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Abstract. Turtles and tortoises are one of the most endangered groups of vertebrates, especially in Asia, a hotspot for rep-
tile biodiversity. Roadkill can pose an additional threat that may affect the long-term persistence of turtle populations. The
aim of this study is to assess the viability of the populations of three threatened species of turtle, the Spur-Thighed Tortoise
Testudo graeca (VU), the Southeast Asian Box Turtle Cuora amboinensis (EN) and the Elongated Tortoise Indotestudo
elongata (CR), in five areas in Asia. We developed a spatially implicit model using demographic parameters of each species
and estimated roadkill rates (ind/km/year) to predict how the populations will evolve in the next 20 years with the assump-
tion that the observed roadkill persists. We also estimated the proportion of mortality necessary to lead these populations
to local extinction. Roadkill as an additional source of mortality is unlikely to impact the studied populations. Approxi-
mately 50% of annual mortality is necessary for the populations to no longer be viable. Unexpectedly, conservation status
had no significant effect on the degree to which species are impacted by roadkill. Only Southeast Asian Box Turtle popu-
lations decreased drastically, not due to roadkill, but most likely because of the low recorded adult survival rates. Future
research should focus on better understanding the influence of other threats in combination with roadkill, as well as doing
more population studies that consider the specific demographic parameters of local populations of turtles.
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Introduction

Turtle and tortoise populations have been declining at an
alarming rate, with the IUCN Red List (version 2025.1)
(IUCN 2025) and the IUCN Tortoise and Freshwater Turtle
Specialist Group (TFTSG) Provisional Red List estimating
that more than 50% of the currently recognized species are
threatened (RHODIN et al. 2025). In 2017, 179 species were
Vulnerable (VU), Endangered (EN) or Critically Endan-
gered (CR) (RHODIN et al. 2017), a number that rose to 183
species in 2021 (RHODIN et al. 2021). According to a recent
assessment from 2025 (RHODIN et al. 2025), 196 species are
now threatened. This number keeps on rising, making tur-
tle and tortoise among the most endangered groups of ver-
tebrates (RHODIN et al. 2017, STANFORD et al. 2020, RHODIN
et al. 2021, RHODIN et al. 2025). Asia is a hotspot of reptile
biodiversity with the highest proportion of threatened tur-
tle species (ROLL et al. 2017, RHODIN et al. 2018, STANFORD

et al. 2020), underscoring its importance as a priority re-
gion for turtle conservation.

Turtles are being driven to extinction mainly because of
habitat loss and degradation, climate change, invasive spe-
cies and over-harvesting for consumption, medicinal pur-
poses and the pet trade (STANFORD et al. 2020). Turtles may
be particularly vulnerable to roads (BEAUDRY et al. 2008),
as they fragment habitats (BALDWIN et al. 2004) and isolate
populations, making it difficult to find mates and nest sites
(ANDREWS et al. 2015) and ultimately affecting the gene flow
(GALLEGO-GARCIA et al. 2018). Their behavioural response
to approaching vehicles is also of concern, as many species
move very slowly when crossing roads or retreat into their
shells and remain motionless when a vehicle approach-
es (ANDREWS et al. 2015). According to GIBBS & SHRIVER
(2002), roadkill can pose a threat not only by reducing pop-
ulation abundance but also by causing sex-biased mortality,
often as a result of increased female dispersal while search-
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ing for nesting sites (ARESCO 2005, ANDREWS et al. 2015).
Turtles live longer than most vertebrates (GIBBONS 1987)
and, consequently, have delayed maturity, which is a risk,
as they can die before the first reproduction (CONGDON et
al. 1993). Moreover, most turtles are usually too small to be
detected by drivers and deliberate vehicular impact is also
reported (ANDREWS et al. 2015). These combined threats
may jeopardize the persistence of local populations, with
potentially severe consequences for rare or threatened spe-
cies. Roadkill occurrences of turtle and tortoise species may
represent a significant local threat by altering population
structure and even morphology in areas adjacent to roads.
For example, PATRICK & GIBBS (2010) reported a higher
proportion of females of the Common snapping turtle Che-
lydra serpentina within 500 m of ponds at lower road den-
sities, and larger individuals of C. serpentina and the East-
ern painted turtle Chrysemys picta picta within 100 m, sug-
gesting selective pressures near roads. Similarly, PEADEN et
al. (2015) documented a decline in tortoise abundance with
increasing proximity to roads, with more significant effects
near large, high-traffic roads, underscoring the impact of
roadkill on nearby populations. A recent study concluded
that in only 17 years, a population of the Common snap-
ping turtle that inhabits a wetland bisected by a highway
declined severely (P1czax et al. 2019) and its population
is at risk of extirpation due only to the isolated impact of
roadkill. However, studies examining the effects of roads on
turtles remain limited in number and geographic scope and
the analysis of possible long-term effects on the persistence
of populations are rare.

