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Abstract

Intersections of roads and wildlife movement pathways can lead to wildlife road mortality, resulting in
population-level impacts. Wetland-road crossings are vulnerable locations for freshwater turtles that
conduct inter- and intra-wetland movements during their active period to mate, forage, and nest.
Identifying turtle road mortality hot spots may enable managers to implement mitigation efforts, such as
locating and designing eco-passages. We assessed a predictive model for turtle road mortality risk by
observing eighteen wetland-road crossing sites ranked by the model. For eleven weeks during the turtles’
active period (May-July), we surveyed sites for road mortality and used cameras to observe movements
across the road of four species: Blanding’s turtles (Emydoidea blandingii), spotted turtles (Clemmys
gutta), snapping turtles (Chelydra serpentina), and eastern painted turtles (Chrysemys picta). We
demonstrate that the predictive model identifies sites with higher rates of turtle road mortality (p <0.01)
and that road accessibility is a significant factor in road mortality rates (p = 0.02). Fewer turtles were
observed on the road above wetland-road crossing structures (i.e., culverts) with larger openness ratios
(p =0.06). These findings may inform the design of road mortality mitigation structures, such as eco-
passages, fencing, guide walls, and driver-awareness mechanisms. We also provide a conceptual
engineering design to demonstrate how to reduce road accessibility and expand openness ratios to
mitigate turtle mortality in a case study of one of our highest-risk sites.

Introduction

The intersection of wildlife habitat and the human-built environment has created many vulnerabilities for
wildlife, including the lethal consequences of road infrastructure. Habitat connectivity is a landscape
feature critical for species richness, wildlife movement, and population health (Cosgrove et al. 2018,
Thiele et al. 2018). When individuals can move across a landscape, genetic flow increases and genetic
isolation decreases (Christie and Knowles 2015). When migratory routes are cut off, populations are
weakened, biodiversity can decline (Becker et al. 2007, Iwamura et al. 2013), and resources are more
difficult to access. Roads are a common form of habitat fragmentation that disrupt migration routes for
both terrestrial and aquatic wildlife (Keller and Largiadér 2003, Beebee 2013, Cullen et al. 2016). This
disturbance is detrimental for two overarching reasons: individuals can be barred from crossing the road,
which harms populations and communities through a lack of genetic flow, and individuals can be killed
when they attempt to cross, which creates population-scale vulnerabilities as these mortalities remove
reproductive individuals from the mating pool (Ashley and Robinson 1996, Beaudry et al. 2008, 2010a).
Additionally, barriers to connectivity degrade the ecosystems the wildlife inhabit as flows of resources,
materials, nutrients, and energy across the landscape are restricted (Becker et al. 2007, Iwamura et al.
2013, Christie and Knowles 2015).

Among species impacted by road mortality, amphibians and reptiles face severe threats of population
reduction and habitat fragmentation. Vehicle collisions are the leading cause of death for freshwater
turtles, and conservation efforts should be taken to reduce turtle road mortality (Gibbs and Shriver 2002,
Congdon et al. 2011, Walston et al. 2015). In New Hampshire, four semi-aquatic freshwater turtle

Page 2/19



species are particularly vulnerable to road mortality: the eastern painted turtle (Chrysemys picta;
common), snapping turtle (Chelydra serpentina, common), spotted turtle (Clemmys gutta; threatened),
and Blanding’s turtle (Emydoidea blandingii; endangered). The reproductive females of these species
nest in sandy material, often found in anthropogenically disturbed areas such as roadsides (Beaudry et
al. 2010b). Additionally, gravid spotted and Blanding’s turtles undergo long pre-nesting migrations
between wetlands and into upland areas, traversing up to 6.7 km and 1.6 km, respectively. Within a
season, these females are likely to cross roads more than once (Joyal et al. 2001, Walston et al. 2015).
Experts agree that addressing adult road mortality is a top-priority conservation effort for these
threatened and endangered species (Meck et al. 2023).

New Hampshire hosts nearly 40% of the Northeastern United States’ Blanding’s turtle population, whose
distribution range encompasses most of the southeastern region and overlaps with the state’s four
highest populated counties and three counties with the greatest population increase from 2010-2020
(New Hampshire Fish and Game 2015, Economic and Labor Market Information Bureau 2023). Human
density and population growth are accompanied by increased urban development, which greatly reduces
the adult survival rates of Blanding’s turtles in a manner that predicts population-level quasi-extinction
(Auge et al. 2023). Broad-scale efforts to protect Blanding's and other semi-aquatic turtles from road
mortality through habitat protection may be particularly effective, especially for species that utilize a
habitat complex through the active season. Unfortunately, this approach is unlikely to be implemented
properly in areas where roads have already been built (Joyal et al. 2001, Congdon et al. 2011, Auge et al.
2023). Alternatively, addressing mitigation efforts on a road-segment scale by designing and
implementing eco-passages can be useful in reducing road mortality and improving crossing success
(Beaudry et al. 2008).

