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Abstract. Although the evolution of transportation has been crucial to Brazil's development, the linear infrastructures associated with
it cause a series of impacts on biodiversity. Vertebrate roadkill is one of the most notorious and studied of all these threats; however,
studies on this topic are still lacking in the State of Rio de Janeiro. The present research investigated the relevance of vertebrate roadkill
rates along the RJ-106 road within the ‘Nticleo Experimental de Iguaba Grande’ area, identifying their temporal and spatial patterns.
For this purpose, we carried out weekly on-foot samplings over two years, totaling 189 km in 105 field incursions. The recorded data,
comprising 245 occurrences from 23 identified species, revealed a roadkill rate of 1.29 individuals/km/day. The group with the most
records was Aves (n =92), followed by Amphibia (n =70), Mammalia (n = 55) and Reptilia (n = 24). We found no statistically significant
differences were found in monthly roadkill rates between dry and wet seasons for most investigated groups, except for amphibians,
which exhibited higher rates in the wet season. Although not statistically significant, we found, through a Canonical Correspondence
Analysis, relations between some groups and landscape characteristics: amphibian roadkill was associated with dry forest, reptiles with
open vegetation, and mammals with water bodies and urban/anthropized areas. The observed distribution patterns, both temporal
and spatial, can be attributed to the behavioral ecology of the recorded species and the distribution of resources in the environment. In
all, this study provides valuable data for an important vegetation remnant in the Cabo Frio Region and suggests potential mitigation
measures. By shedding light on the road-induced ecological effects in this region of the State, we aim to emphasize the importance of
addressing and minimizing such impacts.
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Resumo. Padroes de distribuicdo de vertebrados silvestres atropelados no ‘Nucleo Experimental de Iguaba Grande’
(NEIG-UFF), Rio de Janeiro, sudeste do Brasil. Embora a evolugao dos transportes tenha sido fundamental para o desenvolvimento
do Brasil, as infraestruturas lineares associadas geram uma série de impactos sobre a biodiversidade. Os atropelamentos de vertebrados
sao um dos mais evidentes e estudados desses impactos; contudo, no estado do Rio de Janeiro, ainda sdo escassos os estudos sobre
o tema. Esta pesquisa investigou a relevancia das taxas de atropelamento de vertebrados ao longo da rodovia RJ-106, que atravessa
0Ncleo Experimental de Iguaba Grande; identificando seus padrdes temporais e espaciais. Realizamos amostragens semanais a pé
a0 longo de dois anos, totalizando 189 km em 105 incursdes de campo. As 245 ocorréncias registradas, de 23 espécies identificadas,
revelaram umataxa de atropelamento de 1,29 individuos/km/dia. 0 grupo com mais registros foi o das aves (n =92), sequido por anfibios
(n=70), mamiferos (n = 55) e répteis (n = 24). Contrariando nossas expectativas, nao foram encontradas diferencas estatisticamente
significativas nas taxas mensais de atropelamentos entre as estacdes seca e chuvosa para a maioria dos grupos investigados, exceto
para os anfibios, que apresentaram taxas mais altas na estacao chuvosa. Embora ndo tenham sido estatisticamente significativas,
as andlises de Correspondéncia Candnica revelaram associagdes entre alguns grupos e caracteristicas da paisagem: atropelamentos
de anfibios foram associados a dreas de mata seca, os de répteis a vegetacao aberta, e os de mamiferos a corpos hidricos e dreas
urbanas/antropizadas. Os padrées de distribuicdo observados, tanto temporais quanto espaciais, podem ser atribuidos a ecologia
comportamental das espécies registradas e a distribui¢ao de recursos no ambiente. De forma geral, este estudo fornece dados valiosos
sobre um importante remanescente de vegetacao na Regiao de Cabo Frio e sugere possiveis medidas de mitigacao. Ao esclarecer os
efeitos ecoldgicos das rodovias nesta regiao do estado, buscamos ressaltar aimportancia de abordar e minimizar tais impactos.

Palavras-Chave. Mata Atlantica; Conservacao; Ecologia de estradas; Atropelamento de fauna; Andlise espacial.
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INTRODUCTION

Since the first civilizations, transportation has played a
pivotal role in human development, facilitating access to new
territories and the movement of goods and people, and later
integrating all productive systems (Barat, 1969). In Brazil, road
infrastructure became a cornerstone of socioeconomic struc-
tures, while rail and water transports faced a disorganized dis-
mantling history, particularly post-World War I (Barat, 1969;
Santos, 2002; Pereira & Lessa, 2011). Contemporary perspec-
tives recognize roads, among other linear infrastructures,
as one of the leading anthropogenic causes of biodiversity
loss worldwide (Bager et al,, 2007). These structures induce a
range of direct and indirect ecological impacts, including soil
sealing, habitat fragmentation, and logging (see Forman & Al-
exander, 1998; Trombulak & Frissel, 2000; Forman et al,, 2003;
Coffin, 2007; Fahrig & Rytwinski, 2009; Rosa & Bager, 2013).

