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Simple Summary

Roads often cut through natural areas and can be dangerous for wildlife, especially medium-
and large-sized mammals that move across landscapes in search of food, mates, or shelter.
Collisions with vehicles not only harm animals but can also cause serious accidents for
people. In this study, we looked at how the surrounding landscape influences the number
of animals killed along the Dom Pedro I Highway in Sao Paulo State, Brazil, which crosses
important remnants of the Atlantic Forest. Using official records, we found 1418 roadkill
incidents between 2014 and 2021, including eight threatened species. Capybaras, large
rodents common near rivers and pastures, were the most frequently killed. Our analysis
showed that areas with more pasture and agriculture were strongly linked to higher roadkill
rates, while mixed-use landscapes reduced the risk. These findings highlight that roadkill is
not only a problem for highway managers but also depends on how nearby lands are used.
Effective solutions will require cooperation between road authorities, farmers, and local
governments to design safer landscapes for both wildlife and people. By understanding
these patterns, society can better protect biodiversity while improving road safety.

Abstract

Roads impact medium- and large-sized mammal populations through both collisions and
barrier effects. This study examined how landscape characteristics influence roadkill oc-
currences along the Dom Pedro I highway (SP-065), located in the Cantareira-Mantiqueira
Corridor, Sao Paulo State, Brazil. The SP-065 crosses important remnants of the Brazilian
Atlantic Forest, a global hotspot for biodiversity. Roadkill records were obtained from the
Environmental Company of the State, and land use data were extracted from the Map-
Biomas platform. We analyzed seven landscape variables (in percentage): native forest,
pasture, agriculture, forestry, urban areas, mosaic of uses, and water bodies, considering
multiple spatial scales. Mammal species were grouped functionally by home range size
and tolerance to anthropogenic environments. In total, 1418 roadkills of 24 species were
recorded, including eight threatened species. Capybaras (Hydrochoerus hydrochaeris) were
the most frequently killed species. Generalized linear models showed that, for Group G1
(small home range, common in human-modified areas), roadkills were positively associated
with native forest and pasture, and negatively with mosaic landscapes. For Group G3 (large
home range, tolerant to anthropogenic areas), agriculture had a positive effect, especially
within a 3000 m radius. For Group G5 (capybara), roadkills increased with pasture and
agriculture, while mosaic uses had a negative effect. Since pasture and agriculture were
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frequently linked to higher roadkill rates, environmental impact assessments should con-
sider these land-use types when planning mitigation actions. Ultimately, responsibility for
roadkill extends beyond highway managers to rural landowners and local governments, as
land-use patterns around roads strongly influence mammal movement and mortality.

Keywords: conservation biology; functional group; landscape ecology; mammals roadkill;
road ecology

1. Introduction

Among the various ecological consequences of road networks, wildlife roadkill stands
out as one of the most prominent threats [1,2]. The risk of vehicle collision with terres-
trial vertebrates varies according to species’ life history, as animal movement is essential
for foraging, reproduction, and survival [3,4]. In addition to biological factors, road
characteristics—such as speed limits, traffic intensity, and road curvature—further exacer-
bate the likelihood of accidents [5,6]. Given that collisions with wildlife can also be fatal
for humans, especially those involving medium and large mammals [7,8], improving road
safety is paramount to safeguard both biodiversity and road users [9,10].

Medium and large mammals, particularly those with greater mobility, are more likely
to cross roads during their movement periods compared to species with smaller home
ranges [11]. Many of these species utilize riverbanks as movement corridors [12], making
them especially vulnerable in areas where roads intersect with waterways [13]. According
to Medrano-Vizcaino [4], mammals most at risk of roadkill in Latin America tend to be
slow-moving, diurnal, medium-sized (e.g., between 2 and 35 kg), or scavengers. Rytwinski
and Fahrig [14] suggest that large mammals, especially those with low reproductive rates
and high mobility, are particularly vulnerable to roadkill, which significantly impacts their
populations. In Brazil, four species account for over 30% of all recorded mammal roadkill
data: the crab-eating fox (Cerdocyon thous) (Linnaeus 1766), six-banded armadillo (Euphrac-
tus sexcinctus) (Linnaeus 1758), southern tamandua (Tamandua tetradactyla) (Linnaeus 1758),
and giant anteater (Myrmecophaga tridactyla) Linnaeus, 1758 [15]. However, only the giant
anteater is listed as threatened with extinction [16].