The Spur-Thighed Tortoise Testudo graeca, Southeast
Asian Box Turtle Cuora amboinensis, and Elongated Tor-
toise Indotestudo elongata are all found in Asia and have
multiple roadkill occurrences (Tox et al. 2011, BERNARDO
JR. 2019, SILVA et al. 2020, PURNOMO et al. 2021, RATTANA-
WANAWONG et al. 2022). Their main threats include habi-
tat loss due to urbanization, and intense harvesting for il-
legal purposes and the pet trade (LAMBERT 1981, RAHMAN
et al. 2019, CoTa et al. 2020). The Spur-Thighed Tortoise is
a diurnal (STARK et al. 2018) and terrestrial tortoise present
mostly in various regions of Europe and Asia (Tortoise and
Freshwater Turtle Specialist Group 1996). According to the
IUCN, the species is classified as Vulnerable (TFTSG 1996).
However, this assessment dates back to 1996, and its conser-
vation status may be more severe than currently recognized.
The Southeast Asian Box Turtle is a nocturnal (STARK et al.
2018), terrestrial and freshwater turtle distributed through-
out Southeast Asia (CoTa et al. 2020). It is considered En-
dangered (EN), and its global population is decreasing, but
it is a resilient species, being able to survive in urbanized
areas (CoTA et al. 2020). The Elongated Tortoise is crepus-
cular and nocturnal (STARK et al. 2018, RAHMAN et al. 2019),
distributed across South and Southeast Asia (RAHMAN et al.
2019), and currently classified as Critically Endangered (CR)
due to a declining global population, driven by its inability
to persist in urbanized habitats. Already rare or uncommon
in most of its range, the species is expected to survive in the
future only within protected areas (RAHMAN et al. 2019).
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The aim of this study is to evaluate the viability of Spur-
Thighed Tortoise, Southeast Asian Box Turtle, and Elon-
gated Tortoise populations under increased road mortal-
ity pressure. We developed a spatially implicit model to as-
sess how populations respond over time to observed road-
kill levels and recorded life-history traits of each species,
sourced from a literature review. Additionally, we identify
mortality thresholds above which populations are unlike-
ly to persist. This assessment provides critical insights for
conservationists and road managers to understand the true
impact of roadkill and to target mitigation efforts that sup-
port the long-term survival of these species in the affected
areas.

Methods
Study area

We searched for studies from the past 15 years reporting ob-
served roadkill data for the Spur-Thighed Tortoise, South-
east Asian Box Turtle, and Elongated Tortoise. To reduce
the risk of underestimating roadkill rates, we included only
studies with a survey interval of no more than seven days.
We identified five study areas with roadkill records for the
Elongated Tortoise (n = 1), Spur-Thighed Tortoise (n = 1),
and Southeast Asian Box Turtle (n = 3) (Fig. 1).

Between 2005 and 2009, from May to June, Tok et
al. (2011) recorded 26 Spur-Thighed Tortoise roadkill
carcasses during surveys conducted along roads across
the Anatolian region of Turkey, covering approximately
20,000 km in total. The region features a mixed landscape
of forest, agricultural fields, and widely spaced cities (Fig.
1A), and has the highest road density among the study ar-
eas.

From February 2018 to January 2019, RATTANAWANA-
WONG et al. (2022) analysed 48 km of the main road that
crosses the Khao Yai National Park, in Thailand, starting
on Highway 2090 and ending on Highway 3077. The land-
scape is characterized by ravines, hills, many creeks, and
grasslands and marshes (Fig. 1B). In this study, two road-
kills of the Elongated Tortoise were observed.