Despite the worldwide attention to road-induced im-
pacts, Latin America has only recently become a focus for
the scientific community, resulting in a lack of critical base-
line studies in this part of the world (Forman et al,, 2003;
Pinto et al.,, 2020). Within the Brazilian State of Rio de Janei-
ro, even direct mortality due to animal-vehicle collisions
(AVCs), the most studied ecological effect of roads, lack
visibility. For instance, in the Cabo Frio (CF) Region (south-
eastern Rio de Janeiro), only one study about such impact
(Tavares & Bruno, 2019) has been conducted to date.

The CF region, characterized by highly fragmented na-
tive vegetation (see Bohrer et al, 2009; Miiller & Oliveira,
2020), houses the’Nucleo Experimental de Iguaba Grande’
(NEIG-UFF). This site, with only 169.4 ha, stands out as the
most preserved vegetation remnant on the northern mar-
gin of the Araruama Lagoon, representing an important
area for the conservation of regional ecosystems (Martins
et al, 2012). However, its relevance is underscored by the
fact that it is intersected by a major road, RJ-106, which is
why it was selected as a study area for the present study.

Considering this, our research aims to (I) map and iden-
tify the most frequently roadkilled vertebrate species in the
RJ-106 stretch that crosses the NEIG-UFF, (Il) estimate an ap-
proximate roadkill rate to assess its potential impact for the
area, and (lll) describe and explain the spatial and temporal
patterns of these occurrences. Additionally, we seek to test
if (I) given the high human presence in the NEIG-UFF sur-
roundings, the most commonly roadkilled species are those
of generalist habits; (Il) considering the region’s dry climate,
both climatic variables and roadkill rates exhibit seasonal
variations, with higher mortality in the wet season; (1ll) there
are sufficient occurrences of animal mortality in the studied
area to form significant roadkill aggregations (hotspots); and
(IV) there are specific landscape characteristics which are
more strongly associated to each vertebrate group roadkills.

MATERIAL AND METHODS
Study area

The ‘Nucleo Experimental de Iguaba Grande’
(22°50'54.6"S, 42°11'50.3"W, datum WGS84), situated in
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the limits of the municipalities of Iguaba Grande and Séo
Pedro da Aldeia, is a remnant Atlantic Forest area within
the Sapiatiba Environmental Protected Area (APA Sapi-
atiba), in southeastern Rio de Janeiro State, Brazil. Ad-
ministered by the Veterinary School of the Universidade
Federal Fluminense (UFF, Niteroi — RJ), NEIG-UFF stretch-
es along the southern border of the hypersaline lake Ara-
ruama Lagoon, intersected by approximately 1.3 km of
the state road RJ-106. The study area encompasses this
1.3 km stretch and an additional 500-meter segment
west of NEIG-UFF, totaling approximately 1.8 km.

Throughout this extension, RJ-106 is a two-way road
with shoulders on both sides and a bike path on its
southern side; it has no central barrier or speed break-
ers. The road was built in 1940 to connect the munici-
palities of Niter6i and Campos dos Goytacazes (Carvalho
et al, 2013), and according to a report from the Nation-
al Transport Confederation (CNT, 2019), it is structurally
sound but marked as inadequately signaled. In our stud-
ied stretch, pavement damage was observed in limited
sections, and there was no signaling except for a radar
speed sign at its outset.

During the time of this research, water bodies on the
NEIG-UFF’s roadsides included only a stream in the tran-
sition from urban to preserved areas, in its western por-
tion, and a small pond north of the road near the west
entrance gate. As for the vegetation, the site comprised
dry forest (seasonal tropical lowland and submontane
forests), open/disturbed vegetation (primarily areas
transformed into pasture), and Restinga along the mar-
gins of the Araruama Lagoon (Martins et al.,, 2012; Bruno,
2018).The 500-meter stretch west of the area, also select-
ed to be sampled, features a freshwater lake in its south-
western part and a residential zone where some carcass-
es were observed before formal data sampling. The study
area is encompassed by the Cabo Frio Center of Plant Di-
versity, thus being part of the region of the greatest rich-
ness of plant species on the coast of the Rio de Janeiro
State — which is home to several endemic plant groups
(Araujo et al,, 2009; Bohrer et al., 2009).

The climate in the CF Region varies from a hot semi-ar-
id climate in the east to a tropical savanna climate with
dry-winter characteristics in the west (Barbiéri, 1997; Coe
et al, 2007; Araujo et al, 2009; Coe & Carvalho, 2013).
Specifically, NEIG-UFF is situated in one of the driest sec-
tions of the region, receiving less than 900 mm of annual
rainfall (CPRM, 2011). The mean temperature ranges from
18°C to 23°C, and evapotranspiration typically surpasses
precipitation (Araujo et al,, 2009; Bohrer et al,, 2009).

