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ARTICLE INFO ABSTRACT

Keywords: Roadkill estimates for different species and species groups are available for many countries and regions. However,
Roadkill there is a lack of information from tropical countries, including from Latin America. In this study, we analyzed
Mammal medium and large-sized mammal roadkill data from 18 toll road companies (TRC) in Sao Paulo State (6,580 km of
g;?slate monitored toll roads), Brazil. We extrapolated these roadkill numbers to the entire system of major paved roads in

the State (36,503 km). The TRC collected mammal-road- mortality data both before (2-lanes) and after (4-lanes)
road reconstruction. We used the “before” data from the TRC to estimate annual mammal-road-mortality along 2-
lane roads that remained public roads. Combined with the data for the new 4-lane highways, this allowed us to
estimate annual mammal road mortality for all the paved roads in the State. During 10 years of roadkill moni-
toring along toll roads, a total of 37,744 roadkilled mammals were recorded, representing a total of 32 medium to
large-sized mammal species (average number of roadkilled individuals/year = 3,774 + 1,159; min = 1,932; max
= 5,369; 0.6 individuals roadkilled/km/year). Most roadkilled species were common generalists, but there were
also relatively high roadkill numbers of threatened and endangered species (4.3% of the data), which is a serious
conservation concern. Most of the roadkill was reported occurred during the nocturnal period (66%, n = 14,189)
and in the rainy months (October-March) (55%, n = 15,318). Reported mammal roadkill tended to increase
between 2009 and 2014 (R? = 0.614; p = 0.065), with an average increase of 313.5 individuals/year. Extrap-
olation of the results to the entire Sao Paulo State, resulted in an average estimate of 39,605 medium and large-
sized mammals roadkilled per year. Our estimates of the number of roadkilled individuals can be used as one of
the input parameters in population viability analyses to understand the extinction or extirpation risk, especially
for threatened and endangered species.

Sao Paulo state
Biological conservation

1. Introduction Direct road mortality has the potential to alter the demographic

structure of populations (Ascensao et al., 2016) and can result in local

Although roads are key drivers of social-economic development,
roads and traffic have a wide variety of environmental impacts, during
their construction (Daigle 2010; Caliskan 2013) and their operational
phase (Forman and Alexander 1998; Trombulak and Frissell 2000; For-
man et al., 2003; Coffin 2007; Laurance et al., 2014). There are numerous
indirect and direct negative consequences of roads, but one of the most
visual and direct impacts from traffic, is the mortality of individual ani-
mals through animal-vehicle collisions (Collinson et al., 2014; Son et al.,
2016; Ascensao et al., 2017).
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population sinks (Nielsen et al., 2006). The extent of these impacts de-
pends on the characteristics of the roads, such as road width and road
density, traffic volume and speed, landscape features, proximity to nat-
ural areas, and the species of interest, including their regional population
size and life history (Fahrig et al., 1995; Ament et al., 2008; Frair et al.,
2008; Freitas et al., 2015; Rytwinski and Fahrig 2013).

Worldwide, many studies have estimated road mortality for different
species and taxa along roads with different characteristics. Sometimes
researchers also aimed to identify spatial and temporal trends. For
example, annual roadkill estimates include 159,000 mammals and
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653,000 birds in the Netherlands (Forman and Alexander 1998), seven
million birds in Bulgaria (Van der Zande et al., 1980), and five million
amphibians and reptiles in Australia (Bennett 1991). In the United States,
it has been estimated that 80 million birds are killed on roads each year
(Erickson et al., 2005), while another study estimated that one million
vertebrates per day are roadkilled (Forman and Alexander 1998).

In Brazil, there are three estimates available for vertebrate roadkill:
14.7 (+44.8) million and 475 million roadkilled vertebrates per year
(Dornas et al., 2012; CBEE, 2019) and over two million mammals are
estimated to be roadkilled every year (Gonzalez-Sudrez et al., 2018). The
CBEE (Centro Brasileiro de Ecologia de Estradas) estimated that
approximately 430 million small animals (<1 kg) die on Brazilian roads.
The remaining 45 million are divided into medium- (40 million, e.g.
Didelphis spp., Lepus europaeus, Alouatta spp.) and large-sized vertebrates
(five million; e.g. Puma concolor, Chrysocyon brachyurus, Panthera onca,
Tapirus terrestris, Hydrochoerus hydrochaeris).

Quantifying roadkill numbers and identifying patterns in space and
time is important to justify, plan, design, and implement effective miti-
gation measures. However, it is hard to reliably quantify the number of
roadkilled animals due to the length of the road network, high temporal
and spatial variability in roadkill hotspots, and the low detectability of
small and rare species (Smith and Dodd 2003; Dodd and Dorazio 2004;
Santos et al., 2016). In addition, not all studies thoroughly documented
the methods used to arrive at the estimates.

In this study, we estimate the direct road mortality per year of me-
dium- and large-sized mammals (>1 kg) along all paved roads in Sao
Paulo State (36,503 km). We base our estimate on roadkill data collected
by toll road companies along a selection of these roads (6,580 km;
18.02% of all paved roads in Sao Paulo state). Our study is the first well
documented approach that estimates the minimum, maximum, average
and median roadkill numbers for medium- and large-sized mammals in
Sao Paulo State. This State has the highest human population density and
densest road network in Brazil and is dominated by human-modified
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landscapes (HMLs). We also discuss the implications for species conser-
vation, especially for threatened and endangered species as well as the
relative importance of roadkill compared to other sources of unnatural
mortality such as poaching.