Despite the substantial investments made in road infrastructure in Brazil [17], funding
for wildlife roadkill mitigation measures remains insufficient. Prioritizing which road
segments to address for mitigation is a complex task. Identifying roadkill hotspots—areas
with a high concentration of roadkill incidents—serves as a useful tool in the decision-
making process [18]. However, roadkill hotspots are subject to seasonal fluctuations due to
changes in vehicle flow and population dynamics in nearby ecosystems [19]. Consequently,
defining mitigation strategies based solely on hotspots carries inherent risks, as the situation
can vary over time. Traditional mitigation measures often focus on actions such as the
installation of wildlife crossings and fencing along roads that pass through native vegetation
and riparian zones [15,20]. However, such approaches may not be sufficient, as species
have different habitat preferences and movement patterns [21]. One alternative is to group
species into functional categories, allowing for the evaluation of roadkill impacts on sets
of species with similar ecological characteristics [22,23]. In addition to understanding
species’ movement and behavior, identifying the landscape patterns that influence roadkill
occurrence is essential for informing conservation and road safety efforts [24]. By linking
landscape variables with georeferenced roadkill data, researchers can develop reliable
predictive models to better understand spatial patterns of roadkill [25].
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This approach is particularly relevant in anthropized regions and those experiencing
landscape changes, where understanding the interplay between species and their envi-
ronment can guide effective mitigation strategies. The Cantareira-Mantiqueira Corridor,
traversed by the Dom Pedro I Highway (SP-065) in Sao Paulo state, has undergone signifi-
cant land-use changes in recent decades [26]. This landscape mosaic is a priority area for the
conservation of medium and large mammals due to its high connectivity potential between
Atlantic Forest fragments [27]. With this background in mind, we seek to answer the
following research question: which landscape variables contribute most to the occurrence
of medium and large mammal roadkill in the Cantareira-Mantiqueira Ecological Corridor?
We propose the following hypotheses: H1—A higher percentage of forest cover correlates
with increased roadkill rates for mammals that avoid anthropogenic areas [28]; H2—A
higher percentage of anthropogenic areas (e.g., agriculture and urbanization) correlates
with higher roadkill rates for more generalist mammal species, which are commonly found
in these areas [12]; and H3—A greater proportion of water bodies correlates with increased
roadkill incidents involving capybaras (Hydrochoerus hydrochaeris) [29].

In contrast to traditional approaches that focus mainly on roadkill locations and broad
landscape categories, this study employs an innovative framework that integrates func-
tional species-group classification with multi-scale landscape analysis. This approach pro-
vides a more ecologically grounded understanding of roadkill patterns, enhancing our abil-
ity to identify mechanisms and landscape drivers that traditional methods may overlook.

2. Methods
2.1. Study Area

The study area is part of the Long-Term Ecological Research Program of the Cantareira-
Mantiqueira Ecological Corridor (PELD CCM), located at the transition between the north-
eastern state of Sao Paulo and the southern region of Minas Gerais, Brazil. The region
serves as a connection between two major mountain ranges: the Cantareira and Man-
tiqueira mountains [26] (Figure 1). The landscape mosaic includes various forest types in
different successional stages, conservation units (CUs), agricultural plantations, pastures,
silviculture (mainly Eucalyptus spp.), wetlands, rivers, highways, villages, and even large
urban centers [27]. The Cantareira-Mantiqueira Ecological Corridor lies within the Atlantic
Forest biome, which contains small forest fragments (84% of them are smaller than 50 ha),
under significant edge effects and a high degree of isolation (with an average distance of
approximately 1440 m between two fragments) [30].

The PELD CCM research has been carried out in the municipalities of Braganga
Paulista, Itatiba, Atibaia, Mairipora, Sao Paulo, and Joanépolis (Figure 1). In that way, for
this study we analyzed data on roadkill incidents involving medium and large mammals
along the Dom Pedro I Highway (SP-065), which traverses these landscapes. The highway is
one of the most important in the state of Sao Paulo, with an average of 450,000 vehicles pass-
ing daily [31]. Its construction, planned in 1960, was intended to connect the Anhanguera
(SP-330) and Dutra (BR-116) highways, diverting traffic from the Sao Paulo metropolitan
area [31]. Spanning 145 km, it facilitates the flow of traffic between the Paraiba Valley and
the Greater Campinas area [32]. From 1988 to 2009, the Dom Pedro I Highway was man-
aged by Desenvolvimento Rodovidrio S.A. (DERSA), a state-controlled mixed-economy
company [32]. DERSA was responsible for its duplication and the creation of the access
road to the Governador Carvalho Pinto Highway (SP-070) [33]. Since April 2009, the
highway has been under the management of the Rota das Bandeiras concessionaire [33].
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Figure 1. Cantareira-Mantiqueira Corridor, located at the transition between the northeastern state of
Sao Paulo and the southern region of Minas Gerais, crossed by the Dom Pedro I Highway (SP-065),
which links the cities of Jacaref and Campinas. The figure also highlights the municipalities where
PELD CCM studies have been conducted.