In terms of biodiversity, even though there are some
species lists for NEIG-UFF, few studies have been con-
ducted so far - thus indicating many gaps in the knowl-
edge about its fauna and flora (Bruno, 2018). Historical
accounts suggest a mammal diversity reduction due
to human activities, with past sightings of capybaras
(Hidrochoerus hydrochaeris) and greater naked-tailed
armadillos (Cabassous tatouay) in Sapiatiba, probably
extinct by poaching (Mansur et al,, 2014; SEMADS, 2015;
Bruno, 2018). Modern records in the northern and/or
more conserved areas of the CF Region include large
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and medium-sized mammals such as cougars (Puma
concolor), crab-eating foxes (Cerdocyon thous), crab-eat-
ing raccoons (Procyon cancrivorus), and maned sloths
(Bradypus torquatus); however, none of those species are
currently documented in the NEIG-UFF (pers. obs., Mansur
et al.,, 2014; SEMADS, 2015; Bruno, 2018; INEA, 2019). Avi-
fauna records surpass 150 species, including endangered
ones such as the restinga antwren (Formicivora serrana
littoralis) and the royal tern (Thalasseus maximus). Howev-
er, the complete list of bird species remains unpublished
(Bruno, 2018; Bruno & Brandes, 2009; Navegantes, 2009).
For NEIG-UFF’s herpetofauna, see Martins et al. (2012).

Data collection

We collected data in weekly samplings, spanning
from the first week of February 2018 to the third week
of February 2020, during the first hours after sunrise (be-
tween 7:00 h and 9:00 h), in a two-person team (NDFR
and an occasional auxiliary observer), in west-east di-
rection. The on-foot sampling method was chosen to
increase observer efficiency, thus minimizing the un-
derestimation of records (Rosa et al., 2012; Teixeira et al.,
2013b; Pereira et al., 2018). In instances where field in-
cursions were impractical due to safety concerns or un-
foreseen personal circumstances, monitoring days were
deferred to the subsequent week(s).

All registered vertebrates were georeferenced with
the OruxMaps v.6.0.10 mobile application, photo-
graphed and, to decrease the risk of scavenger roadkill
and to avoid being recounted, removed from the road,
usually being relocated into the NEIG-UFF’s edge vege-
tation. In this study, roadkilled animals were defined as
those discovered deceased on the road or its verges, and
taxonomic identification relied on morphological and
anatomical analyses, incorporating bibliographic data
and consultation with other professionals.

Monthly climatic data (temperature, relative air hu-
midity and accumulated precipitation) were sourced
from the National Meteorological Institute (Instituto Na-
cional de Meteorologia, INMET) databases for the ‘Igua-
ba Grande’station (83114). Relations with traffic intensity
were not assessed due to the absence, to our knowledge,
of this data for the area studied. For landscape analysis,
the land-cover and use data were delimited through
QGIS v.3.10.8 (QGIS Development Team, 2020) and in-
terpreted based on the works of Bohrer et al. (2009) and
Bruno (2018), complemented by the interpretation of
satellite images available on Google Earth®©.

Data analysis

To facilitate the interpretation and discussion of our
findings, we systematically divided the studied stretch
into six sections (t1 to t6) of approximately 300 meters,
each (Fig. 1). Domestic animals (Canis lupus familiaris,
Felis catus and Rattus sp.) were intentionally excluded
from the data analysis, but unidentified individuals were
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kept. Statistical tests were performed for species and
groups of species with 10 or more records: vertebrates,
birds, amphibians, mammalians, reptiles, Didelphis aurita,
Chiroptera and Passeriformes.

Roadkill rates (roadkills’/km/day) were calculated us-
ing the statistical software Siriema v.2.0 (Coelho et al,
2014), with both sampling efficiency (p) and character-
istic time of carcass removal (TR) set to 1, for the total
sampling period and each month. The presence of signif-
icant differences between monthly climatic variables or
roadkill rates in distinct seasons was examined using the
Mann-Whitney (Nachar, 2008) and Kruskal-Wallis (Ostert-
agovaetal,, 2014) tests. For this purpose, the months were
categorized into the following sets: October to December
(spring), January to March (summer), April to June (au-
tumn), July to September (winter). May to September rep-
resented the dry season, and October to April constituted
the wet season. For statistically significant Kruskal-Wallis’
results, we applied Dunn’s post-hoc test (Dunn, 1964),
with no adjustment method (Rothman, 1990). Further-
more, we investigated potential correlations between
climatic variables and monthly roadkill rates using Spear-
man and Kendall correlation tests (Akoglu, 2018; Schober
et al, 2018). Before these analyses, the data underwent
a Shapiro-Wilk normality test (Razali & Wah, 2011). All
temporal analyses were conducted using RStudio Desk-
top v.1.3.1056 (R Core Team, 2020, RStudio Team, 2020)
and the packages “dlpyr” (Wickham et al., 2020), “rstatix”
(Kassambara, 2020), “car” (Fox & Weisberg, 2019), “RVAide-
Memoire” (Hervé, 2020), and “psych” (Revelle, 2020).

We executed a two-step process to determine the
presence of significant roadkill aggregations. We initial-
ly applied a 2D Ripley’s K statistic (Coelho et al, 2008),
utilizing an initial radius of 50 meters, an increment of 1
meter, and 95% confidence interval in 1,000 simulations.
The chosen initial radius aligns with a scale that ensures
greater reliability and where most mitigation measures
can be effective (Teixeira et al, 2013a), and the value
selected for radius increment allows for more detailed
results. Subsequently, we performed 2D HotSpot Identi-
fication analyses (Coelho et al., 2012), with a 95% confi-
dence interval in 1,000 simulations. The road was divided
into 500 segments, and the radius selected was the low-
est value indicating significant aggregations in Ripley’s K
statistics. Both steps were performed with Siriema v.2.0
(Coelho etal,, 2014).