2. Materials and methods
2.1. Study area

The State of Sao Paulo (248,209 km?) is one of 26 states in Brazil and
is located in the southeast of the country (Figure 1). It is the most
developed and prosperous State of the country, generating 34% of the
Brazilian Gross Domestic Product. In addition, Sao Paulo State is home to
~44 million people, (~21% of the total population in Brazil (IBGE
2017)). In general, the State has a tropical climate with seasonal differ-
ences in temperature and precipitation (22-28 °C on average; with an
annual precipitation of 1450-2050 mm), there are however regional
differences in weather patterns because of elevation, slope and distance
to the Atlantic Ocean (INMET, 2019).

Over the last decades, the State of Sao Paulo experienced rapid land
use changes. This included substantial loss of Atlantic Forest and savanna
(Cerrado) biomes, both of which are considered world biodiversity hot-
spots (Mittermeier et al., 2011). The natural vegetation was converted
into pasture and croplands, urban areas (Dean 1997; Ribeiro et al., 2009,
Instituto Florestal 2010; Projeto MapBiomas 2020). Additional habitat
loss was associated with an expansion of the road network (33% increase
in length between 1988 and 2013) (DER, 2019). The intensity by which
the road network is used has also increased substantially; the number of
registered vehicles increased 329% between 1998 and 2018 (DETRAN
2019).

Sao Paulo State has 199,371 km of unpaved and paved roads (81.7%
unpaved, 18.30% paved; 0.8 km roads/km?), one of the highest road
densities in Brazil (DER 2019). Starting in 1990, some Brazilian states
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Figure 1. Location of the Sao Paulo State, Brazil, the paved road network (gray lines) and the toll roads that were monitored for roadkill (black dots represent the
roadkill observations along the toll roads; the black dots are so dense that they appear as black lines in this figure).
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including Sao Paulo, Rio de Janeiro, and Minas Gerais initiated a road
concession program to improve road networks that meet driver safety
and other engineering standards. The program aims to transform public
highways into highways managed by private toll road companies, under
the condition that the toll road companies will improve the roads,
including an upgrade from 2-lane to 4-lane highways. This moderniza-
tion is paid for by the users through tolls (ARTESP 2019). Road conces-
sions in Sao Paulo State started in 1998 and not only aimed to improve
the safety and other engineering standards of roads, but also aimed to
improve their environmental and social sustainability (ARTESP 2019).
This strategy to improve the road network seems to have been a success.
In 2018, the CNT (Confederacao Nacional do Transporte) evaluated all
highways in Brazil, and 18 of the 20 best highways in Brazil were located
in Sao Paulo State, all managed by toll road companies (CNT, 2019).

The total length of paved roads in Sao Paulo state is 36,503 km. These
roads are managed by four types of administrators: (i) public state roads
are managed by Departamento de Estradas de Rodagem (DER) (2 or 4-
lanes); (ii) state toll roads are managed by different private toll road
companies (2 or 4-lanes); (iii) federal roads are managed by the federal
transportation agency (2-lanes) and different private toll road companies
(4-lanes); and (iv) municipal roads are managed by different munici-
palities (2-lanes only) (Table 1) (ARTESP 2019, DER 2019).

The roads managed by DER or municipalities usually have two lanes,
narrow or non-existent clear zones, frequent absence of streetlights, and
relatively slow and poor medical assistance. In comparison, toll roads
tend to be major four lane highways that have been reconstructed over
the last few decades. These highways tend to have wide clear zones with
rights-of-way that are dominated by frequently mowed in roadside
verges. Also present are guard rails and median barriers (e.g. concrete
Jersey median barriers) along some sections, streetlights in selected
areas, and relatively fast-responseand modern medical and mechanical
assistance provided through the respective toll road companies. The
traffic volume and posted legal speed limit is typically higher on toll
roads (varying between 80-120 km/h) than roads managed by DER or
municipalities (e.g. 80-100 km/h) (ARTESP 2019).

2.2. Roadkill data

The toll road companies are responsible for the operation and
maintenance of the roads they manage. This includes checking the entire
length of their highways at least every three hours for stranded vehicles
and drivers if they need help, which contributes to higher standards for
traffic safety and free flowing traffic, debris and animal carcasses on the
pavement or adjacent to it (e.g. shoulder or roadside verge). Since 2005,
the toll road companies are required to remove and report animal car-
casses of both wild and domestic species (required by Agéncia de
Transportes do Estado de Sao Paulo — ARTESP - see http://www.artesp.s
p.gov.br/). For each animal carcass, maintenance personnel are required
to collect the date, time, road number or name, kilometer reference post
(accurate to 100 m) or Global Positioning System (GPS) coordinates, the
Portuguese common name of the species, and the status and destination
of the animal carcass (e.g. whether the carcass of the animal was sent to a
specific institution or if it was buried).
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2.3. Species identification and corrections to the toll road roadkill data

We analyzed mammal roadkill data from 18 different toll road com-
panies managing 6,580 km of roads. The data were collected from 2005
through to 2014 (10 years) (Table S1- see Supplementary Material).
Because the roadkill data were collected by non-experts, there are errors
and inconsistencies in species identification (Abra et al., 2018). Thus, we
applied correction factors to the species identification by the non-experts
based on Abra et al. (2018). These correction factors were based on a
subset of the same roadkill data and calculated based on a comparison of
the Portuguese species description provided by road maintenance
personnel (non-experts) to the identification provided by experts after
evaluating the photographic images provided by the toll road companies.
For the corrected database, we used the scientific name of species.
However, for Portuguese species descriptions that were not encountered
in the subset of the data used by Abra et al. (2018), we kept the Portu-
guese common name and added “unconfirmed” to the species name. To
improve understanding for international readers, we also included the
common English name for these unconfirmed species.

