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Abstract: Faunal mortality from roadkill has a negative impact on global biodiversity, and bats are
among the roadkilled animals. In South America, the Atlantic Forest covers southeastern Brazil, a
region which sustains a large bat diversity. In this biome, the Sooretama reserves are crossed by the
federal highway BR-101, one of the busiest in Brazil. We analyzed bats roadkilled along the 25 km
stretch of highway that crosses the Sooretama reserves. Data were collected between the years 2010
and 2015. In total, 773 individuals distributed among 47 bat species were roadkilled during this
period. The insectivorous feeding guild was the most affected, accounting for 25 species and 74% of
the recorded roadkill, and those flying in the open area were the most frequently roadkilled (41.9%).
Bat mortality rates did not differ between months of the year. However, the relation between rainy
days and roadkill was negative. Monitoring by foot was more efficient than by car for detection of
bat carcasses. Radars with a speed limit below 60 km/h reduced the rates of roadkill. The diversity
of deceased bats found in this study represents 40% of the known species in the Atlantic Forest,
and is the largest among current studies of species killed on highways globally. The present study
raises concerns about the high diversity and abundance of roadkilled insectivorous bats and the
conservation of these animals in the Neotropical region.

Keywords: Chiroptera; Neotropical forest; road ecology; species traits

1. Introduction

Roads and highways are considerable threats to biodiversity conservation, contribut-
ing to habitat loss, chemical and noise pollution, fragmenting landscapes, movement and
dispersal restrictions of organisms [1-4], gene flow reduction [5,6], and increasing risk of
population extinctions. The most evident impact of highways on animals is through road-
kill, which directly reduces wild populations [3], exceeding mortality caused by hunting or
habitat loss [1].
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The impact of highways on bats is considered one of the main concerns for the
conservation of this group [7,8]. Although there is a high diversity of bats globally, with at
least 1386 described species [9], there are still few studies about the impact of highways
on these animals [8]. Current studies have revealed at least 81 species of bats identified
as victims of roadkill in various locations globally [8,10-29]. In the Neotropical region,
for example, despite the high diversity of bats [30-33], few studies show the impact of
highways on bats, and those that related to roadkilled bats were performed in Brazil [3].
Overall, these studies found 50 bat species killed on roads throughout all biomes of
the country [8,23-27,29], most of which were frugivorous bats [25,27]. However, the
number of roadkilled species may be underestimated due to the low number of studies,
the methodology employed, and the difficulty in identifying species from the collected
samples. In addition, there is insufficient information regarding the effects in relation to
different bat species, and the risk factors to bats in different habitats, especially in terms of
species traits [8].

Brazil is a megadiverse country [34] with a high bat diversity of 181 known species, of
which eight are endemic to the ecosystems of this country [31,35]. The Atlantic Forest biome
has a variety of bat species, including five endemics of the 117 known in this region [31,32];
however, this is one of the most threatened biodiversity hotspots in the world [36]. The
extensive highway network established in the Brazilian Atlantic Forest [37] was the main
cause of the devastation that occurred in this biome [38]. The Atlantic Forest currently
occupies between 11.4% and 16% of its original extension, and over 80% of the remaining
fragments are less than 50 hectares [39].

In the central Atlantic Forest, the Sooretama Biological Reserve (SBR), Vale Nature
Reserve (VNR), and other private reserves constitute a contiguous forest complex. This
forest complex is known as Sooretama, which in the Brazilian native language Tupi Guarani
means “land of forest animals” [40]. It is part of the World Heritage Site, “The Discovery
Coast Atlantic Forest Reserves”, which displays the biological richness and evolutionary
history of the few remaining areas of Northern Espirito Santo and the Southern Bahia
Atlantic Forest [41]. However, this preserved region is crossed by federal highway BR-101,
one of the most important and busiest in Brazil, which has fragmented the landscape and
caused a high level of animal roadkill [40,42,43].

Here, we investigated the diversity of roadkilled bats in Sooretama by analyzing a
series of roadkill data collected from 2010 to 2015. Our objectives were to: (1) survey the
diversity of roadkilled bat species in the forest complex, and identify the food guild and
the most frequent flight type; (2) assess whether there is a seasonal pattern in the roadkill
rates; (3) evaluate the efficiency of the methods of monitoring roadkilled bats with data
collection by foot compared to that by car; and (4) assess whether the presence of electronic
speed surveillance radars decreased the roadkill rate.

