, translates to a failure in this criterion of
effectiveness.

The WTU test provided valuable insight regarding the lack of ecopassage use observed dur-
ing our study as turtles were twice as likely to refuse using an ecopassage as they were to use it.
This was significantly different from results obtained in an arena study [43] and we suggest
that such differences may be because we tested ecopassage use beneath a live highway with the
sights, sounds, and smells of traffic. Our findings thus provide a more realistic understanding
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of a turtle’s response to an ecopassage. Although the previously reported arena study also tested
variable culvert apertures [43], all of which were smaller than that in our study, the fact that
turtles were less likely to use a large, well lit ecopassage with ample natural substrate was a sur-
prising result. The relatively higher usage observed in arena studies may have been driven by
the experimental design in which the turtle was only provided a single option—moving
through the ecopassage (simulating a crossing) with no opportunity to escape [36, 43]. If con-
servation biologists are to achieve rates of ecopassage usage as high as those reported for arena
studies, the associated exclusion structure needs to remove any other crossing option (e.g.,
crossing over, under, through gaps in the fence, or circumnavigation around the fence). To
achieve this goal, exclusion structures guiding individuals toward ecopassages should remain
continuous beyond the target species’ dispersal distance [37], rather than merely the length of
suitable habitat (e.g., the distance along which suitable habitat abuts a road). Without other
crossing options, wildlife should be far more likely to use an ecopassage. In our study, as a re-
sult of the numerous failures in the exclusion structure at the Impact site, turtles that refused to
use the ecopassage were provided with a multitude of other crossing options. We urge future
studies to examine how other reptile species, particularly squamates, and small to medium-
sized mammals, respond to ecopassages as these areas of research are sorely lacking.

Due to the high cost associated with the installation of ecopassages, it is important that their
likelihood of use is ensured. Through better understanding of an animal’s willingness to use
ecopassages and species-specific dispersal distances between and around ecopassages, conser-
vation biologists and wildlife managers can more effectively design mitigation measures that
will work properly, in turn optimizing the structure’s ecological value and offsetting its initial
monetary costs.

Prevention of prey-trap formation (criterion 3)
A common concern regarding crossing structures is their potential to be prey-traps [32]. We
observed no predation of reptiles within the ecopassages. Yet, of the observed wildlife in the
ecopassages (n = 485 observations), 22.3% were known reptile predators [25, 49]. In contrast,
reptiles only accounted for 2.8% of observed wildlife within the ecopassages. Thus, at the cur-
rent level of reptile use, the ecopassages in our study would be highly ineffective for a predator
to use as a hunting location. Most likely, predator presence in the ecopassage is simply related
to road crossings. Similar findings refuting the prey-trap hypothesis have been noted for both
small and large mammals [32, 53]. However, if reptile abundance was to be increased within
the ecopassages, then further examination of the potential for prey-trap formation would
be required.

Conclusion
The use of road mortality mitigation measures is crucial for the conservation of biodiversity
[1, 7, 8]. However, the specific mitigation measures we tested were deemed ineffective because
of their inability to reduce the abundance of reptiles on the road, and the limited use of the eco-
passages. Our study further demonstrates that conservation decisions need to be supported by
solid science, and it is critical that highway designers and wildlife managers rigorously and
thoroughly test the effectiveness of mitigation measures [7, 29]. Our study is important because
it examined the effectiveness of the mitigation measures currently being implemented into
road projects, and did so with a taxa-wide approach. Unlike previous studies that focused on
key species and specific aspects of demographic differences in crossing rates and locations, our
study takes the approach that if mitigation measures are to be deemed effective, they should be
able to reduce overall percentage of dead reptiles on the road, maintain connectivity, and
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prevent prey-trap formation regardless of changes in road width, speed limits, and inter-popu-
lation variability in crossing behavior. If a road is to be considered mitigated for a group, or bet-
ter yet, multiple groups of species, then the mitigation measures used should result in an
overall functional level of protection for the complement of populations, including all
demographic subgroups.