Not all toll road companies collected roadkill data in all years be-
tween 2005 and 2014, mainly because the private companies entered in
new toll road contracts in different years. Rather than reducing years or
the road length for our roadkill estimates, we calculated average values
for the missing data based on the average number of roadkilled in-
dividuals (species/year) for years that data were available for (Table S2 -
see Supplementary Material). The missing data (or estimated data)
comprised 13% of the total dataset. After providing estimates for the
missing data for these specific toll road companies, we estimated the total
number of roadkilled individuals of each species per year using the
corrected identification reports of roadkill individuals.

2.4. Roadkill temporal patterns

We conducted exploratory analyses of the temporal patterns of the
mammal roadkill data for the years we had data available from all 18 toll
road companies (2009-2014). All roadkill records included the date
when the carcass was found, but not all records included the hour of day.
We distinguished between the diurnal period (from 6:00 h to 18:00 h)
and the nocturnal period (from 18:01 h to 5:59 h). We also distinguished
between the dry season (April-September) and the rainy season (Octo-
ber-March) (Alvarenga 2012).

We conducted analyses for all species combined. However, to reduce
the influence from very common species that dominate the data, we
conducted separate analyses after removing the observations for the most
common species (i.e. species that each represented more than 20% of the
roadkill data). For the records for which the species name was validated
(Abra et al., 2018), we conducted an exploratory temporal analysis,
including season, month, and time of day when the roadkilled animals
were found. We only considered species with more than 45 records (Data
S5 - see Supplementary Material). Finally, we investigated potential
changes in the total number of reported roadkill per year (2009-2014)
through a linear regression analysis.

Table 1. Total length of paved roads in Sao Paulo State, Brazil, per type of road administrator and the number of lanes.

Road description N° lanes Length (km) Proportion (%)
Municipality paved roads (MPR_2L) 2 13,376 36.64

State paved roads (SPR_2L) 2 14,500 39.72

State paved roads (SPR_4L) 4 979 2.68

State paved toll roads (SPTR_4L) 2 and 4 6,580 18.02

Federal paved roads (FPR_2L) 2 447.160 1.22

Federal paved toll roads (FPR_4L) 4 621.250 1.7

Total 36,503.410 100
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2.5. Roadkill estimates

We used the roadkill database from the toll road companies to esti-
mate roadkill numbers for the entire Sao Paulo State road network,
corrected for the number of lanes of a road (Table 1).

To estimate mammal mortality along 2-lane public roads (DER, mu-
nicipality and Federal roads), we used roadkill data collected by toll road
companies before they duplicated the roads from 2 to 4-lanes. Because
we extrapolated roadkill data from 2-lane toll roads to the remaining 2-
lane roads in Sao Paulo State, we not only wanted to have an estimate for
the average number of roadkilled mammals per road length unit, but we
also wanted to provide a measure of uncertainty around these averages.
Therefore, we divided the 2-lane toll roads into 10-km long sections (n =
27 sections), reflecting a balance between sample size and reducing the
likelihood of extreme values (for more explanation see the following
sections). Using relatively long sections (10 km) was also appropriate as
the total road length that we were calculating an estimate for was very
long (28,323 km of 2-lane roads, not managed by toll road companies)
(see Table 1, Table S3 - see Supplementary Material).

We investigated the effect of road length on the average number and
variation of roadkilled mammals using data from one toll road in Sao
Paulo State: Rodovia dos Bandeirantes (SP-348). We divided this toll
road into sections of 1, 5 and 10 km, and calculated the number and
variation of roadkilled mammals for the different road length units and
summarized it in boxplots (Figure 2).

The variation in the number of roadkilled animals per km decreased
with longer road sections (Figure 2). There is a greater likelihood of
extreme values, including zero observations, with short road sections
compared to long ones.

None of the 27 road sections had data for lowland tapir (Tapirus ter-
restris), southern tiger cat (Leopardus gutullus), Brazilian guinea pig (Cavia
sp.) and collared peccary (Pecari tajacu). This is partly because of their
limited distribution in Sao Paulo State. For example, lowland tapir and
collared peccary are restricted to high quality forest remnants (e.g. pro-
tected areas such as Morro do Diabo, Carlos Botelho and Serra do Mar
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Figure 2. Number of roadkilled mammals in each road section of Rodovia dos
Bandeirantes (SP-348). Box: middle 50% of the data (25-75 quartile); horizontal
line: median; whisker boundaries: 1.5 times inter-quartile range; outliers greater
than 1.5 times the inter-quartile range. N corresponds to the number of
road sections.
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State Parks). Other explanations for the absence of roadkill observations
for some species include small body size (e.g. Brazilian guinea pig),
especially when monitoring occurs from a vehicle (Teixeira et al., 2013),
the fact that some species are rare (e.g. jaguar, Panthera onca; margay,
Leopardus wiedii; Pampas cat, Leopardus colocola), and because rare spe-
cies may be removed, legally or illegally, by others before road mainte-
nance crews pass by. For species with limited distribution, small body
size or low population density, we realize that our roadkill estimates are
possibly underestimating the true number of carcasses. Other species
such as hoary fox (Lycalopex vetulus) occur only in habitat patches of
Brazilian savannah (Cerrado), making extrapolation to roads outside of
this habitat invalid.