2. Materials and Methods
2.1. Study Area

We conducted the study in the protected area complex formed by the SBR, VNR,
Mutum Preto Reserve, and Recanto das Antas Reserve located between the coordinates
18°53/40'"-19°15'20"" S and 39°44/32'/-40°16'51" W (Figure 1), in the north of Espirito Santo
state, southeastern Brazil. This is an area of approximately 53,000 hectares, with 80 years
of conservation history, and is herein referred to as Sooretama. Sooretama reserves form
one of the largest remnants of the Tabuleiro Forest, an associated type of ecosystem of
the Atlantic Forest, that consists of lowland forest (formed on sedimentary plains that
originated in the Pliocene) intersected by wide and shallow valleys with tabuleiro forests
as the dominant vegetation, with lesser enclaves of mussununga (a vegetation on Tertiary
sandy soils of central Atlantic Forest) and native grassland [44]. The altitude varies locally
between 28 and 65 m above sea level [45], and the climate is tropical with a dry winter
(Aw) according to the Koppen system [46], with approximately 80% of annual rainfall
distributed between October and March [47,48].
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Figure 1. Map of the Sooretama reserve complex formed by the Sooretama Biological Reserve (SBR), Vale Nature Reserve
(VNR), and other reserves with 25 km of the BR-101 highway that crosses the complex (black dotted line). The blue dotted
line represent the 5.1 km stretches that directly cross the SBR and the red dotted line the 6 km from the VNR. Photograph by
Leonardo Mercon/Ultimos Refugios.

Since the 1960s, Sooretama has been intersected by a stretch of federal highway
BR-101 [40] (Figure 1), which is 15 m wide and approximately 25 km long, and between
the years 2011 and 2017, two electronic speed surveillance radar (radars) were installed
at each end of the 5.1 km portion of the highway that directly crosses the SBR, limiting
the speed to 60 km/h. The radar located at Km 102.8 was installed in January 2011 and
began operations in August of the same year, whereas the radar located at Km 107 was
established in August 2011 and activated in June 2012.

2.2. Data Collection

Bat data were obtained between August 2010 and December 2015 from the segment
of highway BR-101 that crosses Sooretama. Two types of monitoring were used to collect
the data: by foot and by car. Monitoring by foot was carried out on the 5.1 km stretch that
only crosses the SBR (rote 1) (Figure 1), from August 2010 to December 2015, with a total of
969 days of sampling, and on the 6 km stretch that only crosses the VNR (rote 2) (Figure 1),
from July 2014 to September 2015, with a total of 38 days of sampling. Monitoring by car
was conducted over the entire 25 km stretch (Figure 1), at a speed between 40 km/h to
50 km/h, from April 2013 to April 2015, with a total of 208 days of sampling. In the months
when the two monitoring methods overlapped, they were alternated (in the days which the
monitoring occurred by foot, there was no monitoring by car, and vice versa). Monitoring
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was carried out in the morning, between 07:00 and 12:00, and data from specimens found
outside of this period were also collected and considered sporadic.

The roadkill data were recorded on a spreadsheet, including the specimen number, the
highway kilometer where the animal was found, and the date and time of the observation.
The coordinates of the collection site were determined by GPS (Garmin Etrex 10) and the
location was photographed. Photographs, carcasses, and samples for species identification
were obtained between 2013 and 2015 (between 2010 and 2012 there was no collection
of these data). Carcasses of specimens found in suitable condition were collected for
identification using morphological characters. Bat tissue samples were collected and placed
in 1.5 mL microtubes with 90-95% alcohol.

The monthly precipitation data were obtained from the weather radar in the city
of Sao Mateus, Espirito Santo, which was the radar closest to the reserves, between the
coordinates 18°40'33"" S and 39°51'50"" W [49], approximately 38 km away.