Many wildlife species have been observed using eco-passage structures, such as bridges, tunnels, and
culverts (Gloyne and Clevenger 2001, Gordon and Anderson 2003, Colley et al. 2017, Dillon et al. 2020),
which are especially efficient when paired with adequate barriers to road access (Cunnington et al. 2014,
Baxter-Gilbert et al. 2015, Markle et al. 2017). Several species of freshwater turtles have been
documented using eco-passages built under roads (Woltz et al. 2008, Taylor et al. 2014, Heaven et al.
2019, Read and Thompson 2021). In New Hampshire, most wetland-crossing structures were designed
only for hydraulic capacity without considering wildlife passage requirements. However, modifications to
these structures can restore habitat connectivity and eliminate the need for turtles and other semi-
aquatic animals to cross over the road where they face potential road mortality. Identifying which road
segments and culverts to upgrade from hydraulic-only to wildlife eco-passage capacity is critical when
leveraging funding and resources to yield the greatest benefit to turtle populations.

Predictive models identify roadkill hotspots for a variety of wildlife species, including freshwater turtles,
for which roadkill is often clustered at road-wetland crossings, typically by focusing on the density of
cars on a given road (Ashley and Robinson 1996, Litvitius and Tash 2008). In New Hampshire, motivated
by a desire to reduce deaths of adult Blanding’s turtles, an interdisciplinary research group created a
predictive model that did not include car density and instead examined wetland road crossing structural
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characteristics and localized road accessibility (Ballestero et al. 2023). Assessments of this model
followed, with an expectation that there would be more turtle mortality at sites ranked higher risk by the
predictive model. Other site characteristics were tested for a correlation with turtle road mortality and
turtle presence on the road, including road and wetland-crossing structure characteristics such as
structure openness ratio and road curve. The identification of models and site characteristics that serve
as predictors of turtle road mortality or turtle occurrence on roads can be used to prioritize design and
locate effective eco-passages for turtles, thereby reducing road mortality and conserving threatened
populations.

Methods

Site Selection and Model Development

The New Hampshire Stream Crossing Initiative (NHSCI) maintains a database of all hydraulic crossing
structures across the state. The wetland-crossing structures in this database were overlain with a map
of Blanding’s turtle priority conservation areas provided by New Hampshire Fish and Game, thus
identifying 270 wetland-crossing sites of interest. These sites are located across Rockingham and
Strafford counties in the southeast of New Hampshire, which have a temperate climate and landscapes
with a mixture of (sub)urban development, forested habitat, freshwater wetlands, and agrarian
landscapes. Most wetlands consisted of palustrine habitats with emergent or scrub-shrub vegetation
and a smaller percentage with floating aquatic and overstory/forested vegetation. A few sites resembled
riverine habitats directly upstream or downstream of the wetland crossing while transitioning to
palustrine habitats further from the structure.

All 270 wetland crossing sites were run through the turtle road mortality risk model (Fig. 1) developed by
Ballestero and colleagues in 2023. The model was designed as a flowchart that assesses each wetland
crossing site by three characteristics: culvert passability (yes or no), road accessibility score, and line of
sight (full, partial, or none). The model has three main outputs for each site: a risk classification (High
Risk or Low Risk), a road accessibility score, and a ranking of risk relative to other assessed sites
(Overall Risk). Eighteen sites, nine High Risk and nine Low Risk, were selected for further surveying as
part of this field study to determine the accuracy of the model at predicting turtle road mortality risk.

Data collection

Wetland crossing site data were harvested from the NHSCI database and a supplement wetland
crossing turtle survey (Ballestero et al. 2023, Appendix A) for the eighteen field sites including structure
openness ratio (inlet opening area (m?)/length of structure (m)), line of sight (full, partial, or none), inlet
width (m), embankment slope, road length (m), embankment nesting habitat presence, structure
blockage, screen presence, outlet grade, and riparian vegetation continuity status. Additional road-
related data were collected from the New Hampshire Department of Transportation (DOT) Roads dataset
hosted on the New Hampshire Granit database, including AADT (annual average daily traffic), road width
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(m), and a shapefile to calculate a road-curve proxy (road length within 130m buffer around each wetland
crossing site, calculated in QGIS v. 3.28). The speed limit at each site was collected from the nearest
speed limit sign during field visits in 2023. AADT was reported as a magnitude larger than other
characteristics and was scaled around 0 with a standard deviation of 1 for modeling.

Field data were collected between May 6 and July 19, 2023, during peak turtle migration and nesting
season in the Northeast. Weekly road surveys were conducted at all sites using a protocol modified from
Baker (2022) by walking the length of the wetland on both sides of the road, during which time the road
and the embankments were visually scanned for evidence of turtle roadkill. Only complete carcasses
were counted to avoid artificially inflating the number of turtle roadkill based on shell fragments. If
roadkill was found, a photo would be taken of the carcass as it lay, its species and age class would be
identified, and the carcass would be removed to avoid double-counting.