For 2-lane toll road roadkill data, we applied the same correction
factors previously described. We calculated the number of roadkilled
individuals per species for each of the 27 road sections, and then calcu-
lated descriptive statistics for each species including average, standard
deviation, median, minimum, and maximum. Finally, we used these
values to estimate the total number of roadkilled individuals/species/
year (and associated variation) along the 2-lane roads not managed by
toll roads companies.

For 4-lane roads not managed by toll road companies, we used the
same values we obtained for 4-lane toll roads (per km) and multiplied
them by the total length of each type of 4-lane road. The total length of 4-
lane roads managed by DER and Federal Highways was 1,595 km.

We then proceeded to calculate the estimated number of mammal
roadkill per species for all paved roads in Sao Paulo State. To do this, we
summed the average, minimum, maximum and median number of
roadkill per species/year of all road types assessed, i.e., Municipality,
State and Federal paved roads with 2-lanes, State and Federal paved
roads with 4-lanes, and State paved toll roads with 4-lanes. We also
classified the species according to state, national and international con-
servation status, when applicable (Decreto N° 63853/2018, ICMBio/
MMA 2018; IUCN 2019).

3. Results
3.1. Species identification and correction factors for toll roads

Toll road companies recorded 37,744 medium- and large-sized
roadkilled mammals (average = 3,774, SD + 1,159 individuals, min =
1,932, max = 5,369 per year, and 0.6 animals roadkilled/km/year),
totaling 32 wild species (Table 2; see Roadkill data_ Raw.csv file).
Capybara (Hydrochoerus hydrochaeris, 33.4%), European hare (Lepus
europaeus, 14.3%), crab-eating fox (Cerdocyon thous, 13.1%), nine-
banded armadillo (Dasypus novemcinctus, 6.3%), porcupine (Coendou
sp., 6%), six-banded armadillo (Euphractus sexcinctus, 4%), southern
tamandua (Tamandua tetradactyla, 3.1%) and crab-eating raccoon (Pro-
cyon cancrivorus, 2.4%) were the most frequently reported roadkilled
species, accounting for more than 80% of all records. Eight of these
species are considered threatened with extinction on State, Federal or
International levels: maned wolf (Chrysocyon brachyurus), hoary fox,
giant anteater (Myrmecophaga tridactyla), puma (Puma concolor), black-
horned capuchin (Sapajus nigritus), lowland tapir, jaguarundi (Herpailu-
rus yagouaroundi), and southern tiger cat. Only two species in the data are
considered non-native in Brazil: European hare and wild boar (Sus
scrofa).

3.2. Roadkill temporal patterns on toll road companies

For 26,542 out of 27,573 mammal carcasses (96.26%) reported along
the toll roads (2009-2014), the hour of day of the observation was re-
ported. Most roadkill (53.45%) was reported during the nocturnal period
(n = 14,189) and 46.54 % (n = 12,353) during the diurnal period
(Figure 3). Excluding capybara, the most frequently observed species in
the roadkill records (33.42% of all roadkill data), the proportion of
roadkill reported during the day (54.58%) vs. the night (45.41%) was
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Table 2. Numbers (total and average) and frequency (FR) of roadkilled medium- and large-sized mammals along toll roads in Sao Paulo State, Brazil, from 2005 to 2014,
including threat categories at State (Decreto N° 63853/2018), National (ICMBio/MMA, 2018) and World (IUCN 2019) levels.