2.3. Species Identification

The collected carcasses were identified at the lowest taxonomic level using the iden-
tification keys of Diaz et al. [50] and Gregorin and Taddei [51]. After identification, they
were packed in formaldehyde or frozen. The photographs aided in the taxonomic iden-
tification, but they were not considered alone as an identification of species. During the
period from September 2011 to December 2012, the records were neither photographed
nor collected, making the identification impossible. Thirty roadkilled individuals which
had tissue samples collected were genetically identified using DNA barcoding. The cy-
tochrome oxidase I (COI) gene was sequenced according to Klippel et al. [42] and the
result was compared to reference sequences of the species deposited in the Barcode
of Life Data System—BOLD (Centre for Biodiversity Genomics, Guelph, ON, Canada,
https:/ /www.boldsystems.org/, accessed on 22 September 2020) [52] and GenBank (Na-
tional Center for Biotechnology Information NCBI, National Institutes of Health, Bethesda,
MD, USA, https:/ /www.ncbi.nlm.nih.gov/genbank/, accessed on 22 September 2020) [53]
databases.

2.4. Data Analysis

The abundance of the roadkilled species identified was quantified. The feeding guilds
of the species were classified into insectivores, frugivores, carnivores, omnivores, and
nectarivores [54]. The flight types of the species were classified by structural habitat type:
edge space, narrow space, and open space [55].

The data on the abundance of bat species involved in vehicle accidents at the SBR
and VNR were compared to those obtained from the work of Pimenta [56] and Gnocchi
et al. [57], respectively, which were carried out in the same regions as our study, using mist
nets to collect individuals. The abundance data of roadkilled bat species over the entire
25 km stretch were also compared to data obtained from the work of Pimenta [56] and
Gnocchi et al. [57]. The differences in abundances were tested using the Wilcoxon test. The
same test was used to compare the abundance of food guilds recorded in the roadkill with
those present in the reserves. We also compared the percentages of species and individual
bats killed by flight type in each food guild, to assess whether roadkill was related to the
type of flight in the guilds. The analyses were performed using the Systat 13 program
(Systat Software Inc., San Jose, CA, USA, https://systatsoftware.com/, accessed on 22
September 2020).

Species richness was separately analyzed. Each day of monitoring was considered a
sample unit (sample-based), and the species accumulation curve was analyzed using the
species richness estimator Chaol. The analysis was also used to compare the monitoring
carried out by foot and by car on both the SBR highway section and the 6 km section that
crosses the VNR. The analyses were performed using the R program (RStudio Team 2020,
Boston, MA, USA, http:/ /www.rstudio.com/, accessed on 22 September 2020).
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The roadkill rate (individual /km/day) was calculated for each monitoring method
and used for the comparative analyses between the types of monitoring, among the
sampled stretches, and between the effect of radars and seasonality. To assess whether
there were significant differences between the monitoring by foot and by car, the Mann-
Whitney test of comparison of means was applied to the data from the years that the
monitoring overlapped in the 5.1 km stretch that crosses the SBR and 6 km that crosses
the VNR. ANOVA and the Tukey a posteriori test (Tukey’s honest significance test with
unequal sample sizes) were used to assess whether there was a difference in car monitoring
in the three sampled stretches (SBR, VNR, and surroundings), and in roadkill rate with
monitoring by foot among the years and months on the 5.1 km stretch of highway that
crosses the SBR. The analyses were performed using the Systat 13 program.

To compare whether the presence of radars reduced the roadkill rate, we classified
the roadkill rates for the portions of highway where the radars were installed (km 101-102
and km 106-107) into four periods: (1) radars not yet present (No radar) (km 101-102,
from August 2010 to December 2010; and km 106-107, from August 2010 to July 2011); (2)
Installed radar (km 101-102, from January 2011 to July 2011; and km 106-107, from August
2011 to May 2012); (3) Operation radar 1 (km 101-102, from August 2011 to January 2012;
km 106-107, from December 2012 to February 2014); and (4) Operation radar 2 (km 101-102,
from January 2015 to June 2015; km 106-107, from August 2014 to December 2015). Because
the period with the radars in operation was more than twice the number of months as the
previous period, we performed a correlation analysis to assess if there was variation in the
roadkill rate over those months and found a significant increase from the beginning of the
radars’ operation until the end of the period studied (R = 0.63, p < 0.001). Therefore, we
performed ANOVA and Tukey a posteriori tests to assess whether there was a difference in
roadkill rate between the periods.