Two cameras (Browning Strikeforce Apex HD or Bushnell Trophy Cam HD) were placed at each site and
affixed to nearby trees or stakes. One ‘road-facing’ camera was set up with a view of the road above the
culvert. The road-facing camera recorded images at a fixed

time interval from dawn to dusk. For the first three weeks, the time interval was 5 minutes, which was
then reduced to the next smallest interval of 2 minutes for the duration of the 10-week season to
improve capture rates. The second camera was set up with a view of the culvert opening, and ‘culvert-
facing’ images were taken with motion capture. Each week, all SD cards were downloaded, batteries
were checked, and pictures were briefly reviewed to determine if the camera needed repositioning.
Vegetation was removed from the camera vicinity sparingly. A single reviewer (L. White) analyzed the
photos. Photos captured using Browning Timelapse were viewed using VLC viewer on a PC, and non-
Browning Timelapse photos were viewed using the University of Calgary Timelapse software on a PC or
gallery view on a Mac. Each turtle sighting was categorized as one of eight event types: Known Dead,
Known Survival and Crossing Success, Assumed Survival, Known Survival and Turns Back, Embankment
Only, Known in Culvert, In Water Around Culvert, or On Culvert Embankment. Turtle species were
identified to the best of the researcher's ability.

Analyses

Negative binomial regressions were conducted to test the turtle road mortality risk model performance
and identify predictors of turtle road mortality and turtle road occurrence. This analytical model was
chosen based on the characteristics of the data as follows. Two main response variables were the focus
of this analysis: the total turtle roadkill count collected from the road surveys, and the total turtle road
camera observation count (turtle events) collected from the cameras and photo analysis. Both response
variables failed to meet assumptions of normality and homoskedasticity, even with square root and
log(x) transformations. The predictors were grouped for analysis into three groups: 1) model
performance, 2) road characteristics, and 3) other site characteristics. Model performance variables (risk
classification, road access score, and overall rank) were analyzed to assess the accuracy of the model.
Road characteristics (AADT, road curve, road width, and speed limit) and other site characteristics
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(structure openness ratio) were tested for correlations with turtle roadkill and turtle on-road events. Both
Poisson and negative binomial regressions were explored. Frequentist analyses demonstrated that
negative binomial models consistently fit the data better than Poisson models. All negative binomial
regressions were run in R with the MASS package (ver. 7.3-60), and regressions were visualized with
95% confidence intervals using ggpredict. Backward stepwise regressions were used to assess the road
characteristics' correlations with the response variables. Model fit and ranking were evaluated using
Akaike’s Information Criterion (AIC A)), calculated using maximum likelihood estimates, where A, > =2
indicates a substantial difference in the fit of the model (Burnham and Anderson 2002). Significance was
determined using a = 0.05. All data analyses were conducted in R (version 4.3.2).

Results

Four turtle species (Emydoidea blandingii, Clemmys guttata, Chrysemys picta, and Chelydra serpentina)
comprised a total of 183 turtle observations during the 2023 field season between the three monitoring
methods: road surveys, road-facing cameras, and culvert-facing cameras. Sixty-nine roadkills were
discovered via road surveys, and two of the eighteen wetland-crossing sites accounted for over 50% of
the roadkills documented using this method. Spotted and Blanding’s turtles, two of New Hampshire's
listed threatened and endangered species, respectively, were discovered only at sites with other
common turtle species roadkill and consisted of 13% of all documented roadkills (10 individuals). The
road-facing cameras captured 78 turtle events: 10% depicting mortality via vehicle collision (Known
Dead), 32% Known Survival and Crossing Success, 49% Assumed Survival, and 13% Turned Back and
Embankment Only. Human interventions, defined as instances where motorists or cyclists stopped and
exited their vehicles to guide turtles across the road, accounted for 22% of all complete turtle crossings
and 17% of all turtle observations documented with the road cameras. There were too few observations
of turtles in the culverts, such that the data collected were insufficient to draw conclusions about site
characteristics and culvert passage success, and were not included in further analyses.

The distribution of turtle road mortality and turtle event observations throughout the field season (May 6
to July 19, 2023) displays disjoint peaks across the two methods of data collection: roadkill survey and
road cameras. Roadkill observations via road surveys peaked the week of July 1-July 7, while road-facing
cameras observed the most turtles from June 10-June 16. The road surveys displayed steady weekly
rates of roadkill, while the camera method produced wide-ranging counts per week.

Model performance

The turtle road mortality model reflected the relative occurrence of turtle road mortality documented via
road surveys across various sites. Sites classified as High Risk had significantly more roadkill present
during the 2023 field season road surveys than sites classified as Low Risk (p < 0.07; Fig. 2a). An
average of 6.4 turtle roadkills were discovered per High Risk site over the eleven-week season, more than
5x the Low Risk average of 1.2 turtles per site during the field season. Based on the model structure,
sites are classified as High/Low risk by dividing the road accessibility score into binary groups based on
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the median score. The road accessibility score itself, ranging in this study from 10 to 21, also
demonstrates a positive correlation with turtle road mortality observations (p = 0.02; Fig. 2b). When
applying the site variables that comprise the road accessibility score (embankment slope, nesting
habitat, road length, and riparian continuity to a backward stepwise multiple regression, no logical,
significant trends were identified. The turtle road mortality risk model also ranked the 18 sites relative to
each other, creating the third model output “Overall Rank”; a rank assigned to each site where least risky
=1 and most risky = 15 (some sites tied). This overall relative rank value positively correlates with the
number of roadkill observed at each site (p = 0.04; Fig. 2c).