English Common Name Scientific Name Sao Paulo Brazil World Total Average FR. (%)
Capybara Hydrochoerus hydrochaeris LC LC LC 12,614 1261 33.42
European hare Lepus europaeus IS IS LC 5,406 541 14.32
Crab-eating fox Cerdocyon thous LC TC; LC 4,957 496 13.13
Nine-banded armadillo Dasypus novemcinctus LC LC LC 2,375 238 6.29
Porcupine Coendou sp. NA NA NA 2,299 230 6.09
Six-banded armadillo Euphractus sexcinctus LC LC LC 1,537 154 4.07
Southern tamandua Tamandua tetradactyla LC LC LC 1,193 119 3.16
Crab-eating raccoon Procyon cancrivorus LC LC G 906 91 2.40
White-eared opossum Didelphis albiventris LC LC LC 773 77 2.05
Non identified opossum Didelphis sp. LC LC LC 615 62 1.63
Maned-wolf Chrysocyon brachyurus \48) vu NT 570 57 1.51
Hoary fox Lycalopex vetulus VU vu A%8) 565 57 1.50
Non identified armadillo Armadillo ni NA NA NA 563 56 1.49
Dasypodidae Dasypus sp. NA NA NA 504 50 1.34
Gray brocket deer Mazama gouazoubira LC LC LC 437 44 1.16
Striped hog-nosed skunk Conepatus semistriatus LC LC LC 290 29 0.77
Giant anteater Myrmecophaga tridactyla vu vu A%8) 233 23 0.62
Lesser grison Galictis cuja LC LC LG 193 19 0.51
South American coati Nasua nasua LC LC LC 169 17 0.45
Brocket deer Mazama sp. NA NA NA 163 16 0.43
Puma Puma concolor VU VU LC 152 15 0.40
Coypu Myocastor coypus LC LC LC 139 14 0.37
Ocelot Leopardus pardalis \48) LC LC 137 14 0.36
* Unconfirmed Marmoset NA NA NA NA 127 13 0.34
“Unconfirmed Porcupine NA NA NA NA 109 11 0.29
Black-and-gold howler monkey Alouatta caraya EN LC LC 103 10 0.27
Marmoset Callithrix sp. NA NA NA 82 8 0.22
Black-horned Capuchin Sapajus nigritus LC LC NT 62 6 0.16
Lowland paca Cuniculus paca LC LC LC 57 6 0.15
Non identified mammal Mammal ni NA NA NA 51 5 0.14
Neotropical otter Lontra longicaudis VU LC LC 41 4 0.11
Small spotted cat Leopardus sp. VU/EN NA NA 41 4 0.11
Jaguarundi Herpailurus yagouaroundi \48) vu LC 38 4 0.10
“Unconfirmed Sloth NA NA NA NA 36 4 0.10
“Unconfirmed Squirrel NA NA NA NA 32 3 0.08
Wild boar Sus scrofa 1S 1S LC 29 3 0.08
Naked-tail armadillo Cabassous sp. LC LC LC 25 3 0.07
*Unconfirmed Rodent NA NA NA NA 20 2 0.05
Non identified marsupial Marsupial ni NA NA NA 16 2 0.04
Brazilian guinea pig Cavia sp. NA LC LC 12 1 0.03
Lowland tapir Tapirus terrestris EN \'48) A%8) 10 1 0.03
“Unconfirmed Armadillo NA NA NA NA 9 0.9 0.02
Tayra Eira barbara LC LC LC 9 0.9 0.02
“Unconfirmed Giant river otter NA NA NA NA 7 0.7 0.02
*Unconfirmed Howler monkey NA NA NA NA 5 0.5 0.01
“Unconfirmed Lion Tamarin NA NA NA NA 5 0.5 0.01
*Unconfirmed Capuchin monkey NA NA NA NA 4 0.4 0.01
“Unconfirmed Puma NA NA NA NA 4 0.4 0.01
*Unconfirmed Primate NA NA NA NA 3 0.3 0.01
Southern tiger cat Leopardus guttulus AY%8) AY%¢) A%8) 3 0.3 0.01
“Unconfirmed Jaguar cub NA NA NA NA 2 0.2 0.01
*Unconfirmed Pig NA NA NA NA 2 0.2 0.01
“Unconfirmed Black pencilled marmoset NA NA NA NA 2 0.2 0.01
*Unconfirmed Collared peccary NA NA NA NA 1 0.1 0.00
“Unconfirmed Marsh deer NA NA NA NA 1 0.1 0.00
“Unconfirmed White-eared opossum NA NA NA NA 1 0.1 0.00
*Unconfirmed Margay cat NA NA NA NA 1 0.1 0.00
“Unconfirmed Wild boar NA NA NA NA 1 0.1 0.00

(continued on next page)
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Table 2 (continued)
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English Common Name Scientific Name Sao Paulo Brazil World Total Average FR. (%)
*“Unconfirmed cub NA NA NA NA 1 0.1 0.00
“Unconfirmed Red brocket NA NA NA NA 1 0.1 0.00
Collared peccary Pecari tajacu LC LC LC 1 0.1 0.00
TOTAL 37,744 3,774 100

Legend: NA = Not applicable, LC = Least concern, VU = Vulnerable, NT = Near threatened, EN = Endangered, IS = Invasive species.

" Unconfirmed animal species identification.
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Figure 3. Number of roadkilled medium- and large-sized mammals reported
during diurnal and nocturnal periods, with and without capybara (Hydrochoerus
hydrochaeris), from 2009 to 2014 in toll roads of Sao Paulo State, Brazil.

reversed. The peak of reported carcasses for all mammal species was
between 6:00 h and 8:00 h (Figure 4).

The number of mammal carcass records showed a slight seasonal
variation, with more reports during the rainy season (55.55%, n =
15,318), than during the dry season (44.45%, n = 12,255). When cap-
ybaras were excluded, the difference between seasons was slightly
reduced (rainy = 52.95%; dry = 47.05%).

The highest number of the roadkilled mammals was reported in
November (n = 3,042), followed by December (n = 2,827) and October
(n = 2,821) (Figure 5).
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Mammal roadkill tended to increase between 2009 and 2014 (R? =
0.614; p = 0.065), with an average increase of 313.5 individuals per year
(Figure 6).

3.3. Roadkill estimates

The twenty-seven 10-km long road sections had 993 (min = 1, max =
116, average = 37) reported roadkilled mammals (Figure 7; Table S4 -
see Supplementary Material).

The total number of roadkilled mammals per year for 2 and 4-lane
paved roads in Sao Paulo State was estimated at an average of 39,605
(min = 5,563; max = 175,963; median = 16,662) (Table 3). The average
estimate show that 11% of roadkill occur along toll roads and 89% along
public roads (S6 - see Supplementary Material).

The mammal order that was most frequently reported as roadkill was
Rodentia, followed by Carnivora and Cingulata, which together summed
about 73% of all average estimate for Sao Paulo State (Figure 8).