As global biodiversity decreases [54] and threats to animal populations are identified and
become more wide-spread, we must strive to increase our level of protection for rare and im-
periled species beyond current norms. Furthermore, mitigation methods should also be de-
signed to offer protection to common species. Mitigation is more than a political mandate
satisfying a piece of legislation, it is a means to create infrastructure that directly reduces the
negative impacts of development on wildlife [17]. Mitigation measures should be designed to
last over the long-term (i.e., the lifespan of the road). Materials used for exclusion structures
need to be enduring (e.g., concrete gravity walls, solid steel barriers), and should be incorporat-
ed into highway engineering and provided the same level of scrutiny given to road construc-
tion. The effectiveness of population connectivity structures relies on the effectiveness of
exclusion structures. Although we observed some use of ecopassages, it occurred at low rates,
particularly because other, albeit more risky, crossing options existed. Ecopassages are effective
and worth their monetary cost when the associated exclusion structures are working. If care is
taken to properly assess the effectiveness of mitigation, and steps are taken to adaptively man-
age the negative impacts of roads, we can further our efforts to stem the tide of species loss, and
better conserve and protect the natural world.

Supporting Information
S1 Table. Animals observed crossing through ecopassages under the highway. Vertebrate
fauna passing through three ecopassages under Highway 69, Burwash, Ontario, Canada, were
recorded on wildlife cameras from 1 May to 31 August 2013. Crossings are indicated by num-
ber of photos taken and percentage of total photos taken.
(DOCX)

Acknowledgments
We thank J. Baxter-Gilbert, S. Boyle, G. Hughes, R. Maleau, K. Tabobondung, D. Jones, L.
Monck-Whipp, and C. Neufeld for assistance in the field, and the community of Magnetawan
First Nation for their support. We would also like to thank the three reviewers for their insights
and suggestions.

Author Contributions
Conceived and designed the experiments: JBG JLR DL JDL. Performed the experiments: JBG
JLR. Analyzed the data: JBG JLR. Contributed reagents/materials/analysis tools: DL JDL.
Wrote the paper: JBG JLR DL JDL.

References
1. Forman RT, Alexander LE. Roads and their major ecological effects. Ann Rev Ecol Syst. 1998; 29:

207–231. doi: 10.1146/annurev.ecolsys.29.1.207

2. McKinney ML. Urbanization, biodiversity, and conservation. BioScience 2002; 52: 883–890. doi: 10.
1641/0006-3568(2002)052[0883:UBAC

3. Trombulak SC, Frissell CA. Review of ecological effects of roads on terrestrial and aquatic communi-
ties. Conserv Biol. 2000; 14: 18–30. doi: 10.1046/j.1523-1739.2000.99084.x

Mitigating Reptile Road Mortality

PLOS ONE | DOI:10.1371/journal.pone.0120537 March 25, 2015 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120537.s001
http://dx.doi.org/10.1146/annurev.ecolsys.29.1.207
http://dx.doi.org/10.1641/0006-3568(2002)052[0883:UBAC
http://dx.doi.org/10.1641/0006-3568(2002)052[0883:UBAC
http://dx.doi.org/10.1046/j.1523-1739.2000.99084.x


4. Holderegger R, Di Giulio M. The genetic effects of roads: a review of empirical evidence. Basic Appl
Ecol. 2010; 11: 522–531. doi: 10.1016/j.baae.2010.06.006

5. Fahrig L, Rytwinski T. Effects of roads on animal abundance: an empirical review and synthesis. Ecol
Soc. 2009; 14: 21. Available: http://www.ecologyandsociety.org/vol14/iss1/art21/

6. van der Ree R, Jaeger JA, van der Grift EA, Clevenger AP. Effects of roads and traffic on wildlife popu-
lations and landscape function: road ecology is moving toward larger scales. Ecol Soc. 2011; 16: 48.
Available: http://www.ecologyandsociety.org/vol16/iss1/art48/main.html

7. van der Grift EA, van der Ree R, Fahrig L, Findlay S, Houlahan J, Jaeger JAG, et al. Evaluating the ef-
fectiveness of road mitigation measures. Biodiv Conserv. 2013; 22: 425–448. doi: 10.1007/s10531-
012-421-0

8. Huijser MP, McGowen PT, Fuller J, Hardy A, Kociolek A. Wildlife-vehicle collision reduction study: Re-
port to congress. Federal Highway Administration report FHWA-HRT-08–034. US Department of
Transportation. Alexandria, Virginia, USA; 2007.