To determine if there was a relationship between precipitation and the roadkill rate,
we performed a correlation test using the Spearman method. The analysis was performed
using the R program.

3. Results
3.1. Bat Diversity

A total of 773 bats were killed by vehicle impact on the 25 km stretch of the BR-
101 highway that crosses the Sooretama reserves, of which 432 were identified at some
taxonomic level, and 341 were not identified (Table 1). At the species level, 212 individuals
were identified, of which 169 were ascertained by morphological specimen identification
(79.72%), 30 by DNA barcoding (14.15%), and 13 by photographs (6.13%). Two hundred
and twenty records were identified only at non-species taxonomic levels, with 107 families,
31 subfamilies, and 82 genera; of which 202 were determined from photographs (91.82%)
and 18 by morphological specimen identification (8.18%).

In total, 47 species were identified, belonging to 33 genera, from five subfamilies, and
seven families (Table 1). The species Molossus molossus was the most represented, with 65
records (30.7%) identified from vouchers, followed by Saccopteryx bilineata, with 10 records
(4.7%), and Carollia perspicillata, with eight records (3.8%).
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Table 1. Roadkilled bat species in the 25 km of highway BR-101 that crosses the Sooretama reserves. Monitored stretches: 5.1 km of the Sooretama Biological Reserve (SBR), 6 km of
the Vale Nature Reserve (VNR) and 13.9 km of surroundings. Spatial habitat use and feeding guild were classified based on Kalko et al. (2008) and Reis et al. (2016). ES = edge space;

NS = narrow space; OS = open space; I = insectivores; F = frugivores; C = carnivores; O = omnivores; N = nectarivores.

Spatial

Feeding SBR on

SBRby SBR

VNR

VNR

VNR

13.9 km

13.9 km

Roadkilled Species Grouped by Family and Subfamily Habitat Use  Guild Foot Car Sporadic onFoot byCar Sporadic by Car Sporadic Total
Emballonuridae

Unidentified species 4 0 0 0 0 0 0 0 4
Emballonurinae

Centronycteris maximiliani (J. Fisher, 1829) ES 1 2 0 0 1 0 0 0 0 3
Diclidurus albus Wied-Neuwied, 1820 0s I 3 0 0 0 0 0 0 0 3
Rhynchonycteris naso (Wied-Neuwied, 1820) ES I 0 1 0 0 0 0 0 0 1
Saccopteryx spp. ES I 3 0 0 0 0 0 0 0 3
Saccopteryx bilineata (Temminck 1838) ES I 8 0 2 0 0 0 0 0 10
Saccopteryx leptura (Schreber, 1774) ES I 3 0 0 0 0 0 0 0 3
Furipteridae

Furipterus horrens (F. Cuvier, 1828) ES 1 3 0 0 1 0 0 0 1 5
Natalidae

Unidentified species ES I 1 0 0 0 0 0 0 0 1
Molossidae

Unidentified species (O] I 62 4 1 1 0 0 0 1 69
Molossus sp. (O] I 11 0 2 0 0 0 0 0 13
Molossus molossus (Pallas, 1766) oS I 36 4 5 4 1 1 4 10 65
Molossus rufus E. Geoffroy, 1805 (O] I 2 2 0 0 0 0 1 0 5
Nyctinomops sp. (O] I 5 0 0 0 0 0 0 0 5
Nyctinomops laticaudatus (E. Geoffroy, 1805) (O3] I 3 0 3 0 0 0 0 0 6
Promops nasutus (Spix, 1823) oS I 1 0 1 0 0 0 0 0 2
Phyllostomidae

Unidentified species 13 2 1 2 0 0 0 0 18
Carollinae

Carollia sp. NS F 6 1 1 0 0 0 0 1 9
Carollia perspicillata (Linnaeus, 1758) NS F 2 1 1 1 1 0 0 2 8
Rhinophylla pumilio Peters, 1865 NS F 0 0 0 0 0 0 1 0 1
Glossophaginae

Unidentified species NS N 5 0 2 0 0 0 0 0 7
Anoura sp. NS N 1 0 0 0 0 0 0 0 1
Anoura geoffroyi Gray, 1838 NS N 4 0 0 0 0 0 0 0 4
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Table 1. Cont.