Road characteristics

Apart from testing the appropriateness of the turtle road mortality risk model to identify sites of high
risk, other site characteristics were correlated with turtle roadkill counts (from roadkill surveys) and
turtle on-road events (from the road-facing camera data). Total roadkill ~ AADT + road curve
demonstrated the best model fit for the roadkill survey counts (AIC 78.8; A; _0), where AADT had a
significant positive relationship with road mortality (p < 0.01), and the road curve indicated a negative but
non-significant relationship (p = 0.18; Fig. 3). AADT alone had a significantly positive relationship with
turtle roadkill, and the model fit is not meaningfully different than AADT and road curve combined (p <
0.01, AIC 79.3; A;.0.5). AADT varied from 90 to 8779 cars/day, and Kruskal-Wallis tests show a near-
significant difference between the mean AADT of sites where motorists intervened to help a turtle cross
the road, which is nearly 5 times less than at sites where no human intervention occurred (p = 0.07).
Turtle on-road events ~ road width model demonstrated the optional model fit of road characteristics
after a backward step-wise regression for the turtle event counts from the road-facing camera data (AIC
90.9; A _1.3), where road width had a negative but non-significant relationship to the total number of

turtles observed on the road per site (p =0.11).

Site characteristics

Structure openness ratio was not included in the model, though variables such as line of sight, structure
blockage, and inlet width were, which similarly assess the amount of space inside a crossing structure.
Roadkill data does not have a significant relationship with the openness ratio (p > 0.05; AIC 92.8; A,_14).
However, turtle on-road events have a near-significant negative relationship with openness ratio (p =
0.06; AIC 89.6; A,.0; Fig. 4), demonstrating that more turtle events were observed on roads above
structures with smaller openness ratios.

Discussion

Model assessment. Monitoring of freshwater turtle activity and mortality at wetland crossing locations
in southeast New Hampshire supported the road mortality risk model developed by Ballestero et al.
(2023). By both model outputs, High/Low risk classification and Overall Rank, the model adequately
identified, on average, which wetland crossing sites have relatively higher rates of road mortality. The
road accessibility metric that the model calculated to sort the sites into these outputs also predicted
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road mortality rates. All three model measurements demonstrated significant relationships with total
roadkill counts. This model is not alone in its goal to identify roadkill hotspots: predictive models have
been used to identify wildlife-vehicle collision locations and to mitigate road mortality for many species
(Malo et al. 2004), including freshwater turtles (Litvaitis and Tash 2008, Langen et al. 2012). However,
these past models have primarily relied on AADT measurements, not wetland crossing structures or
other site characteristics. Litvaitis and Tash (2008) conclude that species-specific monitoring using the
Hels and Buchwald (2001) equation compares the number of vehicles per minute, the kill zone width
(ratio of tire width to animal size), and the average velocity of the species of interest. If using species-
specific monitoring (comparing roadkill rates amongst only one type of species), the only variable that
changes between sites is the AADT. With this equation, Litvaitis and Tash (2008) calculated that
Blanding'’s turtles have a > 40% chance of being struck by a vehicle in the majority of southeastern New
Hampshire.

We concur that AADT has a significant relationship with turtle road mortality totals, but this value is not
included in our model. Instead, our model was built on three overarching elements of a wetland crossing
site: whether the structure is passable or not, how easily the road is accessible from the water, and the
clarity of a line of sight through the structure. Our model indicated which wetland crossing sites are high
or low risk using a measure of road accessibility, which is a unique modeling approach and provides
guidance to address turtle road mortality. Reducing road access at wetland crossing sites could
decrease turtle road mortality; this may include interrupting riparian continuity by installing rip-rap along
embankments or by building turtle-proof fencing. Previous research has shown which fence elements
are important to restricting turtle movement, including extending the fence the entire length of the
wetland adjacent to the road, curving the fence ends back towards the wetlands (Aresco 2005, Markle et
al. 2017, Heaven et al. 2019), embedding the fence up to 15cm into the ground, and adding a 45° lip
angled back towards the wetland to prevent animals going over or under the fence (Read and Thompson
2021). Regular inspection and maintenance are required of these fences to ensure continued structural
integrity and function (Baxter-Gilbert et al. 2015, Huijser et al. 2017).

Site characteristics

While the turtle roadkill data demonstrated that the road mortality model meets its goal of identifying
high-risk sites, analyses also found that AADT is a measure by which locations with high turtle road
mortality can be identified. Pairing AADT data with model outputs may help prioritize wetland crossing
sites for restoration. AADT is not just relevant to turtle death, but to human safety. Although not
statistically significant, we found that sites with fewer cars/day had greater numbers of motorists
stopping and even exiting their vehicles to help a turtle cross the road.