9. Foster ML, Humphrey S. Use of highway underpasses by Florida panthers and other wildlife. Wildl Soc.
1995; 23: 95–100.

10. Epps CW, Palsbøll PJ, Wehausen JD, Roderick GK, Ramey RR, McCullough DR. Highways block
gene flow and cause a rapid decline in genetic diversity of desert bighorn sheep. Ecol Lett. 2005; 8:
1029–1038. doi: 10.1111/j.1461-0248.2005.00804.x

11. Pagnucco KT, Paszkowski CA, Scrimgeou GJ. Using cameras to monitor tunnel use by long-toed sala-
manders (Ambystomamacrodactylum): An informative, cost-efficient technique. Herpetol Conserv
Biol. 2011; 6: 277–286.

12. Brehme CS, Tracey JA, McClenaghan LN, Fisher RN. Permeability of roads to movement of scrubland
lizards and small mammals. Conserv Biol. 2013; 27: 710–720. doi: 10.1111/cobi.12081 PMID:
23772966

13. BöhmM, Collen B, Baillie JE, Bowles P, Chanson J, Cox N, et al. The conservation status of the world’s
reptiles. Biol Conserv. 2013; 157: 372–385. doi: 10.1016/j.biocon.2012.07.015

14. Gibbs JP, Shriver WG. Estimating the effects of road mortality on turtle populations. Conserv Biol.
2002; 16: 1647–1652. doi: 10.1046/j.1523-1739.2002.01215.x

15. Row JR, Blouin-Demers G, Weatherhead PJ. Demographic effects of road mortality in black ratsnakes
(Elaphe obsoleta). Biol Conserv. 2007; 137: 117–124. doi: 10.1016/j.biocon.2007.01.020

16. Andrews KM, Gibbons JW, Jochimsen DM. Ecological effects of roads on amphibians and reptiles: a lit-
erature review. In: Mitchell JC, Jung Brown RE, Bartholomew B (eds) Urban Herpetology, Society for
the Study of Amphibians and Reptiles Salt, Lake City, Utah, USA; 2008. pp 121–143.

17. Dodd CK, BarichivichWJ, Smith LL. Effectiveness of a barrier wall and culverts in reducing wildlife mor-
tality on a heavily traveled highway in Florida. Biol Conserv. 2004; 118:619–631. doi: 10.1016/j.biocon.
2003.10.011

18. Aresco MJ. Mitigation measures to reduce highway mortality of turtles and other herpetofauna at a
north Florida lake. J Wildl Manage. 2005; 69:549–560. doi: 10.2193/0022-541X(2005)069[0549:
MMTRHM]2.0.CO;2

19. Forman RTT, Sperling D, Bissonette JA, Clevenger AP, Cutshall CD, Dale VH, et al. Road Ecology:
Science and Solutions. Island Press, Washington, D.C., USA; 2003.