As for the case studies where roadkill of the Southeast
Asian Box Turtle was reported, in the first study site, BER-
NARDO JR. (2019) analysed a 67 km segment of a national
highway (Puerto Princesa South Road) in the Philippines,
from January 2010 to December 2015, recording 102 road-
kills. The landscape includes natural habitats like forests,
grasslands, rivers and ponds, but also urbanized areas with
agricultural fields and residential areas (Fig. 1C). In the sec-
ond study (Fig. 1D), carried out from February to March
2020, PURNOMO et al. (2021) observed three roadkills. The
study surveyed the 22.4 km highway that crosses the Rawa
Aopa Watumohai National Park in Indonesia, where sa-
vanna is the dominant ecosystem. In the third study site
(Fig. 1E), S1Lva et al. (2020) conducted a study from 2015 to
2017 analysing a 47.8 km section of the Highway 304, which
crosses the Dong Phayayen-Khao Yai (DPKY) World Her-
itage Site, and detected nine roadkills.
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Roadkill estimation

For each study, we compiled the number of roadkill re-
cords, survey period (start and end dates), number of sur-
veyed days, survey interval (number of days between con-
secutive surveys), and total road length surveyed. All an-
alysed roads were paved. We then calculated the roadkill
rate per surveyed day and per survey period, and standard-
ised to a yearly rate, using the following formulas:
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Figure 1. Five study areas (red icons): (A) Spur-Thighed Tortoise Testudo graeca in the Anatolia region (Turkey) (Tox et al. 2011);
(B) Elongated Tortoise Indotestudo elongata in Thailand (RATTANAWANAWONG et al. 2022); (C) Southeast Asian Box Turtle Cuora
amboinensis in the Philippines (BERNARDO JR. 2019); (D) Southeast Asian Box Turtle Cuora amboinensis in Indonesia (PURNOMO et
al. 2021); (E) Southeast Asian Box Turtle Cuora amboinensis in Thailand (SiLva et al. 2020).
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Table 1. Information collected from each study with observed roadkill data (NA - not known).

Southeast Asian Box Turtle

Elongated Tortoise ~ Spur-Thighed Tortoise

Species BERNARDO JR. PURNOMO etal.  SiLva et al. RATTANAWANAWONG et al. Tox et al.
(2019) (2021) (2020) (2022) (2011)
Country Philippines Indonesia Thailand Thailand Turkey
Year 2010-2015 2020 2015-2017 2018-2019 2005-2009
Ne of roadkill 102 3 9 2 26
Surveyed days 288 28 100 207 17
Surveyed road length (km) 67 224 47.8 48 4858
Survey period (days) 2191 28 1096 365 1522
Survey interval (days) NA 1 NA 2 NA
Roadkill rate per surveyed day 1.929 1.746 0.687 0.073 0.115
Roadkill rate per survey period 0.253 1.746 0.063 0.042 0.001

While the roadkill rate per surveyed day tends to over-
estimate mortality, as it extrapolates a certain value of mor-
tality to every day of the year, the roadkill rate per survey
period can underestimate the mortality, because in the pe-
riod considered, surveys were not performed every day,
and some carcasses may have disappeared between visits.
We used both estimates for our analyses to have a range of
minimum and maximum roadkill rates to generate best-
and worst-case scenarios (Table 1).

We generated a 1 x 1 km grid square centred on the sur-
veyed road in each study area and estimated the total road
length within this grid cell using the geometry calculation
tools in QGIS Desktop 3.40.7 (QGIS Development Team
2025) applied to the road network dataset from MEIJER et
al. (2018). This allowed us to estimate the total number of
roadkills by multiplying the road length (RL) with the esti-
mated rates for each study.

Demographic data collection

We gathered demographic data for the three Asian species,
including: sexual maturity, clutches per year, interclutch
interval, clutch size, adult survival rate, maximum longev-
ity, home range, and population density (Table 2).

For the population density, we prioritised values record-
ed from sites proximate to the study areas or within the same
country, given the substantial variation observed in this pa-
rameter across different regions. The minimum and average
interclutch interval were calculated using the minimum and
maximum values recorded for clutches per year. When spe-
cies-specific demographic data were not available, we used
values from congeneric species or from species with com-
parable ecological and life-history characteristics (Table 2).