4. Discussion
4.1. Roadkill on toll roads

The roadkill monitoring program for the toll roads in Sao Paulo State
is extensive and has a relatively consistent and frequent search and
reporting effort as the entire length of the toll roads is checked at least
once every three hours. Though the roadkill data demonstrate the direct
road mortality for different species, it is important to emphasize that not
all roadkill are recorded. Potential causes for underreporting are carcass
removal by scavengers (Ratton et al., 2014; Santos et al., 2016) or people
(Medici and Abra 2019), and it is almost impossible to detect and record

1 2 3 4 5 6 7 8 9 10 11
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12 13 14 15 16 17 18 19 20 21 22 23 24

Hour of day

-=-N. ind. without capybara

Figure 4. Number of roadkilled medium- and large-sized mammals reported per hour of day, with and without capybara (Hydrochoerus hydrochaeris), from 2009 to

2014, along toll roads in Sao Paulo State, Brazil.
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Figure 5. Number of roadkilled medium- and large-sized mammals reported
per month, with and without capybara (Hydrochoerus hydrochaeris), throughout
2009 to 2014 along toll roads in Sao Paulo State, Brazil.

carcasses obscured by vegetation in the right-of-way, let alone the car-
casses of animals that died beyond the right-of-way (e.g. the animals get
hit on the road but die off the road (Huijser et al., 2006).

Carcasses of species with some sort of economic value, such as
armadillos (especially Dasypus spp.), lowland tapir, lowland paca (Cuni-
culus paca) and brocket deer (Mazama spp.) are sometimes removed for
meat by people that travel the road. Carcasses of puma, and small spotted
cats (Leopardus spp.) also have the potential to be removed (Correio do
Estado 2011, G1, 2011) due to the commercial value of their fur, skull,
teeth or other body parts as a trophy, amulet or medicinal use (Mac-
donald et al., 2010).

The ten years of roadkill monitoring revealed a chronic loss of
mammal species in Sao Paulo State, including threatened species, which
represent 4.3% of all data. Direct road mortality is considered one of the
most severe impacts on threatened species according to the Brazilian
National Action Plans from Instituto Chico Mendes de Conservacao da
Biodiversidade (ICMBio), the Brazilian red list and on the Brazilian
Assessment of Species Conservation Status (ICMBio 2011a; ICMBio
2011b; Medici et al., 2012; Lemos et al., 2013; ICMBio 2018).

Species such as capybara, European hare, crab-eating fox, nine-
banded armadillo and porcupines, were the most frequently reported
roadkilled mammals along toll roads in Sao Paulo State. All these species

6000
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are considered common habitat generalists that thrive in most human-
modified landscapes (HMLs) (Lyra-Jorge et al., 2008; Bueno et al.,
2013; Freitas et al., 2015; Magioli et al., 2016; Ascensao et al., 2017;
Azevedo et al., 2018; Bovo et al., 2018).

A high loss of common species is also ecologically relevant as they
might severely affect ecosystem services provided by them. Armadillos,
for example, are important ecosystem engineers through their burrows
(Desbiez and Kluyber 2013) and also provide important other ecosystem
services (Rodrigues et al., 2020).

European hare is an invasive species and has succeeded in colonizing
and expanding its distribution in Brazil (da Rosa et al., 2020). The species
is widespread in Sao Paulo State, and was one of the most frequently
reported roadkilled mammals in our study.

The changes in landscape composition and structure, partially asso-
ciated with the construction of transportation corridors, tend to affect
wildlife species that are relatively sensitive to the loss of habitat and
other resources (Gascon et al., 1999; Fahrig 2003; Lyra-Jorge et al.,
2008). Human disturbance in the landscape favors generalist species that
are capable of exploiting new environments such as agricultural crops or
disturbed habitats (Downes et al., 1997, Magioli et al., 2019a, b). Cap-
ybaras account for more than one third of all reported roadkill, stressing
the urgency of management actions that limit the access of this particular
species to roads. Capybara is the largest living rodent species, averaging
about 50-90 kg in HMLs in Sao Paulo State (Ferraz et al., 2005, Marcelo
Labruna, Pers. Comm). This species is now the most common mammal in
HMLs in Sao Paulo State, especially in landscapes dominated by sugar-
cane crops in Southeastern Brazil (Verdade and Ferraz 2006; Ferraz et al.,
2007). Their abundance is related to food availability and a decline in
natural predators (e.g. pumas) (Ferraz et al., 2007; Nielsen et al., 2015;
Verdade et al., 2012; Bovo et al., 2016). The impact of collisions with
capybara on human safety and vehicle repair costs is extensive (Huijser
et al., 2013).

Abra et al. (2019) showed that the number of animal-vehicle colli-
sions is increasing in Sao Paulo State. Although marginally significant,
our current study also showed a trend of an increase of 313 reported
mammal carcasses per year along the toll roads. An increase in traffic
volume, new roads in remote areas, and increasing population size of
species that thrive in HMLs, are factors that are likely to contribute to the
increase in roadkill (Abra et al., 2019).

4.2. Temporal patterns

Most mammal carcasses were reported during the night, from dusk to
midnight, but also from dawn to 9:00 h, similar to temperate regions

R2=0.614
p=0.065
Slope = 313.514

2009 2010 2011

2012 2013 2014

Year

Figure 6. Number of roadkilled medium- and large-sized mammals reported per year (2009 through 2014) along the toll roads in Sao Paulo State, Brazil.
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(Groot Bruinderink and Hazebroek 1996; Huijser et al., 2008). This
pattern is also consistent with animal-vehicle crashes (wild and domes-
ticated mammals) in Sao Paulo State (Abra et al., 2019). We believe that
the time day of the roadkill reported is mainly related to activity period of
the species (most are nocturnal and crepuscular) and the traffic volume.
Unfortunately, we could not obtain data on traffic volume for all roads in
this study, but we suspect high traffic volumes from 6:00 h to 8:00 h am,
which contributes to the high number of roadkilled animals in the early
morning (Pedro Romanini - ARTESP, Pers. Comm). The roadkill data do
not allow for disappearance rate analyses as only roadkill reports are
available, and each report is always associated with the removal of the
carcass. The time of day of the reports is influenced by the ability to see
the carcasses. It is possible that the observers see capybara all night long
because of their large body size. We suspect that the difficulty of
detecting carcasses in the dark mainly applies to small species. This
would then result in the observers to only start seeing these carcasses
when it gets light in the morning. Thus, especially small animal species
may have been hit earlier during the dark hours rather than at first light,
rather than at the hour of the carcass report.