Regarding mitigation measures, the SP-065 highway has two wildlife underpasses
installed in the Campinas municipality area (at km 143 + 555 and km 144 + 450), each
consisting of circular culvert (diameter greater than 2 m). Additionally, the concessionaire
mapped 33 another culverts, 12 cattle underpasses, and 52 existing bridges along the
highway where adaptations can be made, such as natural embankments, guiding fences,
and dry underpasses, to function as wildlife passages. The highway also features 38 wildlife
crossing warning signs. Traffic speed is controlled by 15 fixed radar units, with 11 on the
southbound lanes and 4 on the northbound lanes.

2.2. Roadkill Data

The highway concessionaires are responsible for the maintenance of the highways they
manage. This includes daily inspections every three hours in the state of Sao Paulo [34]
of sections under their jurisdiction, specifically looking for roadkill incidents. In an effort
to standardize the way accidents are recorded and to monitor the disposal of carcasses,
the Sao Paulo State Environmental Company (CETESB) requires state road operators to
generate periodic reports on wildlife mortality [35]. Accordingly, we requested data from
the Dom Pedro I Highway (SP-065) between April 2014 and June 2021, collected by the Rota
das Bandeiras concessionaire. The data were validated by an environmental consulting
firm hired by the concessionaire. During routine patrols, traffic inspectors record the
geographic coordinates of each roadkill event and photograph the carcasses whenever
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possible. All records, together with the supporting information provided by the inspection
team, were reviewed by the consulting firm. The firm’s team of biologists and veterinarians,
trained in wildlife management and conservation, assessed the material to confirm species
identification and ensure the overall reliability of the dataset. In addition, inspection staff
received regular training in data collection, handling of dead and injured animals, and
identification of the main species occurring along the highway, which further contributed
to the consistency of the records.

2.3. Functional Groups

The medium and large mammals recorded (body mass > 1 kg) [29,36] were classified
into five functional groups based on their home range size and use of anthropogenic areas,
such as pastures, agricultural plantations and reservoirs [37]. The home range classification
was based on the median values obtained from the literature [38—42]. The established
functional groups were as follows: G1—Mammals with small home ranges (<30,635 ha)
common in anthropogenic areas; G2—Mammals with small home ranges (<30,635 ha) that
avoid anthropogenic areas; G3—Mammals with large home ranges (>30,635 ha) common
in anthropogenic areas; G4—Mammals with large home ranges (>30,635 ha) that avoid
anthropogenic areas; G5—Capybara (Hydrochoerus hydrochaeris) (Linnaeus 1766). Although
the capybara has a large home range (>30,635 ha) and is common in anthropogenic areas,
it was placed in a separate group due to being the most abundant species in the dataset,
with a roadkill rate significantly higher than the other species in group G3. Data for small
mammals were excluded from the analysis due to difficulties in species identification by
traffic inspectors [43], as well as under-sampling [44].

2.4. Landscape Variables and Analysis Scale

For land use and land cover (LULC), we used data from MapBiomas [45], with a 30 m
pixel size. Prior to selecting MapBiomas collection 8, we reviewed the LULC data for the
period corresponding to the time when roadkill data were collected (2014-2021) and found
that the landscape remained stable (i.e., 94% with the same LULC in 2014 and in 2021).
Our variables of interest, expressed as percentages, included: forest, pasture, agriculture,
silviculture, urbanized areas, land use mosaics, and water bodies. These classes were
chosen because they are predominant around the highway. For each functional group, we
considered influence radii of specific dimensions [22,46], as the species within each group
have distinct home ranges and habitat requirements. The radius was used to create a buffer,
with the center given by the geographical coordinates of the roadkill records. This allowed
us to calculate the landscape composition within the buffers. For functional groups G1 and
G2 (small home range mammals), an initial radius of 500 m was used, ensuring that the
landscape variables around these animals’ core habitats are accurately captured, reflecting
their immediate surroundings and ecological interactions. Also, smaller buffers would not
fit well with the spatial resolution of the LULC map. For functional groups G3, G4, and G5
(large home range mammals), an initial radius of 3000 m was used. To assess the effect of
scale [47], we also analyzed buffers with double the initial radius for all functional groups.