Finally, to explore the relationship between roadkills
and landscape aspects, we conducted Canonical Corre-
spondence Analysis (Braak, 1986; Palmer, 1993) and the
“vegan” package (Oksanen et al,, 2019) in RStudio Desk-
top v.1.3.1056 (R Core Team, 2020; RStudio Team, 2020).
For the environmental variation matrix, we divided the
studied area into 18 stretches of roughly 100 meters, and
the land-cover and use of each segment was analyzed
for about 50 meters north and south of the road. These
blocks served as sampling units for the matrix, and the
percentage of each of the following coverage classes was
calculated: urban/anthropized areas, dry forest, open/
disturbed vegetation, freshwater, and saltwater. Con-
sidering that the restinga area present at the beginning
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Figure 1. Map of the studied area divided into six 300-meter stretches, and surroundings land-cover and use in approximately 50 meters. Made with the free and

open source QGIS.

of the study area is anthropized, it was not treated as a
separate land-cover class for this analysis. For the species
abundance matrix, we estimated 200 roadkills for each
analyzed group through the 2D Kernel Density Estima-
tion (500 segments, SD = 100 meters) function in Siriema
v.2.0 (Coelho et al,, 2014) and incorporated them into the
observed roadkills.

Our records list, days of monitoring list, and R
script are accessible in a public repository: https://doi.
org/10.6084/m9.figshare.c.6158340.

RESULTS

In 105 field incursions spanning 189 km, we record-
ed 245 individuals from wild species (Table 1). These

comprised 92 birds (37.55%), 70 amphibians (28.57%),
55 mammals (22.45%), 24 reptiles (9.80%), and four
non-identified vertebrates (1.63%). In all, we identified
23 taxa of wild animals at the species level. However,
due to carcass decomposition, 81 specimens could not
be identified at the order level, and five could only be
classified at the family level. The most recorded species
were the black-eared opossum (Didelphis aurita, N = 23),
saffron finch (Sicalis flaveola, N = 8), guira cuckoo (Guira
guira, N = 7), burrowing owl (Athene cunicularia, N = 6)
and common boa (Boa constrictor, N = 5). All species
identified are classified as “Least Concern” in terms of
conservation status (MMA, 2022; IUCN, 2024).

The total observed roadkill rate was approximately
1.296 roadkills/km/day, with a minimum of 0 and a max-
imum of 18 individuals found during a field incursion,
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resulting in an average of 2.333 roadkills/day. For specific
taxa, the roadkills/km/day and roadkills/day rates were
as follows: birds — 0.487 and 0.875, amphibians - 0.370
and 0.667, mammals — 0.291 and 0.524, and reptiles -
0.127 and 0.228. The highest monthly mortality rate was
in January 2020 (4.815 roadkills/km/day), and the lowest
was in August 2018 (0 roadkills/km/day) (Fig. 2).

We observed higher monthly roadkill rates in the
wet season compared to the dry season for vertebrates
(U =39; p = 0.048) and amphibians (U = 16; p < 0.001).
However, no significant differences were found between
the two seasons for birds (U = 47; p = 0.126), mammals
(U=47; p =0.124), reptiles (U = 70.5; p = 0.811), black-
eared opossums (U = 69; p = 0.749), bats (U = 65.5;
p = 0.582) or passerines (U = 57.5; p = 0.208) (Fig. 3).
Examining temperate seasons, differences were not-
ed for birds (*s = 8.015; p < 0.001) and amphibians
(e = 9.316; p = 0.025), with higher rates also in sum-
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mer and spring, and reptiles ()(2(3) =9.656; p =0.021), with
higher rates in autumn. Monthly mean temperatures
were higher in the rainy season (U= 1; p < 0.001) and in
summer/spring (x’s = 19.584; p < 0.001), while precipita-
tion (U= 62; p = 0.488 and x° = 1.752; p = 0.625) and air
humidity (U = 69.5; p = 0.781 and x*3 = 1.881; p = 0.597)
showed no significant differences between seasons in
the hypothesis tests.

In the correlation tests, most relationships tested did
not yield statistically significant results (Table 2). The
exceptions were Amphibia vs. temperature (o = 0.494;
p=0.012 and 1= 0.412; p = 0.052), Amphibia vs. air hu-
midity (o = 0.402; p = 0.046 but T = 0.277; p = 0.065),
Mammalia vs. temperature (o = 0.401; p = 0.047 and
T = 0.327; p = 0.027), Mammalia vs. air humidity (o = -
0.409; p =0.042 and T =-0.288; p = 0.051), and Didelphis
aurita vs. air humidity (o = - 0.413; p =0.039 and T = -
0.308; p = 0.044). Vertebrates were correlated with tem-

Table 1. Roadkilled vertebrate species on the studied RJ-106 road stretch, indicating the number of registered individuals (N), their approximate percentage in
relation to the total number of recorded vertebrates (%) and conservation status according to IUCN (2024) and MMA (2022). LC: Least Concern.