We also found that structures with smaller openness ratios correlated with greater numbers of turtles
observed on the road. This suggests that when eco-passages are constructed or retrofitted to encourage
wildlife crossings, it is beneficial to increase the openness ratio to improve line of sight and light
conditions. The openness ratio is a function of the inlet surface area and the length of the structure.
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Since the length of the structure is rarely able to be shortened, eco-passage designs should increase the
height and/or width of the opening. Regional entities suggest an openness ratio > 0.25m to encourage
wildlife passage and meet stream crossing standards (New Hampshire Stream Crossing Guidelines
2009, Massachusetts Division of Ecological Restoration 2018). Our data suggest that turtle road use
decreased at sites with openness ratios greater than 0.4m (Fig. 4). Larger inlet openings may increase
the amount of natural light that enters the structure, which may be favorable for wildlife crossings.
Blanding’s and painted turtles completed more crossings in brightly lit structures than in structures with
dim or no light (Sievert and Yorks 2015). Taylor et al. (2014) found that skylights in their crossing
structures warmed stones on which turtles were observed basking.

Additionally, community involvement emerged as a theme for success: this study found that of
successful turtle crossings, 22% were facilitated by motorists, though these actions were more likely on
low-traffic roads. During the field season, passersby frequently paused to talk to the survey team,
expressing knowledge and concern about the turtles, and reporting instances where they aided turtles
across the roads or erected turtle crossing signs. The survey team also found temporary turtle-crossing
signs erected at multiple sites to increase awareness of turtle vulnerability. Encouraging community
participation and buy-in could increase public awareness of road mortality risk and inspire positive
action (Santori et al. 2021). When possible, incorporating community involvement and volunteerism into
management projects could improve community support and project success.

Study limitations

This study was an exploratory investigation into wetland crossing characteristics to build and assess a
new model and inform management efforts to reduce turtle road mortality. The research was limited in
spatial and temporal scope, using data from 270 crossings to develop the model and selecting 18 sites
to observe one season of turtle crossing and mortality. Thus, the distribution of site characteristics was
limited. Sites were chosen based on their location within Blanding's conservation priority areas and to
provide a somewhat even distribution of model risk classification.

The research effort was designed with a mixed-methods approach to enhance understanding of wildlife
movement (Pagnucco et al. 2011, Buxton et al. 2018, Read and Thompson 2021). Though cameras have
become an oft-used method for monitoring eco-passage use by turtles, some projects have had varying
degrees of success (Taylor et al. 2014, Baxter-Gilbert et al. 2015, McCann 2017, Markle et al. 2017, Read
and Thompson 2021, Baker 2022), and the culvert-facing cameras captured insufficient data. Future
investigations into turtle road mortality across sites with greater ranges of site characteristics may
identify additional correlations, but the results here support a simple model to identify high-risk
crossings that can be prioritized for improved management.

Wetland Crossing Design

Key management implications to reduce turtle road mortality based on field data gathered during this
study include the following: 1) Reduce road accessibility, 2) increase the opening of eco-passage
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structures, 3) strategically restrict AADT (at least during high turtle movement periods), and 4) include
community involvement in road morality mitigation projects. These strategies were used in a conceptual
design of an anonymized site classified as high risk by the road mortality model (Fig. 5). In this design,
the turtle road accessibility was restricted by installing a turtle-proof fence that met the previously listed
recommendations, including curving the ends back towards the wetland and spanning the entire length
of the wetland. In this scenario, a new wildlife passage was suggested to establish an openness ratio >
0.25 m?, which would be met with a 3.05 m x 1.2 m box culvert. Increasing the height of the opening at
the existing culvert was impractical due to the existing small cover depth of the road — to increase the
road cover here would require raising the road for a long distance on either side of the crossing. It is
improbable that AADT would be restricted via road closures during peak migration periods, but
encouraging a reduction in vehicle speed may lessen vehicle-animal collisions, so turtle crossing signs
and speed reduction signs facing both directions were indicated on the plans.

Conclusions

Our field research and ground-truthing effort demonstrates that the road mortality risk model derived
from assessments of road accessibility and wetland-road crossing structure characteristics can function
as a tool to manage turtle road mortality by identifying and prioritizing high-risk sites. Additionally,
results suggest eco-passages be designed to limit road accessibility while increasing the structure
opening. The findings from the roadkill and road activity monitoring efforts should be acted on with
urgency to avoid population quasi-extinction for Blanding’s and possibly spotted turtles. Gathering data
for long-term studies, while a worthwhile scientific endeavor, will not reduce road mortality on its own;
action must be taken to mitigate the turtle mortality rate. Deadly road-crossing locations in New
Hampshire have been identified through the 2023 monitoring process, and eco-passages and fencing
should be designed, funded, and constructed, beginning with the highest risk sites, to protect local turtle
populations. Implementation of an expanded replacement culvert is underway at one of our high-priority
sites.