2.5. Statistical Analysis

The records of mammal roadkill incidents were linked to landscape variables in
order to identify ecological patterns that could explain vehicle collisions with wildlife.
For each roadkill event, we generated a random point to represent a pseudo-absence of
roadkill. These points, along with the actual roadkill occurrences, were then used to create
a presence-absence matrix, with equal numbers of presence (1) and absence (0) entries for
each functional group.
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To estimate the relative likelihood of roadkill, we built generalized linear models
(GLMs) using a binomial distribution, where the presence and absence data served as
the response variable. The proportion of the seven landscape variables within the influ-
ence radii of each roadkill event were used as predictor variables. Separate groups of
models were constructed for each functional group. We tested for correlations between
the landscape variables, excluding models with variables with a correlation greater than
0.6 or less than —0.6 between themselves. Models exhibiting multicollinearity (Variance
Inflation Factor > 4.0) were also discarded. All models were ranked using the Akaike
Information Criterion (AIC) and selected based on their corrected AIC (AICc), with lower
AICc values indicating better-fitting models. Models with a AAICc < 2 and evidence ratio
less than 2 were considered equally plausible. Statistical analyses were performed using R
version 4.3.3 [48], with the packages ‘bbmle’, ‘numDeriv’, ‘efeitos’, ‘ggplot2’, and ‘corrplot’.

3. Results
3.1. Distribution of Roadkill Incidents

Between April 2014 and June 2021, a total of 1418 medium- and large-sized
mammals were recorded as roadkill along the Dom Pedro I Highway (SP-065), rep-
resenting 24 different species (Table 1). The estimated roadkill rate was 0.00357 in-
dividuals/km/day. Among the georeferenced records, 854 (~60%) were capybaras
(Hydrochoerus hydrochaeris)—classified as Group G5. The second most affected species was
the crab-eating fox (Cerdocyon thous) (Linnaeus 1766), with 184 records (~13%), followed by
the European hare (Lepus europaeus) (Pallas 1778), with 143 records (~10%). Together, these
three species accounted for 83% of the dataset. The European hare is an exotic herbivore and
invasive species in Brazilian biomes [25], introduced for sport hunting along the border of
Rio Grande do Sul and Uruguay in the 1950s [49]. Eight species included in the dataset are
listed in at least one of two threat categories—endangered or vulnerable—at the local [50],
regional (MMA 2022), or global [51] levels (Table 1).

Table 1. Ecological characterization of medium- and large-sized mammals (>1 kg) recorded as roadkill
along the Dom Pedro I Highway (SP-065). Data are based on the species’ average home range [38-42]
and habitat use [37]. Scientific nomenclature follows [52], while body weight references Paglia [36].
Conservation status is provided for local (SP = Sao Paulo) [50], regional [16], and global scales [51].
Categories include EN = endangered, VU = vulnerable, NT = near threatened, DD = data deficient,
LC =least concern, NA = not assessed, and * = exotic species.

Mean Status
Taxa Habitat Type Home Weight (kg) . IUCN
Range (ha) SP ICMBio [51]

Didelphimorphia

Didelphidae

Didelphis albiventris Lund, 1840 forest, savanna, shrubland, 0.08 0522750 LC  LC LC
artificial /terrestrial

Didelphis aurita (Wied-Neuwied, 1826) forest, shrubland, 1.25 067a18  LC LC LC
artificial / terrestrial

Cingulata

Dasypodidae

forest, savanna, shrubland,

Dasypus novemcinctus Linnaeus, 1758 grassland, 3.76 3.65 LC LC LC
artificial / terrestrial