Data analysis
We used mortalityRISK, a user-friendly application (NE-
VES & GRILO, unpubl.), which implements an age-struc-

tured, spatially implicit stochastic model based on that of
BORDA-DE-AGUA et al. (2014), to assess the impact of road-
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kill on turtle populations adjacent to the surveyed roads at
each study site.. In the model, during each iteration, which
in the current study lasts one month, an individual can die
or reproduce, with birth and death probabilities being ap-
plied in a random order. This means that an individual can
even give birth and die in the same step or die in the same
step they are born. For each individual, the probability of
surviving is (1-Death Probability) x (1-Roadkill Probabil-
ity). The Death Probability is obtained from the Adult Sur-
vival Rate and randomly varies from -10% to +10% in each
iteration, accounting for bad and good months with higher
and lower mortality, respectively. As for the Roadkill Prob-
ability (RP), it is the proportion of roadkilled individu-
als based on the starting population, calculated as follows
(with SP = starting population, RR = roadkill rate, and RL
= road length):

Rp = (SP-RRXRL)
Sp

Adult females that exceeded the age of sexual maturity
and that have not reproduced in Minimum Iterations be-
tween Birth (MIB), have a breeding probability calculat-
ed based on Average Iterations between Birth (AIB), if an
adult male is present. Therefore, the breeding probability is
calculated such that successful reproduction occurs on av-
erage once in [AIB-MIB] iterations and, assuredly, at least
once in [AIB-MIB+AIB] iterations. For each breeding
event, the number of offspring is randomly sampled from
a uniform distribution ranging from 1 to the maximum
clutch size, with each offspring having an equal probability
of being male or female. Finally, if an individual exceeds
the age defined by its maximum longevity, we assume it
has died. In cases where the number of individuals in the
simulation exceeds the maximum population threshold,
random individuals are removed until the population re-
turns to the predefined limit, thereby enforcing a density-
dependent population regulation. For the simulations pre-
sented here, the maximum population was defined as twice
the initial population size. This value was selected because
it was sufficiently high to allow population growth or de-
cline to be clearly detected, while remaining low enough to
avoid unnecessary computational costs.
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Table 2. Demographic parameters of each species (minimum, maximum and average). Supplementary material includes the demo-
graphic parameters with the respective references (Supplementary Table 1). * Value found for Chrysemys picta with a similar life cycle;
** Value found for Chrysemys picta marginata with a similar life cycle.

Southeast Asian Box Turtle

Species

BERNARDO JR.

Spur-Thighed

Elongated Tortoise Tortoise

PurNOMO et al. SiLvA et al. RATTANAWANAWONG TOK et al.

(2019) (2021) (2020) et al. (2022) (2011)
Demographic parameters
. . . . 3.1-9.2 9.9-65.78 0.82-65.78 2.25-2.43 1.67-21
Population density min-max (average) (ind/ha) (6.15) (37.84) (33.3) (2.34) (11.345)
. . 2007.5-2190 3650-5110
Sexual maturity age min-max (average) (days) (2098.75) (4380) 4383
Clutch size min-max (n° of eggs) 1-6 1-9 1-8
Clutches per year min-max 1-3 1-2 1-4
Minimum interval between births (days) 121.667 182.5 91.25
Average interval between births (days) 243.333 273.75 228.125
Home range min-max (average) (km?) 0.001**-0.079** 0.038-0.7 0.003-0.017
& & (0.040) (0.369) (0.01)
. . 0.29*-1* 0.76-1 0.88-0.99
Adult survival rate max-min (average) (0.645) (0.88) (0.935)
Maximum longevity (months) 458.4 240 1392
Road mortality
Roadkill rate min-max (average) 0.254-1.929 1.746-1.746  0.063-0.687 0.042-0.073 0.001-0.115
8 (1.092) (1.746) (0.375) (0.058) (0.058)

Table 3. Buffer distance defined for each species, based on their average home range values, and calculated minimum, maximum and
average starting populations based on buffer distance, road length and population density. * Value calculated from the home range
values of Chrysemys picta marginata, which has a similar life cycle.