Declarations

Acknowledgements

This project was funded in part by Grant/Contract/Cooperative Agreement No. 00A01007 from the
United States Environmental Protection Agency Regional Wetland Program Development Grant under
CFDA# 66.461, the University of New Hampshire Summer Teaching Assistant Fellowship, the Society of
Wetland Scientists Student Research Grant, and the New England Herpetological Society Student
Research Grant. Many thanks to Jennifer Purrenhage and the EPA turtle grant working group including
Josh Megyesy, Sandi Houghton, Katie Callahan, Mary Ann Tilton, Emily Nichols, Lori Sommers, Cheryl
Bondi, and Rebecca Martin for their advice, input and support on this project. Thank you to Salvatore
Ferragine for assistance with fieldwork.

Page 10/19



This project was funded by Grant/Contract/Cooperative Agreement No. 00A01007 from the United
States Environmental Protection Agency Regional Wetland Program Development Grant under CFDA#
66.461. This project was also funded by the Society of Wetland Scientists Student Research Grant, the
University of New Hampshire Summer Teaching Assistant Fellowship, and the New England
Herpetological Society Student Research Grant.

Authors declare no relevant financial or non-financial competing interests.

All authors contributed to the conception and design of the study. Data collection, analysis, and the first
draft of the manuscript were performed and written by Lauren White. Conceptual engineering plans were
designed by Lauren White and Thomas Ballestero. All authors commented on the manuscript. All
authors read and approved the final manuscript.

Datasets generated by this study are available upon reasonable request from the corresponding author.

References

1.

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

. Ashley EP, Robinson J (1996) Road mortality on the Long Point Causeway. Can. Field Nat. 110:403-

412.

. Auge AC, Blouin-Demers G, Hasler CT, Murray DL (2023) Demographic evidence that development is

not compatible with sustainability in semi-urban freshwater turtles. Anim. Conserv. 27:253-266.
doi:10.1111/acv.12903

. Baker SK (2022) An Adaptive Design to Reduce Animal Road Mortality: Analyzing the Effectiveness

of a Fence-Culvert Ecopassage Design on Highway 401, Ontario. M.E.S., Queen'’s University, Ontario,
CA.

. Ballestero TP, Burdick DM, White LW, Megyesy J, Houghton S (2023) Design Guidance for Wetland-

Road Crossings to Reduce Blanding’s Turtle Mortality Risk. New Hampshire Fish and Game.

. Baxter-Gilbert JH, Riley JL, Lesbarreres D, Litzgus, JD (2015) Mitigating reptile road mortality: Fence

failures compromise ecopassage effectiveness. PLoS One 10:e0120537.

. Beaudry F, deMaynadier PG, Hunter, ML (2008) Identifying road mortality threat at multiple spatial

scales for semi-aquatic turtles. Biol. Conserv. 141:2550-2563. doi:10.1016/j.biocon.2008.07.016

. Beaudry F, deMaynadier PG, Hunter ML (2010a) Identifying hot moments in road-mortality risk for

freshwater turtles. J. Wildl. Manage. 74:152-159. DOI:10.2193/2008-370

. Beaudry F, deMaynadier PG, Hunter ML (2010b) Nesting movements and the use of

. anthropogenic nesting sites by spotted turtles (Clemmys guttata) and Blanding's turtles (Emydoidea

blandingii). Herpetol. Conserv. Biol. 5(1): 1-8.

Page 11/19



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Becker CG, Fonseca CR, Haddad CFB, Batista RF, Prado PI (2007) Habitat split and the global decline
of amphibians. Science 318:1775-1777. DOI: 10.1126/science.1149374

Beebee TJC (2013) Effects of road mortality and mitigation measures on amphibian populations.
Conserv. Biol. 27:657-668. DOI: 10.1111/cobi.12063

Burnham KP, Anderson DR (2022) Model Selection and Inference: A Practical

Information-Theoretic Approach. 2" Edition, Springer-Verlag, New York.

Buxton R, Lendrum P, Crooks K, Wittemyer G (2018) Pairing camera traps and acoustic recorders to
monitor the ecological impact of human disturbance. Global Ecol. Conserv.16.
https://doi.org/10.1016/j.gecco.2018.e00493

Christie MR, Knowles LL (2015) Habitat corridors facilitate genetic resilience irrespective of species
dispersal abilities or population sizes. Evol. Appl. 8:454-463. DOI: 10.1111/eva.12255

Colley M, Lougheed SC, Otterbein K, Litzgus JD (2017) Mitigation reduces road mortality of a
threatened rattlesnake. Wildl. Res. 44:48-59. DOI:10.1071/WR16130

Congdon JD, Kinney OM, Nagle RD (2011) Spatial ecology and core-area protection of Blanding's
turtle. Can. J. Z00l.89:1098-1106. DOI:10.1139/z11-091

Cosgrove AJ, McWhorter TJ, Maron M (2018) Consequences of impediments to animal movements
at different scales: A conceptual framework and review. Divers. Distrib. 24:448-459. DOI:
10.1111/ddi. 12699

Cullen L, Stanton JC, Lima F, Uezu A, Perilli ML, Akgakaya HR (2016) Implications of fine-grained
habitat fragmentation and road mortality for jaguar conservation in the Atlantic Forest, Brazil. PLoS
One 11:e0167372. https://doi.org/10.1371/journal.pone.0167372

Cunnington GM, Garrah E, Eberhardt E, Fahrig L (2014) Culverts alone do not reduce road mortality
in anurans. Ecoscience 21:69-78. DOI:10.2980/21-1-3673

Dillon RM, Boyle SP, Litzgus JD, Lesbarreres D (2020) Build it and some will use it: A test of road
ecopassages for Eastern Gartersnakes. J. Herpetol. 54:19-23. DOI:10.1670/18-163

Economic and Labor Market Information Bureau. 2023. New Hampshire County Population. New
Hampshire Employment Security.