Dasypus septemcinctus Linnaeus, 1758  forest, savanna, grassland <1.60 15 LC LC LC
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Table 1. Cont.
Mean Status
Taxa Habitat Type Raﬁ;:!n(eh N Weight (kg) SP  ICMBio I[[JS%\]
Pilosa
Bradypodidae
Bradypus variegatus Schinz, 1825 forest, artificial / terrestrial 3.1 3.9 DD LC LC
Primates
Atelidae
Alouatta caraya (Humboldt, 1812) forest, savanna 19.52 3.8a8.2 EN NT NT
Alouatta guariba (Humboldt, 1812) forest 24.25 41a7.15 EN NA VU
Lagomorpha
Leporidae
Sylvilagus sp. forest <4.0 1.2 - - -
Lepus europaeus Pallas, 1778 * Sz:szlc‘jgld/tfrrfessstlizf 69.51 38 LC NA LC
Carnivora
Mephitidae
Conepatus semistriatus (Boddaert, 1785) fore;i,ass};f:rl:éand, 104 24 DD LC LC
Procyonidae
Nasua nasua (Linnaeus, 1766) forest, shrubland 387.61 5.1 LC LC LC
Procyon cancrivorus Cuvier, 1798 forest, wetland 3.38 5.4 LC LC LC
Canidae
forest, savanna, shrubland,
Cerdocyon thous (Linnaeus, 1766) grassland, wetland, 375.07 6.5 LC LC LC
artificial/ terrestrial
forest, savanna, shrubland,
Chrysocyon brachyurus (Illiger, 1815) grassland, wetland, 5580.03 22 VU VU NT
artificial/ terrestrial
Lycalopex vetulus (Lund, 1842) - ﬁcsi:’j‘tr;fe’s erial 367.25 4 VU VU NT
Felidae
Leopardus guttulus (Hensel, 1872) forest, savanna 1121.33 1.5a3.0 VU vuU VU
Leopardus pardalis (Linnaeus, 1758) forest, savanna, shrubland 3728.14 8.0a11.0 VU LC LC
Puma concolor (Linnaeus, 1771) fores;rzas‘;f;ri’i‘sr:rﬁland' 26951.5 20a70.0 VU  NT LC
Artiodactyla
Cervidae
Mazama americana (Erxleben, 1777) forest 72.96 24.0a48.0 EN DD DD
forest, savanna, shrubland,
Subulo gouazoubira (Fischer, 1814) grassland, wetland, 48.96 17.0a25.0 LC LC LC
artificial /terrestrial
Rodentia
Caviidae
Hydrochoerus hydrochaeris forest, savanna, wetland 33.69 35.0a65.0 LC LC LC
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Table 1. Cont.
Mean Status
Taxa Habitat Type Home Weight (kg) . IUCN
Range (ha) SP ICMBio [51]
Cuniculidae
Cuniculus paca (Linnaeus, 1766) forest 2.26 9.3 NT LC LC
Erethizontidae
Coendou prehensilis (Linnaeus, 1758) forest 18.67 32ab53 DD NT LC
Echimyidae
Myocastor coypus (Molina, 1782) * wetland, artificial /aquatic 27.58 6.7 LC LC LC

Species

When analyzing the relative abundance of roadkill across functional groups, Group
G5 (capybaras) was by far the most represented. The second most frequent group was G3
(large home range mammals common in anthropogenic areas), comprising five species and
approximately 25% of the records. This was followed by G1 (small home range mammals
common in anthropogenic areas), represented by six species and 10% of the records. Groups
G2 (small home range mammals that avoid anthropogenic areas) and G4 (large home range
mammals that avoid anthropogenic areas) each contributed just over 4% of the total roadkill,
with both groups represented by six species each. The classification of mammals into their

respective functional groups based on the adopted criteria is illustrated in Figure 2.

Myocastor coypus m
Didelphis aurita &
Didelphis albiventris (.2
G1 Dasypus novemcinctus .
Coendou prehensilis % —
Bradypus variegatus @
Sylvilagus sp. S
Procyon cancrivorus = 'fy}:s
G2 Dasypus septemcinctus - 4.
Cuniculus paca ﬁb
Alouatta guariba ?5
Alouatta caraya %
Subulo gouazoubira ] I ! !i
Lycalopex vetulus = Y Z
G3 Lepus europaeus e R
Chrysocyon brachyurus n —7
Cerdocyon thous ti\ e i
Puma concolor ] j ; !ﬁ
Nasua nasua 1 :'ﬂ(('
G4 Mazama americana >
Leopardus pardalis I L 7
Leopardus guttulus | 'ﬁ %“”
Conepatus semistriatus ﬁv
G5 Hydrochoerus hydrochaeris ( (
0 250 500 750

Number of Roadkills

Figure 2. Number of roadkill incidents involving medium- and large-sized mammal species, catego-
rized by functional groups, along the Dom Pedro I Highway (SP-065), from April 2014 to June 2021.
The species miniatures are to scale, proportionate to their actual sizes.