Spatial Feeding SBRon SBRby SBR VNR VNR VNR 13.9 km 13.9 km

Roadkilled Species Grouped by Family and Subfamily Habitat Use  Guild Foot Car Sporadic onFoot byCar Sporadic by Car Sporadic Total
ZD()rlyéz;ionycterzs capixaba (Nogueira, Lima, Peracchi & Simmons, NS N 4 1 0 0 0 0 0 0 5
Glossophaga soricina (Pallas, 1766) NS N 0 0 0 1 0 0 2 1 4
Lonchophylla sp. NS N 1 0 0 0 0 0 0 0 1
Lonchophylla peracchii (Dias, Esbérard & Moratelli, 2013) NS N 0 0 0 0 0 0 0 1 1
Phyllostominae

Unidentified species 8 1 0 0 0 0 0 0 9
Lampronycteris brachyotis (Dobson, 1879) NS I 2 0 2 0 0 0 0 0 4
Lophostoma sp. NS I 1 0 0 0 0 0 0 0 1
Lophostoma brasiliense Peters, 1867 NS 1 2 0 0 0 0 0 0 0 2
Macrophyllum macrophyllum (Schinz, 1821) ES I 0 0 0 1 0 0 0 0 1
Micronycteris sp. NS I 7 0 0 0 0 0 0 0 7
Micronycteris hirsuta (Peters, 1869) NS 1 1 0 0 0 0 0 0 0 1
Micronycteris megalotis (Gray, 1842) NS I 1 0 0 0 0 0 0 0 1
Micronycteris minuta (Gervais, 1856) NS 1 2 0 1 2 0 0 0 0 5
Micronycteris microtis Miller, 1898 NS I 3 0 2 1 0 0 0 0 6
Micronycteris schmidtorum Sanborn, 1935 NS 1 2 0 1 0 0 0 0 0 3
Gardnerycteris crenulatum E. Geoffroy, 1803 NS I 1 1 0 0 0 0 0 1 3
Phyllostomus sp. NS (@) 3 0 2 0 0 0 0 0 5
Phyllostomus hastatus Pallas, 1767 NS O 2 1 1 0 0 0 0 0 4
Phyllostomus discolor Wagner, 1843 NS (@] 0 0 0 0 0 0 1 0 1
Trachops cirrhosus (Spix,1823) NS C 3 2 0 0 0 0 0 0 5
Stenodermatinae

Unidentified species F 12 0 1 1 0 0 0 1 15
Dermanura sp. NS F 1 0 0 0 0 0 0 0 1
Dermanura cinerea (Gervais, 1856) NS F 1 0 1 0 0 0 0 0 2
Dermanura gnoma (Handley, 1987) NS F 1 1 2 0 0 0 0 0 4
Artibeus sp. NS F 3 1 0 0 0 0 0 0 4
Artibeus fimbriatus Gray, 1838 NS F 1 0 0 0 0 0 0 0 1
Artibeus lituratus Olfers, 1818 NS F 2 0 2 1 0 0 0 0 5
Artibeus obscurus (Schinz, 1821) NS F 2 0 0 0 0 0 0 0 2
Chiroderma villosum Peters, 1860 NS F 4 0 0 0 0 0 0 1 5
Platyrrhinus sp. NS F 2 0 0 0 0 0 0 0 2
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Table 1. Cont.

Spatial Feeding SBRon SBRby SBR VNR VNR VNR 13.9 km 13.9 km

Roadkilled Species Grouped by Family and Subfamily Habitat Use  Guild Foot Car Sporadic onFoot byCar Sporadic by Car Sporadic Total
Platyrrhinus recifinus (Thomas, 1901) NS F 0 0 0 0 0 0 0 1 1
Platyrrhinus incarum (Thomas, 1912) NS F 1 1 0 0 0 0 0 0 2
Platyrrhinus lineatus (E. Geoffroy, 1810) NS F 0 0 0 0 0 0 0 1 1
Pygoderma bilabiatum (Wagner, 1843) NS F 0 0 1 0 0 0 0 0 1
Sturnira lilium (E. Geoffroy, 1810) NS F 2 0 0 0 0 0 0 0 2
Uroderma magnirostrum Davis, 1968 NS F 1 0 0 0 0 0 0 0 1
Vampyressa pusilla (Wagner, 1843) NS F 3 0 0 0 0 0 0 0 3
Thyropteridae