Southeast Asian Box Turtle

Elongated Tortoise Spur-Thighed

Species Tortoise
BERNARDO JR. PURNOMO et al. Sirva et al. RATTANAWANAWONG et al. Tok et al
(2019) (2021) (2020) (2022) (2011)
Average home range (km?) 0.04* 0.04* 0.04* 0.369 0.010
Road length (km) 1.060 1.186 1.118 1.475 3.845
Buffer distance (km) 0.226 0.226 0.226 0.686 0.113
Minimum starting population (ind) 148.299 530.094 41.372 455.118 144.817
Maximum starting population (ind) 440.115 3522.179 3318.861 491.528 1821.055
Average starting population (ind) 294.207 2026.136 1680.116 473.323 982.936

Assuming a closed population, we analysed the impact
of road proximity on each population at a specific distance
from the road (buffer). By considering the average home
range value of each species (Table 2) as a circular area, we
defined buffer distances (BD) as the diameter of the corre-
sponding circle. The total number of individuals within the
buffer (SP) was estimated by multiplying species-specific
population density (minimum, maximum and average) by
the buffer area [SP = 2xBDxRLxPopulation density] (Ta-
ble 3).

We ran models for each species and study area over a
20-year period, starting on January 1, 2025. Each model
was simulated under two conditions: without roadkill and
with roadkill, using best-case and worst-case scenarios.

For the worst-case scenario, we used the lowest values for
population density and the highest values for roadkill rate.
The best-case scenario used the opposite parameter values.
All other parameters were held constant across scenarios,
including the adult survival rate and maturity age, where
we used the average values.

While keeping every parameter at their average values,
we also estimated the threshold of annual mortality above
which the populations are no longer viable, correspond-
ing to an abrupt decrease in survival. To determine these
specific population viability thresholds, for each case, we
considered the value of mortality from which less than 1%
of model repetitions had an individual surviving. This al-
lowed us to exclude outliers that would have otherwise af-
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fected the obtained mortality threshold values. This means Results

that the population viability thresholds we obtain are the
annual mortality values upon which we have 99% certainty
that the population will go locally extinct in 20 years or
less, under the simulated conditions.

The Spur-Thighed and Elongated Tortoises had similar re-
sponses (Figs 2 and 3). Both populations grew until reach-
ing a maximum population size, although the Elongated
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Figure 2. Evolution of the Spur-Thighed Tortoise Testudo graeca populations over 20 years in a worst-case scenario and best-case
scenario, with and without roadkill mortality. The shaded area represents the 95% confidence interval.
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Figure 3. Evolution of the Elongated Tortoise Indotestudo elongata populations over 20 years in a worst-case scenario and best-case
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scenario, with and without roadkill mortality. The shaded area represents the 95% confidence interval.
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Tortoise took more time (Fig. 3). Population trajectories
were similar with or without roadkill. In all cases, popula-
tions subjected to roadkill mortality almost always showed
slightly lower abundance trajectories compared to popula-
tions without road mortality. While this was also the case
for the Southeast Asian Box Turtle, for these other two spe-
cies, the difference was almost imperceptible.
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For the Southeast Asian Box Turtle, the populations de-
clined across all scenarios over 20 years (Figs 4-6), with
several approaching near-extinction, especially in the
worst-case scenario (Figs 4, 6). In the second study area,
roadkill impact was negligible (Fig. 5), consistent with re-
sults observed for the Spur-Thighed and Elongated Tor-
toises. For the first and third study areas under worst-case
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Figure 4. Evolution of the Southeast Asian Box Turtle Cuora amboinensis populations (BERNARDO JR. 2019) over 20 years in a worst-
case scenario and best-case scenario, with and without roadkill mortality. The shaded area represents the 95% confidence interval.
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Figure 5. Evolution of the Southeast Asian Box Turtle Cuora amboinensis populations (PURNOMO et al. 2021) over 20 years in a worst-
case scenario and best-case scenario, with and without roadkill mortality. The shaded area represents the 95% confidence interval.
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scenarios, there is a small difference with and without Spur-Thighed Tortoise population’s probability of sur-
roadkill mortality. Although the probability of local extinc-  vival started decreasing at approximately 36% annual mor-
tion due to road mortality is higher, it was not pronounced  tality and reached the viability threshold at around 52%, for
(Figs 4, 6, worst-case). both with and without roadkill mortality (Fig. 7A). For the
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Figure 6. Evolution of the Southeast Asian Box Turtle Cuora amboinensis populations (SILvaA et al. 2020) over 20 years in a worst-case
scenario and best-case scenario, with and without roadkill mortality. The shaded area represents the 95% confidence interval.
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Figure 7. Threshold of mortality proportion, with and without roadkill (black and grey dashed lines, respectively), above which the
populations of the Spur-Thighed Tortoise Testudo graeca (A) and Elongated Tortoise Indotestudo elongata (B) are no longer viable in
each study area (Tox et al. (2011) and RATTANAWANAWONG et al. (2022), respectively).
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Elongated Tortoise, viability decline initiated at 33% with-
out roadkill and 29% with roadkill mortality, with popula-
tion failure occurring approximately at 49% annual mor-
tality (Fig. 7B).