Gibbs JP, Shriver WG (2002) Estimating the effects of road mortality on turtle populations. Conserv.
Biol. 16:1647-1652.

Gloyne CC, Clevenger AP (2001) Cougar Puma concolor use of wildlife crossing structures on the
Trans-Canada highway in Banff National Park, Alberta. Wildl. Biol. 7:117-124.
https://doi.org/10.2981/wlb.2001.009

Gordon KM, Anderson SH (2003) Mule deer use of underpasses in Western and Southeastern
Wyoming. ICOET 2003 Proc. Making Connections. Burlington, VT.

Heaven PC, Litzgus JD, Tinker MT (2019) A unique barrier wall and underpass to reduce road
mortality of three freshwater turtle species. Copeia 107:92. DOI:10.1643/CH-18-137

Page 12/19



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

Hels T, Buchwald E (2001) The effect of road kills on amphibian populations. Biol. Conserv. 99:331-
340. https://doi.org/10.1016/S0006-3207(00)00215-9

Huijser MP, Gunson KE, Fairbank ER (2017) Effectiveness of Chain Link Turtle Fence and Culverts in
Reducing Turtle Mortality and Providing Connectivity along U.S. Hwy 83, Valentine National Wildlife
Refuge, Nebraska, USA. Nebraska Department of Transportation.

Iwamura T, Possingham HP, Chadeés |, Minton C, Murray NJ, Rogers DI, Treml EA, Fuller RA (2013)
Migratory connectivity magnifies the consequences of habitat loss from sea-level rise for shorebird
populations. Proc. R. Soc., Ser. B 280:20130325. doi: 10.1098/rspb.2013.0325

Joyal LA, McCollough M, Hunter ML (2001) Landscape ecology approaches to wetland species
conservation: A case study of two turtle species in southern Maine. Conserv. Biol. 15:1755-1762.

Keller I, Largiadéer CR (2003) Recent habitat fragmentation caused by major roads leads to reduction
of gene flow and loss of genetic variability in ground beetles. Proc. R. Soc. London, Ser. B 270:417-
423. doi: 10.1098/rspb.2002.2247

Langen TA, Gunson KE, Scheiner CA, Boulerice JT (2012) Road mortality in freshwater turtles:
identifying causes of spatial patterns to optimize road planning and mitigation. Biodivers. Conserv.
21:3017-3034. D0OI:10.1007/s10531-012-0352-9

Litvaitis J, Tash J (2008) An approach toward understanding wildlife-vehicle collisions. Environ.
Manage. 42:688—-97. DOI:10.1007/s00267-008-9108-4

Malo JE, Sudrez F, Diez A (2004) Can we mitigate animal-vehicle accidents using predictive
models? J. Appl. Ecol. 41:701-710. https://doi.org/10.1111/j.0021-8901.2004.00929.x

Markle CE, Gillingwater SD, Levick R, Chow-Fraser P (2017) The true cost of partial fencing:
Evaluating strategies to reduce reptile road mortality. Wildl. Soc. Bull. 41:342-350.
https://doi.org/10.1002/wsb.767

Massachusetts Division of Ecological Restoration. 2018. Massachusetts Stream Crossing
Handbook. Department of Fish and Game.

McCann J (2017) Helping turtles cross the road: Improving culvert design and monitoring. Queen’s
University, Ontario, CA.

Meck J, Jones MT, Akre TSB, Badje A, Buchanan S, Gipe K, Kleopfer J, Nagle R, Oxenrider K, Robers
HP, Slacum J, Willey LL (2023) Symposium Survey Report for the 3rd Emydine Conservation
Symposium. American Turtle Observatory, Huntington, PA.

New Hampshire Stream Crossing Guidelines. 2009. University of New Hampshire.
New Hampshire Fish and Game. 2015. Wildlife Action Plan: Appendix A - Reptiles, Blanding's

Turtles. Accessed at: https://www.wildlife.nh.gov/sites/g/files/ehbemt746/files/inline-
documents/sonh/reptile-blandingsturtle.pdf

Pagnucco KS, Paszkowski CA, Scrimgeour GJ (2011) Using cameras to monitor tunnel use by long-
toes salamanders (Ambystoma macrodactylum): An informative, cost-efficient technique. Herpetol.
Conserv. Biol. 6:277-286.