Thyroptera sp. ES 0 0 0 0 0 0 0 5
Thyroptera wynneae Velazco et. al., 2014 ES I 6 0 1 0 0 0 0 0 7
Vespertilionidae

Unidentified species ES I 9 1 2 3 0 0 0 0 15
Eptesicus furinales (d’Orbigny & Gervais, 1847) ES I 2 0 0 0 0 0 0 0 2
Lasiurus sp. ES I 6 0 0 0 0 0 0 1 7
Lasiurus blossevillii (Lesson & Garnot, 1826) ES I 1 0 1 0 0 0 0 0 2
Lasiurus ega (Gervais, 1856) ES 1 0 0 1 1 0 0 1 1 4
Muyotis sp. ES I 13 0 2 1 0 0 0 2 18
Myotis nigricans (Schinz, 1821) ES I 0 0 0 1 0 0 0 0 1
Myotis riparius Handley, 1960 ES I 4 0 0 0 0 0 0 0 4
Unidentified species at taxonomic levels 289 10 16 10 1 0 6 9 341
Total 592 35 58 33 3 1 16 35 773
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3.2. Diversity and Abundance by Method and Monitoring Stretch

In the sampling carried out by foot for route 1, 36 species were recorded; however,
the estimated richness was 41 species. Car monitoring on the same stretch returned 10
species, whereas the estimate was 22. For route 2, 11 were recorded by foot monitoring
and the estimate was 50 species, and two were recorded by car, where the estimate was
three species. In the 13.9 km stretch around the reserves, the sampling performed by car
recorded seven species and the estimate was 19 species.

The proportion of individuals recorded in the roadkill by SBR category corresponded
only to 10.5% of those captured in the mist nets by Pimenta [56]. The proportions of the
abundance of species killed on the highway compared to those caught in the mist nets
were significantly different (Z = —3.194, p = 0.0014) (Supplementary Materials Figure S1,
Table S1). However, when analyzed only by family, the number of roadkill animals was
proportional to those captured in mist nets (Z = —1.572, p = 0.1159) (Supplementary
Materials Table S1). The species most found in the mist nets and roadkill were of the family
Phyllostomidae (n = 2074 and n = 82, respectively), followed by Molossidae (1 = 114 and
n = 64, respectively), Vespertilionidae (1 = 66 and n = 26, respectively), and Emballonuridae
(n =33 and n = 22, respectively). The families Furipteridae, Thyropteridae, and Natalidae
were recorded only in roadkill (n = 3, n =11 and n = 1, respectively).

The number of individuals recorded in roadkill on the VNR corresponded to 7.3% of
those captured in the mist nets by Gnocchi et al. [57]. The proportion of the abundance
of species roadkilled compared to those caught in the mist nets differed significantly in
the VNR (Z = —4.445, p < 0.0001) (Supplementary Materials Figure S2, Table S1). When
analyzed by family only, the number of roadkill animals was proportional to those captured
in mist nets (Z = —1.626, p = 0.1041) (Supplementary Materials Table S1). The species most
identified in both the mist nets roadkill were those of the family Phyllostomidae (n = 164
and n = 7, respectively), followed by Molossidae (n = 55 and n = 6, respectively), and
Vespertilionidae (n = 24 and n = 3, respectively). The other families (Emballonuridae,
Furipteridae, and Thyropteridae) were represented either by one individual or none.

The roadkill species abundances in the SBR and VNR together corresponded to 8.8%
of those captured with mist nets by Pimenta [56] and Gnocchi et al. [57]. The proportion of
the abundances of species in roadkill compared to those caught in the mist nets differed
significantly (Z = —2.934, p = 0.0033) (Supplementary Materials Table S1). When analyzing
by family only, the number of animals killed by vehicle impact was proportional to the
number of animals captured in nets (Z = —1.472, p = 0.1411) (Supplementary Materials
Figure S3; Table S1).