The Southeast Asian Box Turtle populations’ probability
of survival was the same with and without roadkill, and for
each studied site, started decreasing at 39%, 46% and 46%,
and became non-viable at approximately 55%, 59% and 59%
annual mortality (Fig. 8A, 8B and 8C, respectively).

Discussion

Our results suggest that, under current mortality levels,
collisions with vehicles may not be a significant driver of
extinction risk for these populations. On average, popula-
tions begin to show increased extinction risk when annual
removal rates reached approximately 50%.

According to TUCN assessments, roadkill is not a ma-
jor threat to any of these three species (TFTSG 1996, RAH-
MAN et al. 2019, CoTa et al. 2020), which aligns with our
modelling results indicating that, under the specific demo-
graphic assumptions and roadkill rates considered, road-
kill alone is unlikely to cause population collapse, includ-
ing in worst-case scenarios with low population densi-
ties. This result probably reflects the relatively low roadkill
rates across study sites. Nonetheless, roadkill rates for the
Southeast Asian Box Turtle were higher than for the oth-
er two species, and a population decline associated with
road mortality was observed in two out of three worst-case
scenarios (Philippines and Thailand sites). In contrast, the
Indonesian site showed less pronounced effects, likely due
to the high population density, resulting in a larger initial
population, which led to decreased roadkill relative to the
total population size. Both best- and worst-case scenarios
showed very similar responses in every species, regardless
of roadkill impacts. Between these scenarios, the only two
parameters that were not held constant were roadkill rate

and population density. The population density only affects
the initial and final abundances, affecting the vulnerability
to roadkill also, and this difference in abundance is clear-
ly evident when comparing the scenarios. In one scenario,
the best- and worst-case roadkill rates were identical, as
they were derived from the same number of survey days
and identical survey durations. For the other scenarios, no
appreciable variation was observed between the best- and
worst-case estimates.

The Spur-Thighed and Elongated Tortoises” populations
were not affected by roadkill in our model and are project-
ed to grow over 20 years until reaching the maximum pop-
ulation size. The similarity of these two results can possibly
be explained by their demographic parameters being either
similar or compensating one another. For example, in terms
of longevity, the Spur-Thighed Tortoise is the one that can
live the longest and the Elongated Tortoise the shortest, but
the minimum and average interval between births are the
longest in the Elongated Tortoise and shortest in the Spur-
Thighed Tortoise. The Southeast Asian Box Turtle falls be-
tween the two other species with regards to these param-
eters, thus we were expecting for its populations to respond
similarly. As this did not happen, other parameters must
play a role in making the populations of this species de-
crease while the others increase. Considering maturity age
and population density parameters, the Southeast Asian
Box Turtle reaches sexual maturity earlier and exhibits the
highest maximum and average population densities among
the three species, suggesting that it should be the least af-
fected, particularly under the best-case scenario. However,
this species also exhibits the highest absolute roadkill rates
and the smallest values of maximum clutch size and min-
imum population density, possibly making it more prone
to extirpation (FOUrOPOULOS et al. 1999, TIAN et al. 2025).
Nonetheless, the key factor that might explain the severe
decrease in population abundances over time is the adult
minimum, and consequently average, survival rates, which
are the lowest among the three species.