Figure 3 shows the spatial distribution of roadkill records for the functional groups
along the Dom Pedro I highway (SP-065), plotted over a satellite image.
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Figure 3. Spatial distribution of medium and large-sized mammal roadkill along Dom Pedro I
Highway (SP-065), categorized by functional groups (G1-G5).

3.2. Model Selection

From the analyses conducted, four models were selected based on AICc across the
different evaluated scales (Table 2). For Group G1—small home-range mammals commonly
found in anthropic areas—the best model indicated a positive effect of native forest and
pasture on roadkill occurrences within a 500 m radius. Conversely, a negative relationship
was observed for the land-use mosaic in this model (Figure S1). For Group G3—large home-
range mammals commonly found in anthropic areas—two models were selected, one for a
3000 m radius and another for a 6000 m radius. However, the 3000 m radius model had the
lowest AICc value (1000.77). In both models, pasture and agriculture showed a positive
effect on roadkill occurrences (Figures S2 and S3), although the p-values for pasture were
not statistically significant (3000 m radius: p = 0.069; 6000 m radius: p = 0.110). For Group
Gb5—capybara (Hydrochoerus hydrochaeris)—positive effects of pasture and agriculture were
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observed within a 3000 m radius, while, similar to Group G1, the land-use mosaic had
a negative effect (Figure S4). At the 6000 m radius, the same influences were observed.
However, these results were also not statistically significant (p > 0.05).

Table 2. Models selected based on the corrected Akaike Information Criterion (AICc). The “Estimate”
column provides the estimated effect: positive values indicate a positive effect, while negative values
indicate a negative effect.

Functional Group Radii (m) Landscape Variable p-Value AICc Estimate
mosaic of uses 246 x 10713 —9.644
Gl 500 native vegetation 6.97 x 107° 312.94 7.217
pasture 7.96 x 107 8.589
agriculture 0.003 4.135
G3 3000 1000.77
pasture 0.069 1.406
agriculture 0.016 3.959
G3 6000 1003.29
pasture 0.110 1.489
agriculture <2 x 10716 59.596
G5 3000 mosaic of uses <2 x 10716 361.05 —64.680
pasture <2 x 10716 48.501

For Group G1 (1000 m radius), Group G2 (500 m and 1000 m radii), and Group G4
(3000 m and 6000 m radii), the null model was selected as the best model. This suggests
that factors not included in the models likely play a stronger role in explaining roadkill
occurrences than the evaluated landscape variables. However, it is important to note
that Groups G2 and G4 had low sample sizes (35 and 23 roadkill records, respectively),
which may have been insufficient to detect patterns in the relationship between roadkill
occurrences and landscape characteristics. Regarding land use and cover, the predominant
classes surrounding the highway were the land-use mosaic, pasture, and forest, both at the
3 km and 6 km radii (Table S1). Some land-use classes within the buffers, such as other
non-vegetated areas, mining, wetlands, and rocky outcrops, were minimally represented
and therefore excluded from the analyses.

4. Discussion

Our study underscores the significant risks that roadkill poses to mammal conserva-
tion, even along relatively short road segments. A total of 11% percent of medium and large
mammal species known to occur in Sao Paulo state were documented in this study [53],
including eight species threatened at the state level, three at the national level, and two
globally. This research is among the few that link landscape features with the probability of
roadkill for functional mammal groups on Sao Paulo’s highways, offering valuable insights
into where species are most likely to cross roads and become vulnerable to collisions [13].
Roadkill-induced population losses are particularly concerning in the Neotropical region,
where land-use changes—primarily for food and energy production—are often viewed as
necessary for economic growth, which in turn drives road infrastructure expansion [28].
Generally, the most road-killed species are also the most abundant and widely distributed
within their ranges [25,29,54]. Notably, nine of the fifteen most road-killed mammal species
in Brazil appear in our records [55]. Among large mammals, species like the capybara
(Hydrochoerus hydrochaeris), crab-eating fox (Cerdocyon thous), maned wolf (Chrysocyon
brachyurus) (Illiger, 1815), puma (Puma concolor) (Linnaeus 1771), and red brocket deer
(Mazama americana) (Erxleben 1777) can cause severe accidents, including human fatali-
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ties and substantial material damages [7,8]. The mammal species analyzed in this study
do not exhibit migratory behavior, as their movements are restricted to their established
home ranges.