Taxonomic identification N % Conservation status Taxonomic identification N % Conservation status
Non-identified vertebrates 4 1.562 Cuculiformes
Amphibia 70 2734 Cuculidae
Anura (rotophaga ani Linnaeus, 1758 1 0.391 LC
Non-identified anurans 59 23.047 Guira guira (Gmelin, 1788) 71134 i
Bufonidae Gruiformes
Rhinella pygmaea (Myers e Carvalho, 1925) 3 1172 LC Ralluliae )
Rhinella ornata (Spix, 1824) 1 0.391 LC Amm/d?s mangle (Spi, 1825) ! 0391 LC
. Passeriformes
Hylidae Estrildidae
Trachycephalus nigromaculatus Tschudi, 1838 3 1.172 LC Estrilda astrild (Linnaeus, 1758) 1 0391 I
Leptodactylidae Thamnophilidae
Leptodactylus sp. 4 1562 L Thamnophilus palliatus (Lichtenstein, 1823) 10391 L
Reptilia 24 9375 Thraupidae
Non-identified reptiles 1 0.391 Coereba flaveola (Linnaeus, 1758) 1 0.391 LC
Squamata Sicalis flaveola (Linnaeus, 1766) 8 3.125 LC
Non-identified serpents 5 1953 Tyrannidae
Boidae (amptostoma obsoletum (Temminck, 1824) 1 0.391 LC
Boa constrictor Linnaeus, 1758 5 1953 LC Strigiformes
Colubridae Strigidae o i
Oxybelis aeneus (Wagler, 1824) 3 0.781 e Athen(—.t cunicularia (Molina, 1782) 6 2.344 LC
Dipsadidae Tytonidae
o Tyto furcata (Temminck, 1827) 1 0.391 LC

Erythrolamprus miliaris (Linnaeus, 1758) 4 1.562 LC Mammalia 6 25781
Oxyrhopus petolarius (Linnaeus, 1758) 2 0.781 LC Non-identified mammalians 14 5468
Pseudablabes patagoniensis (Girard, 1858) 1 0.391 LC Carnivora
Elapidae Canidae
Micrurus anibal (Nascimento et al,, 2024) 1 0.391 - Canis lupus familiaris Linnaeus, 1758 3 1172 —
Teiidae Felidae
Ameiva ameiva (Linnaeus, 1758) 1 0.391 LC Felis catus Linnaeus, 1758 6 2344 —
Typhlopidae Chiroptera
Non-identified typhlopids 2 0.781 Non-identified chiropterans 17 6641
Aves 9 35937 Phyllostomidae
Non-identified birds 60 23437 N?n—iden.tified ph.yllostomids 1 0.391
Apodiformes D!delph!morphla
Trochilidae Didelphidae

o N Didelphis aurita Wied-Neuwied, 1826 23 8.984 LC
Non-identified trochilids 2 0.781 Rodentia
Columbiformes Muridae
Columbidae Rattus sp. 2 0781 —
(olumbina minuta (Linnaeus, 1766) 1 0.391 LC Total frequency 256 100
Columbina talpacoti (Temminck, 1810) 1039 LC Total wild vertebrate frequency 245 95.703
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Table 2. Correlation coefficients (between parentheses) and associated p-values for monthly roadkill rates and climatic variables. Statistically significant values
(a<0.05) are highlighted in bold.

Spearman’s p Kendall’s t
Temperature Humidity Precipitation Precipitation Humidity Temperature
Vertebrates 0.361(0.076) ~0.014(0.945) 0.102 (0.628) 0.075 (0.605) ~0.020(0.888) 0.283 (0.052)
Aves 0.289(0.161) 0.129(0.536) 0.161(0.440) 0.088 (0.541) 0.041(0.778) 0.201(0.166)
Amphibia 0.494(0.012) 0.402 (0.046) 0.321(0.118) 0.208(0.167) 0.277(0.065) 0.412 (0.006)
Mammalia 0.401(0.047) —-0.409 (0.042) ~0.195(0.349) ~0.135(0.359) -0.288(0.051) 0.327(0.027)
Reptilia 0.304(0.139) ~0.156 (0.457) ~0.080(0.703) ~0.062 (0.685) ~0.141(0.361) 0.223(0.148)
Didelphis aurita 0152 (0.469) -0.413(0.039) ~0.179(0.327) ~0.127 (0.404) -0.308(0.044) 0.101(0.507)
Chiroptera ~0.032(0.878) ~0.267(0.197) 0.197 (0.346) 0.146 (0.351) -0211(0.178) ~0.036(0.816)
Passeriformes 0.224(0.282) ~0.147(0.483) 0.023(0.913) 0.015(0.924) -0.123(0.451) 0.169 (0.300)
Temperature ~0.209(0.316) —~0.005 (0.981) ~0.023(0.870) ~0.137(0.338)
Humidity 0.471(0.017) 0.355(0.013)
perature (1T = 0.283; p = 0.052 but p = 0.361; p = 0.076). Table 3. Number of roadkilled wild vertebrates registered, separated by class
For climatic variables, only humidity and precipitation and road stretches.
(o =0.471; p =0.017 and T = 0.355; p = 0.013) showed
correlation. t1 t2 3 t4 t5 t6  Total
Spatially, stretch t2 had the highest total number of Aves no®onBouMo9 6 9N
records (N = 68), followed by t3, t6 and t1, t4 and t5, al- Amphibia 8 6 15 4 1B H4 70
though each vertebrate group varied in its distribution Mammalia o1 o002 45
(Table 3). Passeriformes did not exhibit significant spatial Reptilia 2 7 5 7 1 2 A
aggregations in Ripley’s K statistics, and consequently, Non-identifiedvertebrates 1 1 1 0 1 0 4
no hotspots could be identified for this group. However, Total % 68 M 3B 26 3% M
all the other seven groups analyzed presented roadkill
hotspots (Figs. 5 and 6) coinciding with the road stretch- with water bodies and urban areas, reptiles with open
es with higher roadkill numbers (Table 3). vegetation on at least one side of the road, black-eared
Regarding surroundings landscape aspects, consid- opossums with urban areas, and bats with open vege-
ering only the hotspots, amphibians seemed more asso- tation close near the dry forest. The Canonical Corre-
ciated with dry forest and anthropized areas, mammals spondence Analysis (CCA) confirmed most of these ob-