20. Andrews KM, Gibbons JW. How do highways influence snake movement? Behavioral responses to
roads and vehicles. Copeia. 2005; 772–782. doi: 10.1643/0045-8511(2005)005[0772:HDHISM]2.0.
CO;2

21. Gibbs JP, Steen DA. Trends in sex ratios of turtles in the United States: implications of road mortality.
Conserv Biol. 2005; 19: 552–556. doi: 10.1111/j.1523-1739.2005.000155.x

22. Marchand MN, Litvaitis JA. Effects of habitat features and landscape composition on the population
structure of a common aquatic turtle in a region undergoing rapid development. Conserv Biol. 2004;
18: 758–767. doi: 10.1111/j.1523-1739.2004.00019.x

23. Clark RW, BrownWS, Stechert R, Zamudio KR. Roads, interrupted dispersal, and genetic diversity in
timber rattlesnakes. Conserv Biol. 2010; 24: 1059–1069. doi: 10.1111/j.1523-1739.2009.01439.x
PMID: 20151984

24. Rouse JD, Willson RJ, Black R, Brooks RJ. Movement and spatial dispersion of Sistrurus catenatus
andHeterodon platirhinos: Implications for interactions with roads. Copeia. 2011; 443–456. doi: 10.
1643/CE-09-036

25. Rowell JC. The Snakes of Ontario: Natural History, Distribution, and Status. Art Bookbindery.
St. James, Manitoba, Canada; 2012.

Mitigating Reptile Road Mortality

PLOS ONE | DOI:10.1371/journal.pone.0120537 March 25, 2015 13 / 15

http://dx.doi.org/10.1016/j.baae.2010.06.006
http://www.ecologyandsociety.org/vol14/iss1/art21/
http://www.ecologyandsociety.org/vol16/iss1/art48/main.html
http://dx.doi.org/10.1007/s10531-012-421-0
http://dx.doi.org/10.1007/s10531-012-421-0
http://dx.doi.org/10.1111/j.1461-0248.2005.00804.x
http://dx.doi.org/10.1111/cobi.12081
http://www.ncbi.nlm.nih.gov/pubmed/23772966
http://dx.doi.org/10.1016/j.biocon.2012.07.015
http://dx.doi.org/10.1046/j.1523-1739.2002.01215.x
http://dx.doi.org/10.1016/j.biocon.2007.01.020
http://dx.doi.org/10.1016/j.biocon.2003.10.011
http://dx.doi.org/10.1016/j.biocon.2003.10.011
http://dx.doi.org/10.2193/0022-541X(2005)069[0549:MMTRHM]2.0.CO;2
http://dx.doi.org/10.2193/0022-541X(2005)069[0549:MMTRHM]2.0.CO;2
http://dx.doi.org/10.1643/0045-8511(2005)005[0772:HDHISM]2.0.CO;2
http://dx.doi.org/10.1643/0045-8511(2005)005[0772:HDHISM]2.0.CO;2
http://dx.doi.org/10.1111/j.1523-1739.2005.000155.x
http://dx.doi.org/10.1111/j.1523-1739.2004.00019.x
http://dx.doi.org/10.1111/j.1523-1739.2009.01439.x
http://www.ncbi.nlm.nih.gov/pubmed/20151984
http://dx.doi.org/10.1643/CE-09-036
http://dx.doi.org/10.1643/CE-09-036


26. Rosen PC, Lowe CH. Highway mortality of snakes in the Sonoran Desert of southern Arizona. Biol Con-
serv. 1994; 68: 143–148. doi: 10.1016/0006–3207(94)90345-X

27. Ashley PE, Kosloski A, Petrie SA. Incidence of intentional vehicle-reptile collisions. Hum DimensWildl.
2007; 12:137–143. doi: 10.1080/10871200701322423

28. Jochimsen DM, Peterson CR, Andrews KM, Gibbon JW. A literature review of the effects of roads on
amphibians and reptiles and the measures used to minimize those effects. Idaho Fish and Game De-
partment and USDA Forest Service Report. Pocatello, Idaho, USA; 2004.