The number of roadkilled individuals for all the mammal species
combined during the rainy season was slightly higher than in the dry
season. For herbivores (grazers and browsers), the rainy season increases
the availability of green vegetation, including areas adjacent to roads
because of runoff. This can increase the exposure of the animals to traffic.
Moreover, the constant mowing and cutting of vegetation in the rights-of-
way, stimulates regrowth which can attract herbivores. Along toll roads,
most of the space in the rights-of-way is dominated by grasses (Poacea
species). This is an attractive food source, available all year around, for
species such as capybara, coypu (Myocastor coypus), European hare and
brocket deer (Richard and Julia 2001; Borges and Colares 2007; Puig
et al., 2007; Colares et al., 2010).

In HMLs, the first peak of activity of capybaras is around 5:00-6:00 h
and the second peak around 18:00-21:00 h (Lopes et al. Accepted). This
activity pattern matches our results, as the roadkill rate of capybaras was
highest around dawn and dusk.

During the dry season, some species tend to expand their habitat
range in search of food and water sources, which implicates higher
movement rates and movements over greater distances, and thus an in-
crease in road crossings (Silveira et al., 2010). Roadkill was higher during

the dry months for certain species in our study, mainly for carnivores
such as crab-eating fox, maned-wolf and ocelot. Lemos et al. (2011) also
found that the number of roadkilled crab-eating foxes and hoary foxes
were higher during the dry season.

4.3. Roadkill estimates for Sao Paulo state

The wide variation in species roadkilled per road section along the
Rodovia dos Bandeirantes (SP-348) was expected because this highway
crosses different types of landscape, from natural to urban areas, which
directly influences species richness and abundance (Freitas et al., 2015;
Ascensao et al., 2017). Despite choosing a long length for the road sec-
tions (10-km long), which reduced variation in roadkill numbers, we still
had considerable variation between the number of roadkilled individuals
for each species. More importantly, along the twenty-seven 10-km long
road sections certain species were entirely absent as roadkill. This
included lowland tapir, southern tiger cat, Brazilian guinea pig and
collared peccary, all of which are present in the State. The absence of
observations for certain species along the road sections resulted in an
underestimate of the number of roadkilled individuals for these species.

Even though 27 sections (each 10 km long) is a decent sample size, a
higher sample size would have resulted in better estimates, and a
reduction of zero observations for some species.

For this study, we believe that the main limitation is not the meth-
odology but the lack of roadkill observations from 2-lane roads managed
by DER and roads managed by municipalities. Nonetheless, we believe
that our roadkill estimates for Sao Paulo State can be useful and should
allow environmental and transportation agencies improve their plan-
ning, regulations, and investments in effective mitigation measures
aimed at addressing the negative effects of roads on wildlife (Rytwinski
et al., 2016).

The roadkill estimate for hoary foxes needs to be interpreted with
great caution. This species is the only truly endemic carnivore of the
Cerrado biome of Brazil (Jacomo et al., 2004). All validated records of
hoary fox by Abra et al. (2018) were inside the limits of the Cerrado
biome in the State of Sao Paulo, but the estimates in this study were
extrapolated to the roads in the entire State, including areas outside of
the Cerrado biome. This likely resulted in an overestimate of the number
of individual hoary foxes roadkilled in the State of Sao Paulo.
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Table 3. Estimate of the number of roadkilled medium- and large-sized mammal individuals per species or taxonomic group per year for all paved roads in Sao Paulo

State, Brazil.