A B C
} : - ) )
1.001 < : 1.001 | 1.001 \
| |
| | ‘
{ {
5 0.751 { <075 | <075
2 : 2 : 2
s . 5 ' =
2] | 7] 1 w
s | s { s
20501 ! 2050, ! 2050,
£ | £ 2
3 | i | 3
[ ] © ] ©
S ! K ! S
o | o | o
Q- 0.25: ! Q 0.25{ | Q- 0.25¢
| |
| {
| N
0.001 } 0.00! + 0.00 ~—
0 20 40 60 0 20 40 60 0 20 40 0
Mortality (%) Mortality (%) Mortality (%)
Scenarios — With Roadil Scenarios — With Roadil Scenarios — With Roadil
Cenaros . without Roadkill Cenaros _ \ithout Roadkill CeNaros _ \without Roadkill
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populations of the Southeast Asian Box Turtle Cuora amboinensis are no longer viable in the three study areas (A) BERNARDO JR.
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Our findings show that populations’ probability of sur-
vival started decreasing at an annual mortality between 29—
46% and became non-viable around 50% of annual mortal-
ity (49-59%). The Elongated Tortoise started decreasing the
earliest, both with and without roadkill (29% and 33%, re-
spectively). In fact, the population of most of these threat-
ened species is declining according to [IUCN (RAHMAN et
al. 2019, CoTA et al. 2020), but for them to disappear near
these roads, even with roadkill, approximately half of their
populations must disappear yearly, thus showing some re-
silience. Although in all cases the impact of roadkill on
the viability of these populations seems negligible, for the
Elongated Tortoise the populations started decreasing ear-
lier with roadkill, even if not very substantially. Despite be-
ing more vulnerable to roadkill mortality, when consider-
ing the average roadkill rates and initial abundances, the
Southeast Asian Box Turtle’s populations still endure a
higher level of mortality. In two of its cases (Indonesia and
Thailand) this could be explained by the larger abundance
of the average initial populations, which results in a bet-
ter resilience. Nevertheless, the Philippines population had
the smallest average abundance, which should mean that
the population would not sustain more mortality than the
Spur-Thighed and Elongated Tortoises. However, this was
not the case, as adult survival was in fact the key factor that
threatens the Southeast Asian Box Turtle with local extinc-
tion. Given the same value of annual mortality, it proves to
be more resilient than the other two species.

Several limitations should be considered when interpret-
ing our results. Although turtles are usually solitary, they
can form aggregations for basking, predator avoidance, and
mating activities (FENECH 2023), as well as when resources
or shelter are limited (GORDON & MACCULLOCH 1980, FENG
et al. 2020). As a result, distribution can be uneven across
the landscape, complicating the estimation of average pop-
ulation densities in extensive areas. The Southeast Asian
Box Turtle, for example, is a freshwater turtle (CoTa et al.
2020) and is therefore restricted to areas near waterbodies,
which is not included in our model structure. Other factors,
such as territoriality, interspecific competition and age- and
sex-biased dispersal also require better understanding, as
they can affect distribution and local abundances. Territo-
rial behaviour, as documented in some chelonian species
(e.g., Malacochersus tornieri; NGWAVA et al. 2022), may limit
local population densities and influence spatial structure.
Similarly, interspecific competition through dietary over-
lap can affect species abundance and distribution patterns
(SPENCER et al. 2014), while age- and sex-biased dispersal,
usually with adult males dispersing more frequently than
adult females and juveniles (SHERIDAN et al. 2010, FaY et al.
2023), may influence the sex-ratio of a population. In the
case of our model this might affect the reproductive success
of the population, depending on the percentage of males
and females that randomly die in our model simulations.

At the same time, there is relevant information specific
to the species under study, some indicating that a few of
these factors may exert a lesser influence, contributing to
the validity of our results. The Spur-Thighed Tortoise may
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be non-territorial, considering a lack of aggression towards
individuals of the same species (BURT 1943, WILLEMSEN &
HAILEY 2003) and overlapping home ranges (HARLESS et al.
2009, BERNHEIM et al. 2019), while the Elongated Tortoise
is sympatric with other tortoise species (PLATT et al. 2010,
[HLOW et al. 2016), suggesting a lack of interspecific compe-
tition. In fact, interspecific competition between tortoises
is less relevant than for other reptiles and even when there
are two sympatric species, they tend to partition resources,
avoiding competition (WRIGHT et al. 1988, LUISELLI 2006).