29. Lesbarrères D, Fahrig L. Measures to reduce population fragmentation by roads: What has worked and
how do we know? Trends Ecol Evol. 2012; 27: 374–380. doi: 10.1016/j.tree.2012.01.015 PMID:
22356922

30. Roedenbeck IA, Fahrig L, Findlay CS, Houlahan JE, Jaeger JAG, Klar N, et al. The Rauischholzhausen
agenda for road ecology. Ecol Soc. 2007; 12(1): 11 Available: http://www.ecologyandsociety.org/
vol12/iss1/art11/

31. Glista DJ, DeVault TL, DeWoody JA. A review of mitigation measures for reducing wildlife mortality on
roadways. Landscape Urban Plan. 2009; 91:1–7. doi: 10.1016/j.landurbplan.2008.11.001

32. Little SJ, Harcourt RG, Clevenger AP. Do wildlife passages act as prey-traps? Biol Conserv. 2002;
107:135–145. doi: 10.1016/S0006-3207(02)00059-9

33. Hecnar SJ, Casper GS, Russell RW, Hecnar DR, Robinson JN. Nested species assemblages of am-
phibians and reptiles on islands in the Laurentian Great Lakes. J Biogeogr. 2002; 29:475–489. doi: 10.
1046/j.1365-2699.2002.00686.x

34. COSEWIC. CanadianWildlife Species at Risk. Committee on the Status of Endangered Wildlife in Can-
ada 2011 Report. Gatineau, Quebec, Canada; 2011.

35. MTO. Provincial highway traffic volume 2010. Ontario Ministry of Transportation, Highway Standards
Branch. Queen’s Printer for Ontario, Toronto, Ontario, Canada; 2010.

36. Woltz HW, Gibbs JP, Ducey PK. Road crossing structures for amphibians and reptiles: Informing de-
sign through behavioral analysis. Biol Conserv. 2008; 141: 2745–275. doi: 10.1016/j.biocon.2008.08.
010

37. Bissonette JA, Adair W. Restoring habitat permeability to roaded landscapes with isometrically-scaled
wildlife crossings. Biol Conserv. 2008; 141:482–488. doi: 10.1016/j.biocon.2007.10.019

38. Litzgus JD, Mousseau TA. Home range and seasonal activity of southern spotted turtles (Clemmys gut-
tata): implications for management. Copeia. 2004; 804–817. doi: 10.1643/CH-04024R1

39. DeRosa CT, Taylor DH. Sun-compass orientation in the painted turtle, Chrysemys picta (Reptilia, Tes-
tudines, Testudinidae). J Herpetol. 1978; 12:25–28.

40. Caldwell IR, Nams VO. A compass without a map: tortuosity and orientation of eastern painted turtles
(Chrysemys picta picta) released in unfamiliar territory. Can J Zool. 2006; 84: 1129. doi: 10.1139/z06-
102

41. Ernst CH. Homing ability in the painted turtle, Chrysemys picta (Schneider). Herpetologica. 1970;
26:399–403.

42. Baxter-Gilbert JH. The long road ahead: understanding road-related threats to reptiles and testing if
current mitigation measures are effective at minimizing impacts, MSc thesis, Laurentian University,
Sudbury, Ontario, Canada; 2014.

43. Paulson DJ. Evaluating the effectiveness of road passages structures for freshwater turtles in Massa-
chusetts. MSc thesis. University of Massachusetts Amherst. Amherst, Massachusetts, USA; 2010.

44. Lesbarrères D, Lodé T, Merilä J. What type of amphibian tunnel could reduce road kills? Oryx. 2004;
38: 220–223. doi: 10.1017/S0030605304000389

45. Bowne DR, Bowers MA, Hines JE. Connectivity in an agricultural landscape as reflected by interpond
movements of a freshwater turtle. Conserv Biol. 2006; 20:780–791. doi: 10.1111/j.1523-1739.2006.
00355.x PMID: 16909571

46. Congdon JD, Dunham AE, Van Loben Sels RV. Demographics of common snapping turtles (Chelydra
serpentina): implications for conservation and management of long-lived organisms. Amer Zool. 1994;
34:397–408.