Monthly climate variables and vertebrate roadkill rates

>
=
&
350 o
-
@
300 S
~ va
O 250 ® =
~ ~— 0 =
o > T =
P =. Q
3% 200 g%
S E =~
1o

@ 5 150 S 3
o c o
€= I
< 100 3=
~wn
]
50 ’37
— ] :
0 Q
0O 0O 0 0 0 0 0 0 0 0 W O O O O O O O O O O O O O O 5
ttitt:;tttiti:tttt;tittﬁﬁ X
5T g2 0000225 T L2000 o0 N)
T = o S 2 30000 ©C 0 = 2 S 2 300 0 90 T ® =

S8 <X=23O°O DEQEEIIEC=3 O DEOEE 32

— > -— c —_ > - c —

8 = I &9 0@ ga= I 80 00§ <o

[0) 50 =2 9 5 0 50 =2 9 5 0

L ) o o L o) o O L

1] Z 0 ] Z A0

[ Precipitation Temperature  —-———- Air humidity Vertebrate roadkill rates

Figure 2. Climatic variables and vertebrate roadkill rates monthly variation during the sampling period for the studied area. Roadkill rates were multiplied by 20 to
facilitate visualization in the chart.
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servations and revealed additional associations, such as
the relationship between reptiles and water bodies, and
birds without a clear relation to any specific land-cover
and use categories (Fig. 4). Notwithstanding, while the
total CCA results were statistically significant (F4.3 = 1.89;
p = 0.023), only one of the four canonical axes was indi-
vidually significant (Table 4).

DISCUSSION

To compare roadkill rates from different sources, we
consulted 28 studies conducted across Brazil (see Appen-
dix 1), and all reported lower rates than those observed
in the present paper. The highest values found in the lit-
erature were 0.894 roadkills/km/day (Almeida & Cardo-
so-Junior, 2014) and 0.862 roadkills’km/day (Tavares &
Bruno, 2019). These findings indicate that the NEIG-UFF
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road mortality rate is not only high, but higher than oth-
ers available in the Brazilian literature, thus pointing to
the potential relevance of roadkills as an ecological dis-
turbing factor for the area. Such results also reinforce the
greater effectiveness of on-foot samplings by increasing
detectability (e.g., see Pereira et al., 2018 for a discussion
on the detectability of roadkilled anurans).
Nevertheless, cross-study comparisons should be in-
terpreted with caution. In addition to several differences
in landscape, climate, and local biodiversity, mortality
rates are clearly underestimated across the literature
due to observer efficiency and carcass persistence time
(Coelho et al., 2008; Teixeira et al, 2013b; Ratton et al,,
2014; Santos et al., 2016; Silveira et al., 2018; Cabrera-Ca-
sas et al.,, 2020). Because these factors vary with sampling
method, carcass size, climatic conditions, traffic intensity,
and presence of scavengers, it is difficult to judge how
and how much they have influenced our results. Notably,
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Figure 3. Boxplots showing the difference in monthly roadkill rates between tropical seasons for great groups (N > 20). Dots represent outliers.
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Figure 4. Canonical Correspondence Analysis plot, showing the position of each vertebrate group (black empty dots) to about landscape characteristics (red arrows),

among arrays on the first two canonical axes.

Table 4. Canonical Correspondence Analysis eigenvalues and percentage of
variance for the four canonical axes, with ANOVA results (F and p-values).

(CA1 (CA2 (CA3 (CA4
Eigenvalues 0.084 0.031 0.007 0.001
% of variance 24924 9.381 2.209 0.369
ANOVAF,.;3 5.134 1.932 0.455 0.076
p-value 0.042 0.457 0.959 0.990

we believe that the dry climate of the region was respon-
sible for increasing carcass persistence due to desicca-
tion, acting in contrast with the greater diversity of small
animals, which exhibit higher removal rates. Although
this problem could probably be overcome through spe-
cific estimations (see Coelho et al, 2014; Santos et al,,
2018), resource constraints hindered their implementa-
tion in our study.

An additional limitation of our research concerns
the sampling interval. While our weekly samplings are
enough to effectively identify the most frequently road-
killed species (therefore aligning with our primary objec-
tive), they may fall short of capturing the total richness
and abundance of vertebrates (especially birds and am-
phibians) affected by AVCs (Bager & Rosa, 2011; Santos
et al, 2015; Gonzéalez-Suarez et al,, 2018). In this context,
our results resonate with existing literature by revealing
that those species of generalist habits and greater mobil-
ity and abundance dominate the records (Forman et al.,
2003; Gonzalez-Suarez et al,, 2018).