English name Scientific name Average Median Min Max
Capybara Hydrochoerus hydrochaeris 5,435 4,051 1,793 15,595
Crab-eating fox Cerdocyon thous 6,889 2,477 740 36,050
European hare Lepus europaeus 7,018 2,464 788 29,976
Nine-banded armadillo Dasypus novemcinctus 3,572 2,007 361 13,887
Six-banded armadillo Euphractus sexcinctus 2,332 1,296 233 9,062
Porcupine Coendou sp. 5,945 1,055 362 29,964
Non Identified armadillo Non Identified armadillo 845 475 85 3,284
Crab-eating raccon Procyon cancrivorus 857 499 139 3,136
Non Identified armadillo Dasypus sp. 766 430 76 2,984
Hoary fox Lycalopex vetulus*** 457 338 84 1,692
White-eared opossum Didelphis albiventris 1,113 340 121 5,823
Opossum Didelphis sp. 801 258 96 4,041
Giant anteater Myrmecophaga tridactyla 149 132 33 453
Striped hog-nosed skunk Conepatus semistriatus 425 126 45 2,237
Lesser grisson Galictis cuja 289 79 30 1,513
Naked-tail armadillo Cabassous sp. 38 21 4 149
South American coati Nasua nasua 100 41 26 402
Agouti Cuniculus paca 39 18 8 144
Maned wolf Chrysocyon brachyurus 156 84 75 585
Non Identified mammal NI mammal 26 12 8 94
Coypu Myocastor coypus 368 34 30 2,231
Small spotted cat Leopardus sp. 78 6 6 554
Jaguarundi Herpailurus yagouaroundi 74 5 5 553
Black-and-gold howler monkey Alouatta caraya 50 15 15 304
Marmoset Callithrix sp. 40 12 12 243
Black-horned capuchin Sapajus nigritus 30 9 9 183
Southern tamandua Tamandua tetradactyla 770 173 173 2,148
Gray brocket deer Mazama gouazoubira 189 59 59 1,000
Deer Mazama sp. 76 29 29 370
Non Identified marsupial Non Identified marsupial 8 2 2 47
Wild boar Sus scrofa 27 4 4 350
Neotropical otter Lontra longicaudis 95 6 6 736
Ocelot Leopardus pardalis 112 19 19 997
Puma Puma concolor 47 21 21 376
Southern tiger cat Leopardus guttulus** 0 0 0 10
Unconfirmed squirrel *NA 156 5 5 2198
Tyara Eira barbara** 26 1 1 367
Unconfirmed porcupine *NA 61 16 16 658
Unconfirmed rodent *NA 47 3 3 633
Unconfirmed armadillo *NA 64 2 2 896
Collared peccary Pecari tajacu** 0.21 0.21 0.21 0.21
Lowland tapir Tapirus terrestris** 2 2 2 2
Brazilian guinea pig Cavia aperea** 2 2 2 2
Unconfirmed giant river otter *NA 1 1 1 1
Unconfirmed sloth *NA 6 6 6 6
Unconfirmed howler monley *NA 1 1 1 1
Unconfirmed marsh deer NA 0 0 0 0
Unconfirmed capuchin monkey *NA 1 1 1 1
Unconfirmed lion tamarin *NA 1 1 1 1
Unconfirmed marmoset *NA 23 23 23 23
Unconfirmed puma *NA 1 1 1 1
Unconfirmed red brocket *NA 0 0 0 0
Unconfirmed collared peccary *NA 0 0 0 0
Unconfirmed white-eared opossum *NA 0 0 0 0
Unconfirmed margay *NA 0 0 0 0
Unconfirmed wild boar *NA 0 0 0 0
Unconfirmed jaguar/puma cub *NA 0 0 0 0
Unconfirmed jaguar cub *NA 0 0 0 0

(continued on next page)
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English name Scientific name Average Median Min Max
Unconfirmed pig *NA 0 0 0 0
Unconfirmed black-pencilled marmoset *NA 0 0 0 0
Unconfirmed primate *NA 0 0 0 0

Total 39,605 16,662 5,563 175,963

Legend: Min = Minimum, Max = Maximum. Species with “*” refers to Unconfirmed animal species which did not have reference values from Abra et al. (2018) and the
Portuguese common names could not be validated by pictures into scientific names. Species with ** are considered underestimated, and species with *** are considered

overestimated.

4.4. Implications for biological conservation

There is a general lack of information on the unnatural mortality of
mammals in the State of Sao Paulo and in the rest of Brazil. Poaching
(illegal hunting), for example, is one of the sources of unnatural mor-
tality. Between 2006 and 2015, the Environmental Police from Sao Paulo
State recorded 1,913 poaching events in Sao Paulo State, in which 9% of
the cases involved capybara (n = 173), 4.6% nine-banded armadillo (n =
94) and 1.1% lowland paca (n = 22) (Azevedo 2018). Obviously, the
official numbers of poaching for Sao Paulo State are a severe underesti-
mation because it depends on having caught poachers red-handed. Even
with these limitations, the number of medium- and large-sized mammals
killed by poachers is likely to be much lower than the number of road-
killed mammals. In addition, roadkill affects almost all species whereas
poachers tend to target specific species (Cullen et al., 2000; Fernan-
des-Ferreira and Alves 2017). Another perspective on the impact of
roadkill on an endangered species comes from a radio collar study on
maned wolves. Of the seven maned wolves monitored in northeast of Sao
Paulo State (Lobos do Pardo Project) between June 2018 and June 2019,
one individual was roadkilled (Rogerio Cunha - ICMBio, Pers. Comm).

5. Final considerations

When planning for and implementing conservation actions, it is
important to have a good understanding of where our actions are likely to
have the greatest benefit. While habitat loss, reductions in habitat
quality, and habitat fragmentation are main drivers that can cause
extirpation of a species in an area, it is also important to know about the
causes of direct mortality and the chronic loss of individuals. We not only
need enough habitat, good habitat quality, and well-connected habitat.

Artiodactyla

We also need the animals that live in this habitat to stay alive. This is
where our roadkill estimates have a role. We now have a good idea of the
magnitude of direct road mortality for medium- and large-sized mammal
species in Sao Paulo State. Combined with the results from other studies
that document other sources of unnatural mortality (e.g. poaching), pa-
rameters related to natural demographics, and the results from popula-
tion viability analyses, we can formulate more effective conservation
strategies. Based on the limited information available, it seems that direct
road mortality is likely to be a much bigger problem than wildlife
poaching. This does not mean that wildlife poaching should not be fought
or taken seriously, but it does mean that direct mortality as a result of
collisions with vehicles is likely a very serious issue, and that measures
aimed at reducing these collisions are needed as part of a more
comprehensive conservation strategy.
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