47. Galbraith DA, Bishop CA, Brooks RJ, Simser WL, Lampman KP. Factors affecting the density of popu-
lations of common snapping turtles (Chelydra serpentina serpentina). Can J Zool. 1988; 66: 1233–
1240. doi: 10.1139/z88-178

48. Wilson JS, TophamS. The negative effects of barrier fencing on the desert tortoise (Gopherus agassizii)
and non-target species: Is there room for improvement? Contemp Herpetol. 2009; 1–4. Available:
http://cnah.org/ch/ch/2009/3/CH_2009_3.pdf

Mitigating Reptile Road Mortality

PLOS ONE | DOI:10.1371/journal.pone.0120537 March 25, 2015 14 / 15

http://dx.doi.org/10.1016/0006&ndash;3207(94)90345-X
http://dx.doi.org/10.1080/10871200701322423
http://dx.doi.org/10.1016/j.tree.2012.01.015
http://www.ncbi.nlm.nih.gov/pubmed/22356922
http://www.ecologyandsociety.org/vol12/iss1/art11/
http://www.ecologyandsociety.org/vol12/iss1/art11/
http://dx.doi.org/10.1016/j.landurbplan.2008.11.001
http://dx.doi.org/10.1016/S0006-3207(02)00059-9
http://dx.doi.org/10.1046/j.1365-2699.2002.00686.x
http://dx.doi.org/10.1046/j.1365-2699.2002.00686.x
http://dx.doi.org/10.1016/j.biocon.2008.08.010
http://dx.doi.org/10.1016/j.biocon.2008.08.010
http://dx.doi.org/10.1016/j.biocon.2007.10.019
http://dx.doi.org/10.1643/CH-04024R1
http://dx.doi.org/10.1139/z06-102
http://dx.doi.org/10.1139/z06-102
http://dx.doi.org/10.1017/S0030605304000389
http://dx.doi.org/10.1111/j.1523-1739.2006.00355.x
http://dx.doi.org/10.1111/j.1523-1739.2006.00355.x
http://www.ncbi.nlm.nih.gov/pubmed/16909571
http://dx.doi.org/10.1139/z88-178
http://cnah.org/ch/ch/2009/3/CH_2009_3.pdf


49. Ernst C, Lovich J. Turtles of the United States and Canada, second edition. The Johns Hopkins Uni-
versity Press. Baltimore, Maryland, USA; 2009.

50. Griffin KA, Pletscher DH. Potential effects of highway mortality and habitat fragmentation on a popula-
tion of painted turtles in Montana (No. FHWA/MT-06–010–8169). Montana Department of Transporta-
tion. Missoula, Montana, USA; 2006.

51. BrownW, Schuler T. The economics of stormwater BMPs in the Mid-Atlantic Region. Prepared for
Chesapeake Research Consortium. Center for Watershed Protection. Ellicott City, Maryland, USA;
1997.

52. Huijser MP, Duffield JW, Clevenger AP, Ament RJ, McGowen PT. Cost-benefit analyses of mitigation
measures aimed at reducing collisions with large ungulates in the United States and Canada; a deci-
sion support tool. Ecol Soc. 2009; 14: 15. Available: http://www.ecologyandsociety.org/vol14/iss2/
art15/

53. Ford AT, Clevenger AP. Validity of the prey-trap hypothesis for carnivore-ungulate interactions at wild-
life-crossing structures. Conserv Biol. 2010; 24:1679–1685. doi: 10.1111/j.1523-1739.2010.01564.x
PMID: 20825447

54. McKee JK, Sciulli PW, Fooce CD, Waite TA. Forecasting global biodiversity threats associated with
human population growth. Biol Conserv. 2004; 115: 161–164. doi: 10.1016/S0006-3207(03)00099-5

Mitigating Reptile Road Mortality

PLOS ONE | DOI:10.1371/journal.pone.0120537 March 25, 2015 15 / 15

http://www.ecologyandsociety.org/vol14/iss2/art15/
http://www.ecologyandsociety.org/vol14/iss2/art15/
http://dx.doi.org/10.1111/j.1523-1739.2010.01564.x
http://www.ncbi.nlm.nih.gov/pubmed/20825447
http://dx.doi.org/10.1016/S0006-3207(03)00099-5


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