In our case, roadkill did not seem to be a threat. Howev-
er, estimating the relevance of these and other factors influ-
encing species distribution and abundance, especially the
major threats to chelonians such as habitat loss and illegal
harvesting, is crucial, and their effects should be studied
separately and combined with roadkill. We also assumed
a closed population, which does not reflect natural sys-
tems. Although tortoises may exhibit site fidelity and stable
home ranges at local scales (MONTANO et al. 2022, NGwava
et al. 2022), these data do not allow us to assume negligible
immigration over the 20-year simulation horizon; there-
fore, our results should be interpreted primarily for closed-
system or weakly connected population scenarios. Moreo-
ver, roadkill rates calculated are kept constant throughout
the year, despite the influence of multiple factors. In fact,
road mortality depends on conditions across the year, lo-
cal characteristics, species life traits, behaviour, movement
and temporal activity patterns (AMENT et al. 2021, AR-
cA-RusiO et al. 2023). Turtles can be more susceptible to
roadkill when making seasonal movements in search for
mates and nesting sites, or following rainfall days, for ex-
ample (BEAUDRY et al. 2010, CURETON II & DEATON 2012,
ANDREWS et al. 2015, GARRAH et al. 2015). In some cases
(Tox et al. 2011, PURNOMO et al. 2021), there is a possibil-
ity of under or overestimation of mortality, since surveys
were conducted over a limited period that may not fully
represent the entire year. Even so, we applied the yearly av-
erage to every month, effectively minimizing the impact
of this limitation and, for the Southeast Asian Box Turtle,
most studies analysed are representative of the whole year,
with surveys being performed in all seasons (BERNARDO
JR. 2019, SILVA et al. 2020). For the Elongated Tortoise, road
surveys were conducted over more than 200 days with a
mean interval of two days between surveys, representing
a substantial monitoring effort despite the low number of
recorded events. However, because roadkill rates were de-
rived from limited sample sizes, particularly the Southeast
Asian Box Turtle from PurnoMo et al. (2021) and Spur-
Thighed Tortoise (Tox et al. 2011), resulting estimates
should be interpreted cautiously and considered explora-
tory. Nevertheless, we assume that surveys covering sev-
eral kilometres of road can partially compensate for short-
er sampling durations by increasing detection probability.
Furthermore, our reference data may not reflect the char-
acteristics of the studied populations. Demographic traits
may be strongly context-dependent, highlighting the need
for performing local studies in more areas to account for
the specific characteristics of local populations of turtles.
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For example, WILLEY et al. (2025) observed spatiotempo-
ral variation in population parameters for the Spotted Tur-
tle Clemmys guttata, including adult survival rate, as we
have seen in the Southeast Asian Box Turtle, emphasizing
the importance of long-term monitoring studies for con-
servation. The carrying capacity of the environment, here
defined arbitrarily, is also expected to have spatiotempo-
ral variations. However, increasing this threshold further
would not alter the conclusions of the study, merely al-
lowing populations to reach even larger sizes. Likewise,
reducing the threshold would similarly have no effect on
the conclusions, provided that the maximum population
remained equal to or greater than the initial population
size. As natural populations are unlikely to occur above
the carrying capacity of the environment, we consider that
the specific maximum population value used here does not
meaningfully influence the results discussed. Lastly, road-
killed turtles can be difficult to detect, and even roadkill
rates based on surveyed days, which overestimates road
mortality events, may still not represent the real impact.
TEIXEIRA et al. (2013) estimated that reptile roadkill rates
could be twice as high as observed, as carcass removal by
scavengers and low detectability can lead to significant un-
derreporting of road mortality incidents.

Conclusion

Given our model assumptions, roadkill mortality in the
studied areas is unlikely to pose a significant threat to the
persistence of the three threatened turtle species, regard-
less of scenario or conservation status. Moreover, model
results suggest that approximately half of the population
would need to be lost yearly before reaching non-viability
thresholds, indicating a notable degree of resilience. How-
ever, the absence of site-specific demographic data and low
sample sizes underscore the need for local scale research
on the species life traits and roadkill data to improve the
accuracy of future assessments. It is also crucial to better
understand the role and relative importance of sources
of anthropogenic mortality and environmental factors to
identify the main drivers of turtle population dynamics.
Given the low detectability of reptiles, some roadkill events
are likely to go unnoticed, reinforcing the need to devel-
op improved monitoring methods for this elusive group.
Further studies are needed across broader geographic ar-
eas and ecological contexts to fully evaluate the potential
impacts of roadkill.
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