Our results reveal that nearly two pumas (Puma concolor) are killed annually on the
Dom Pedro I Highway, a concerning rate for the Atlantic Forest biome. For comparison,
Secco [23] recorded three deaths of this species over four years on a 322 km stretch of
BR-101 in Rio de Janeiro. Given the naturally low population sizes of pumas [56], roadkill
significantly impacts their populations, as their slow reproduction rates hinder recovery [57].
Although we found no correlation between forest mammals’ roadkill (G2 and G4) and forest
areas, the high number of species avoiding anthropogenic areas in our dataset highlights
the importance of the Cantareira-Mantiqueira Corridor for conserving mammals sensitive
to anthropogenic changes. While the limited sample size for G2 and G4 (n = 58) may have
constrained pattern detection, evidence suggests these mammals are road-killed randomly,
irrespective of land-use classes [58]. More records may further clarify whether there is a
positive effect of forest, due to potentially larger populations in these areas, or a negative
effect, as mammals may move less due to readily available resources.

Mammals in functional groups G1, G3, and G5 showed positive responses to pasture
and agriculture. These generalist species often inhabit transitional habitats and exploit
extensive anthropogenic landscapes, sometimes establishing home ranges in such areas [15].
Resources in these environments tend to be sparse and scattered compared to natural
landscapes, requiring greater movement and increasing the likelihood of crossing roads
and becoming roadkill [59]. Additionally, native forest areas positively influenced roadkill
rates in G1 mammals, despite their occurrence in anthropogenic areas. Exceptions include
species like the nutria (Myocastor coypus) (Molina 1782), which is non-native for the Sao
Paulo state and typically found in wetlands [37]. Conversely, the “mosaic” land-use
class negatively affected roadkill rates for G1 and G5 groups. This category, defined
as a mix of agricultural and pasture areas [60], may result in fewer roadkill incidents
because its mixed-use characteristics could reduce the frequency of mammal crossings,
potentially offering less accessible or desirable resources compared to uniform pasture or
agricultural landscapes.

Over time, natural landscapes surrounding roads are often converted into anthro-
pogenic fields and urban areas [22]. This increases isolation for species less tolerant of
land-use changes, explaining why such species are less frequently road-killed on older
highways like Dom Pedro I (SP-065). Our results for G3 (large home range, common in
anthropogenic areas) confirmed our initial hypothesis, showing increased roadkill risks
in proportion to altered landscapes. Similarly, pasture positively influenced roadkill rates
for G1 mammals, supporting expectations. Unexpectedly, native vegetation also showed a
positive association with G1 roadkill, which aligns with their habitat use patterns. However,
contrary to our hypothesis, capybara roadkill was not influenced by proximity to water
bodies [61], but rather by agricultural and pasture landscapes [62,63]. This is likely be-
cause Dom Pedro I crosses two major aquatic systems, the Jaguari River and the Atibainha
Reservoir, where bridge structures are equipped with concrete barriers such as New Jersey
barriers that extend beyond the bridges and their abutments. These structures restrict
wildlife access to the roadway while still allowing movement along the margins beneath
the bridges. However, we do not have field evidence confirming the effectiveness of these
barriers in preventing capybara crossings, nor do we have direct observations of capybaras
using the areas below the bridge structures. This may help explain why water bodies did
not emerge as significant predictors in our models. Although the proposed mechanism
remains plausible, complementary field studies would be necessary to fully assess how
these structures influence capybara movements and their likelihood of crossing the high-
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way. Regarding spatial scales, our results indicate that the presence of forest fragments and
pastures within a 500 m radius of the highway increases roadkill risks for G1 mammals,
such as the brown-throated sloth (Bradypus variegatus) (Schinz 1825), which depend on
vegetation and frequently cross roads to access other fragments [28]. For G3 mammals,
agricultural landscapes within a 3000 m radius also showed positive associations with
roadkill, with effects extending to 6000 m, reflecting their broader dispersal capacities [25].
Similarly, capybara roadkill (G5) responded positively to pastures and agricultural areas
within 3000 m of the road. The capybara prefers habitats associated with wetlands, in-
cluding areas with permanent or seasonal water combined with herbaceous vegetation for
grazing [62]. These environments provide the essential resources the species depends on:
water, food, and shelter [62,64].