However, it is important to highlight that this does
not mean that roadkill mitigation measures are not nec-
essary in the NEIG-UFF. Although these species do not
present worrying conservation statuses, all the five most
recorded (D. aurita, S. flaveola, G. guira, A. cunicularia, and
B. constrictor) are listed among the 42 most frequently
roadkilled vertebrates in Brazil (Grilo et al.,, 2018). More-
over, even low mortality rates can exert substantial
impacts on populations (Hartmann et al, 2011; Bueno

et al, 2015), and the probable random and non-selec-
tive nature of road mortality may pose serious long-term
threats to population dynamics if effective mitigation is
not established (Bujoczek et al., 2011).

About temporal distribution, contrary to expecta-
tions, we did not identify seasonality in climatic variables
during our sampling period, except for monthly mean
temperature. Consequently, the roadkill rates across
groups did not exhibit a clear seasonal pattern or cor-
relation with climatic variables. Different studies have re-
ported varied findings in this regard, with some indicat-
ing seasonality with higher rates in the wet season (San-
tos et al,, 2012; Machado et al., 2015; Santos et al., 2017),
others in the dry season (Bueno & Almeida, 2010), and
some recording an absence of seasonality (Hengemih-
le & Cademartori, 2008; Cunha et al., 2010; Ferreira et al.,
2014). Due to differences in methods, location, and sam-
pling times, making direct comparisons between these
studies becomes challenging. Moreover, understanding
roadkill temporal patterns demands specific population
and behavioral data on the local fauna, as seasonal vari-
ations are typically linked to species movement patterns,
stochastic fluctuations, and changes in traffic intensity
(Coelho et al,, 2008). Other variables unmeasured by us,
such as moon light (Carvalho et al, 2014; Mestre et al,
2019) and evapotranspiration (Cayuela et al,, 2019), may
also affect road mortality patterns.

Despite these challenges, certain general insights can
shed light on our results. For example, the anurans’ repro-
ductive period often coincides with months of higher tem-
peratures, involving migrations in spring for adults and
summer/autumn for juveniles (Bernarde, 2012; Coelho
etal, 2012). This aligns with our findings of increased am-
phibian roadkill rates in summer and spring, mirroring the
observed monthly temperature variations. The outcomes
of Martins et al's (2012) herpetofaunal survey suggest a
peak of activity for amphibians during the wet season in
the NEIG-UFF. In the same way, Didelphis aurita shows a
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Figure 5. Roadkill hotspots for the total sampling time, separated by each analyzed group. On the charts: red lines represent the N
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movement pattern during the year that could probably
explain our results, which are like others in the literature
(e.g., Ferreira et al, 2014). As shown by Loretto & Vieira
(2005), females become active during the dry season and
more reclusive during the wet season, while males tend
to move around larger areas during the reproductive peri-
od, covering the dry and much of the wet season. Despite
these seasonal differences being relatively subtle and the
presence and movement of these animals throughout
the year probably being uniform, such behavior might ex-
plain the weak negative correlation between black-eared
opossum’s roadkill rates and air humidity.

In the case of Chiroptera, our inability to identify any
species complicates the establishment of relations to
elucidate observed patterns. However, the proximity be-
tween Secco et al.’s (2017) study area and ours (approxi-
mately 50 km) suggests that our sample is likely compa-
rable to theirs. This implies that the absence of seasonal
differences for the group may stem from the fact that the
impacted species do not depend on specific seasonally
available resources.

Contrary to existing literature indicating a concentra-
tion of reptile road mortality in the rainy season, partic-
ularly in summer (e.g.,, Santos et al,, 2012; Carvalho et al.,
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2017; Santos et al., 2017; Gongalves et al., 2018), our re-
sults diverge. However, the lack of seasonality for tropical
seasons and the higher mortality rates in autumn could
probably be attributed to the records of Boa constrictor,
all documented between April and June 2018. This tem-
poral distribution aligns with the species’ reproductive
biology, primarily concentrated during autumn and win-
ter, with hatchlings being born in spring and summer
(Pizzato & Marques, 2007; Muioz-Avila et al., 2014) and
likely dispersing in autumn. Similarly, the observed ab-
sence of seasonality for bird roadkills in our research con-
flicts with some studies (Santos et al., 2012; Santos et al.,
2017), although it aligns with others (e.g., Carvalho et al.,
2017). Birds’ road mortality is commonly not influenced
by seasonal variations (Coelho et al.,, 2008; Rosa & Bager,
2012), even though more occurrences may be registered
in summer and spring (as presented here), probably due
to dispersion events of young individuals (Rosa & Bager,
2012).

Regarding spatial distribution, our findings align with
our proposed hypotheses. They are also consistent with
studies conducted in the Atlantic Forest (Coelho et al,,
2008; Bueno et al.,, 2015), in the Cerrado (Braz & Franca,
2016), and in the Massambaba Restinga, which is also
in the Cabo Frio Region (Tavares & Bruno, 2019). The
existing literature suggests a relatively uniform pattern,
where vertebrate roadkills are primarily influenced by
landscape, resource disposition, and species’ behavioral
ecology (Clevenger et al, 2003; Coffin, 2007; Gonzélez-
Suarezetal, 2018).