Page 13/19



44. Read KD, Thompson B (2021) Retrofit ecopassages effectively reduce freshwater turtle road
mortality in the Lake Simcoe Watershed. Conserv. Sci. Pract. 3:e491. DOI:10.1111/csp2.491

45. Santori C, Keith R, Whittington C, Thompson M, Van Dyke J, Spencer RJ (2021) Changes in
participant behaviour and attitudes are associated with knowledge and skills gained by using a
turtle conservation citizen science app. People Nat. 3:66—-76. https://doi.org/10.1002/pan3.10184

46. Sievert, PR, Yorks DT (2015) Tunnel and fencing options for reducing road mortalities of freshwater
turtles. Massachusetts. Dept. of Transportation. Office of Transportation Planning.

47. Taylor S, Stow N, Hasler C, Robinson K (2014) Lessons learned: Terry Fox Drive wildlife guide system
intended to reduce road kills and aid the conservation of Blanding's Turtle (Emydoidea blandingii).
Proc. Transp. Assoc. Can. 2

48. Thiele J, Kellner S, Buchholz S, Schirmel J (2018) Connectivity or area: What drives plant species
richness in habitat corridors? Landscape Ecol. 33:173-181. DOI: 10.1007/s10980-017-0606-8

49. Walston LJ, Najjar SJ, LaGory KE, Drake SM (2015) Spatial ecology of Blanding'’s turtles (Emydoidea
Blandingii) in southcentral New Hampshire with implications to road mortality. Herpetol. Conserv.
Biol. 10:14.

50. Woltz HW, Gibbs JP, Ducey PK (2008) Road crossing structures for amphibians and reptiles:
Informing design through behavioral analysis. Biol. Conserv. 141:2745-2750.
DOI:10.1016/j.biocon.2008.08.010

Figures

Page 14/19



Overall Rank: 18 Overall Rank: 1

A A

N ——
Passabilityl: Can turtles physically use this structure to cross E 1passability E
under the road? E Conditions: At-grade, E

' No screen at inlet, No i

No Yes E Screen at outlet, :

I ]

G . 1 >2.5m inlet width, No !

Road Accessibility2: Is it easy Road Accessibility2 Is it ! :
£ la tsit | : blockage :

for a turtle to travel from easy for a turtle to trave ! .
the wetland water surface from the wetland water E :
to the road? surface to the road? E . i

' 2Road Access |

. ' No Yes. No i Conditions: shallow !
AL 3 : & v i embankment slope, !

' . . 1

Line of Line of Line of Line of y NEsting h:'b't:‘]t E
Sight? Sight Sight? sight? : prese“:' Ie"‘““g ';°t :

' present, long road- |

None None None None E wetland intersection !
1 . ]

Partial Partial Partial Partial E It_engt-h, veget.atl\_/e i
| , riparian continuity :

Full Full Full Full :

_ : |

l :

‘ 1 3Line of Sight '

Y VYV v v VvV v Y VvV v v VvV v ! " & l
: Conditions: levelof

! light visible i

High Risk Sites Low Risk Sites i throughout the :

E entire structure :

i 1

Figure 1

This turtle road mortality risk model was informed by a literature review on turtle eco-passage and
landscape use, and was built on the following statements: If any of the conditions for structure
passability! are not met, then the hydraulic structure is deemed physically impassable and the site has a
higher risk of turtles crossing the road. If the site’s road accessibility score? is higher than the median
score (calculated with points assigned for each road access condition, see Ballestero et al. 2023), the
site has a higher risk of turtle road mortality due to the relative ease in accessing the road from the
water surface. The visible line of sight? through the structure is described as either full, partial, or none:
with less light, there is a decreased chance that a turtle will use the structure as a passage point and
instead cross over the road. Figure adapted from Ballestero et al. (2023).
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Figure 2

The three turtle road mortality risk model outputs all have significant correlations to observed turtle road
mortality. (a) Sites classified as High Risk have greater total counts of turtle roadkill than sites classified
as Low Risk (p <0.01). (b) Sites with a higher road accessibility score, indicating that road access is
easier at these sites, have greater total counts of turtle roadkill than lower-scored sites, on average
(p=0.02). (c) Sites with a higher overall relative risk have greater total roadkill counts than lower overall
relative risk sites (p=0.04). Panels (b) and (c) show negative binomial regressions with 95% confidence
intervals.
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Figure 3

Annual average daily traffic (AADT) and road curve varied with total turtle roadkill observed via road
surveys at 18 sites during the 2023 field season (negative binomial regression with a 95% confidence
interval). An increase in AADT significantly correlates with greater turtle roadkill (p<0.01) while a
decrease in road curve trends towards lower roadkill (p=0.18).
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Figure 4

During the 2023 field season, the number of turtles observed on the road above a wetland crossing
structure tended to be less at sites with a greater openness ratio (total cross-sectional area of
inlet/structure length) (p=0.06). Negative binomial regression with a 95% confidence interval.
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Figure 5
Conceptual engineering plans of a high-risk turtle crossing site designed to reduce Blanding’s and other

freshwater turtle road mortality. AutoCAD prints assembled by TPB and Robert Hopkinson; designed by
TPB and LEW.
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