Functional group-based impact assessments proved effective, enabling multi-species
mitigation strategies [25] and optimizing resource allocation. Mitigation actions should
align with the biological and behavioral traits of each group. The positive relationship be-
tween pasture/agriculture and roadkill underscores the need to shift mitigation paradigms,
which typically prioritize hotspots near native vegetation and riparian forests [15]. How-
ever, landscape influence analyses should complement rather than replace hotspot iden-
tification, ensuring mitigation measures address specific ecological problems for each
highway [20]. Our findings also highlight the shared responsibilities among stakeholders
in addressing medium and large mammal roadkill. Road operators must enhance infras-
tructure to ensure genetic flow and ensure wildlife crossings occur through appropriate
infrastructure, such as underpasses or overpasses, rather than across traffic lanes. Given
that landscape-scale effects extend beyond the 60 m wide road domain [33], integrated
landscape management within environmental licensing frameworks is essential. Tools like
Brazil’s Rural Environmental Registry [65] offer a legal basis for managing agricultural ar-
eas to minimize wildlife impacts [66]. Municipal governments must also improve land-use
planning to fulfill their responsibilities [67]. In this context, it is important that mitigation
measures are incorporated and preserved on municipal roads.

Overall, our findings emphasize the critical need for targeted conservation measures
and adaptive management strategies that consider the specific traits and behaviors of
different mammal groups. By addressing landscape influences alongside road-specific
features, mitigation efforts can more effectively balance biodiversity conservation with
road safety.

5. Conclusions

The presence of various forest-dwelling, rare, and threatened species reinforces the
significance of the Cantareira-Mantiqueira Corridor for medium and large mammal conser-
vation. Generalist species face higher roadkill risks in pasture and agricultural matrices,
while native vegetation positively influences roadkill rates for small home-range gener-
alist mammals. On the Dom Pedro I Highway (SP-065), scale effects varied from 500 m
to 3000 m around roadkill sites, reflecting the biological traits of the functional groups
analyzed. Mitigation measures should shift from traditional hotspot-focused approaches
near native vegetation to encompass agricultural and open land-use matrices. In highly
fragmented landscapes, where few native vegetation areas remain, many mammals use
pastures and agricultural fields as both transit routes and habitats. Since our results show
that these matrices significantly contribute to roadkill, mitigation measures must also ad-
dress these land-use classes to enhance road safety and biodiversity conservation. However,
we currently lack scientific evidence to propose specific operational guidelines for these
landscapes, such as the number of wildlife crossings that should be installed per kilometer
in agricultural areas or the proportion of native vegetation that should be retained within
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pastures to reduce animal movements. Any recommendation at this stage would therefore
be speculative, and further empirical studies are needed to generate practical, evidence-
based guidance for mitigation planning in these environments. Clear research questions
must also guide mitigation strategies, particularly regarding whether the primary goal is to
reduce roadkill or to mitigate barrier effects. These strategies should target specific species
or groups and be tailored to the surrounding landscape attributes. Future research should
further investigate the relationship between roadkill and forest-dwelling mammal species,
including whether defaunation processes influence populations near roads. For Dom Pedro
I, assessing potential barrier effects on G2 and G4 species would provide valuable insights
into their movement patterns and habitat use.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/wild3010010/s1, Table S1: Quantitative characterization
of land-use and cover classes surrounding the Dom Pedro I highway (SP-065), Figure S1: Selected
model for functional group G1 with a 500 m radius, where G1 represents small home-range mammals
(<30.635 ha) commonly found in anthropic areas, Figure S2: Selected model for functional group G3
with a 3000 m radius. G3 represents large home-range mammals (>30.635 ha) commonly found in an-
thropic areas. The p-value for the pasture variable was >0.05, Figure S3: Selected model for functional
group G3 with a 6000 m radius. G3 represents large home-range mammals (>30.635 ha) commonly
found in anthropic areas. The p-value for the pasture variable was >0.05, Figure 54: Selected model
for functional group G5 with a 3000 m radius. G5 represents the capybara (Hydrochoerus hydrochaeris,
Linnaeus 1766).
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