For birds, like Bueno et al. (2015), we did not discern
clear relationships between landscape features and
roadkills. Nevertheless, hotspot locations (t2) may indi-
cate that, at least in our study area, proximity to water
bodies and/or the coexistence of human and natural en-
vironments play a crucial role in the distribution of these
animals, as it may provide easier access to food, water,
and shelter from diverse sources. In the case of amphib-
ians, their common association with water bodies (Coel-
ho et al,, 2012) likely explains the hotspot observed in t3.

Despite the challenge of identifying approximately
84% of the registered anurans due to carcass decom-
position, we speculate that many of them were possi-
bly Trachycephalus nigromaculatus. Confirmation of this
could explain the results of the CCA and the hotspots
in t5 and t6, as this is one of the few amphibian species
registered in the NEIG-UFF’s forest areas (Martins et al.,
2012). For reptiles, the association with open vegeta-
tion, common in the literature (e.g., Bueno et al, 2015;
Braz & Franca, 2016), appears linked to the behavioral
and ecological preferences of the most affected species
(Brehme et al., 2013; Gongalves et al,, 2018), thereby ex-
plaining our observed results. The hotspot in t2 and the
association with freshwater may be attributed to the
presence of Erythrolamprus miliaris, a species recorded in
the NEIG-UFF exclusively near permanent water bodies
(Martins etal.,, 2012).

Ecological patterns also seem to explain the distri-
bution of our roadkill hotspots for mammals. In the case
of Didelphis aurita, a synanthropic species usually found
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near water bodies, its extensive home range covers large
areas with a diverse range of habitats that include urban
environments, thereby increasing the risk of being road-
killed (Bueno & Almeida, 2010; Reis et al, 2011; Bueno
etal, 2015; Tardieu et al.,, 2017; Carvalho-Roel et al., 2019).
As for Chiroptera, the observed patterns could be ex-
plained by their need to seek resources, generally more
available in road verges when surrounding habitats are
less suitable (Secco et al,, 2017; Medinas et al.,, 2019; Ra-
malho & Aguiar, 2021), or by the fact that bats usually use
roads and their verges similarly to clearings in the forest
(Coffin, 2007; Bueno et al., 2015; Ramalho et al., 2021).

Another relevant factor that influences the distribu-
tion of roadkill hotspots is topography. Clevenger et al.
(2003) found that vertebrates are less vulnerable to being
roadkilled in sloped road stretches than in level stretch-
es. This insight likely explains the lower occurrences ob-
served in t5 and t4, where a sloped section is present in
our study area. Furthermore, in t5 and t6, a cliff-like geo-
graphical feature might be directly associated with high-
er amphibian mortality, compelling them to traverse the
road more frequently to bypass this relief or return to
their point of origin. This behavior would increase their
exposure to both traffic and desiccation, factors to which
anurans are particularly vulnerable (Fahrig & Rytwinski,
2009; Cayuela et al,, 2019).

Although more specific evaluations are needed be-
fore placing any mitigation measures for roadkills in the
NEIG-UFF, we suggest, based on our data and having
other works (Lauxen & Kindel, 2012; Rytwinski & Fahrig,
2012; D'Anunciacao et al., 2013; Teixeira et al., 2013b; Sec-
co et al, 2014; Gunson et al., 2016; Rytwinski et al., 2016;
Secco et al, 2017; Lopes & Abrahdo, 2017; Teixeira et al.,
2017) as reference, the following strategies: (I) active im-
position of speed limit (mainly in t2 and t6), (Il) constant
verge management, and (lll) adapted box tunnels (in
t3) along with proper fencing to mitigate both bats and
herptile roadkills.

Moreover, we recognize that species susceptible to
road impacts are not only those prone to roadkill (Fahrig
& Rytwinski, 2009) and underscore the necessity for com-
prehensive studies exploring the relationship between
NEIG-UFF’s fauna and RJ-106 beyond the scope of AVCs.
Specifically, we advocate for population and community
studies to assess edge and barrier effects. For instance,
our observations of two roadkilled typhlopids could
suggest that roads may act as barriers for subterranean
reptiles, akin to their impact on subterranean mammals
(see Esperandio et al., 2019). Additionally, prior research
on NEIG-UFF's avifauna has hinted at greater abundance
and diversity of bird species in areas distant from the
road, potentially linked to the heightened habitat het-
erogeneity in restinga areas (Vecchi et al, unpublished
data). We posit that this could also result from road edge
effects, warranting further investigation.

In conclusion, our study brings insights into the road-
kill patterns in a small and preserved area characterized
by notably high roadkill rates. By delineating key features
of vertebrate road mortality distribution, we propose
new hypotheses to be tested and provide data to under-
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pin an adequate mitigation plan. Through these efforts,
we aim not only to foster and support future research
and conservation initiatives at the regional scale, but also
to raise awareness among academia, decision-makers,
and governmental bodies regarding the critical ecologi-
calimpacts induced by roads on the last, and highly frag-
mented, vegetation remnants of the Cabo Frio Region.
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