3.3. Feeding Guild and Flight Type

From the 401 bat carcasses found on the highway, the type of flight and the food guild
were identified. Overall, narrow space-frugivorous species were most recorded (31.9%),
followed by edge space-insectivorous with 12 (25.5%), and narrow space-insectivorous
(19.1%) (Figure 2). Open space-insectivorous species were the most recorded as roadkill
(41.9%), followed by edge space-insectivorous (22.7%) and narrow space-frugivorous
(17.6%) (Figure 2; Table 1). The proportion of roadkill bats by type of flight and guild was
significantly different (Z = 2.366; p = 0.018), with the most frequent being open space and
insectivores (Figure 2).
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Figure 2. Percentage of the flight types present for each trophic guild in bat species roadkilled. ES = edge space; OS = open

space; NS = narrow space; I insectivores; F = frugivores; C = carnivores; O = omnivores; N = nectarivores. The black bars

represent the species, and the dark gray bars represent the records of roadkill by the guild.

3.4. Rates and Pattern of Roadkill

For route 1, monitoring by foot produced 592 records over 969 monitoring days,
with a roadkill rate of 0.120 individual/km/day. In route 2, by foot monitoring returned
33 animals in 38 days of monitoring, with a roadkill rate of 0.145 individual/km/day. Car
monitoring was carried out on 208 days on the route 1 where 35 records were obtained,
with a roadkill rate of 0.033 individual /km/day. Through car monitoring of route 2, three
records were obtained, presenting a rate of 0.0024 individual/km/day. In the remaining
13.9 km stretch of the BR-101 in Sooretama, 17 individuals were identified by car monitoring
as roadkilled, with a rate of 0.0059 individual/km/day. Throughout the entire 25 km
stretch that crosses Sooretama, 55 bats were located by car monitoring, with a rate of
0.0106 individual /km/day:.

The roadkill rate was higher for monitoring by foot than by car for the stretches in the
SBR (W =91, p = 0.0001) (Figure 3) and VNR (W = 25, p = 0.0001) reserves. There was no
significant difference between the roadkill rates by foot monitoring of route 1 and route 2
(W =84.5, p = 0.80); however, by car monitoring, the SBR stretch had a roadkill rate higher
than that of the VNR stretch and the surrounding 13.9 km (F = 31.486, p = 0.0001).

The different periods in relation to the radars showed a significant difference in the
roadkill rate (F = 6.392, p = 0.0006). When compared to the period without radars, the
period in which the radars were installed and the beginning of the operating period showed
low roadkill rates (p = 0.017 and p = 0.001, respectively) (Supplementary Materials Table 52,
Figure 4). However, that there was an increase in the roadkill rate in the second period
of the radars in operation compared to the beginning of the operation period (p = 0.027)
(Supplementary Materials Table S2, Figure 4). The roadkill rate of the second period of
radars in operation did not differ from the period without radars (p = 0.661) (Supplementary
Materials Table S2, Figure 4).
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Figure 3. Boxplot with the values of the roadkill rates by car and by foot monitoring, for the 5.1 km
stretch that crosses the SBR.

05—
o,
4]
RSy
E 0.4 .
[ .
S 03
= ®
= )
= °
o 02— ——
i °
E [ ]
T 01+ T
m
@]
4
0.0 |
< \ N Vv
> o <
(bb @b b’é ®
o) & @
> N I N
N ")
S > >
N & &
oR R

Figure 4. Roadkill rates per period in which radars were operational.

For SBR, there was no difference in the roadkill rates along the months (F = 2.065,
p = 0.41), although there was a difference among the five years and five months of monitor-
ing by foot (F = 3.512, p = 0.008). Subsequently, using Tukey’s test it was shown that the
only significant increase occurred in the roadkill rate in 2015 when compared to previous
years (Figure 5). There was a negative relation between the roadkill rate and precipitation,
indicating that there was an increase in mortality in the drier periods (R = —0.3, p = 0.016)
(Figure 6).
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Figure 5. Roadkill rates per year of monitoring by foot in the SBR. Significant Tukey’s test result (*).
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Figure 6. Negative relation between monthly roadkill rates and monthly rainfall. R = —0.3 and p = 0.016.

4. Discussion
4.1. Roadkilled Bat Diversity

The number of bat species that died by vehicle impact in the present study exceeds the
numbers found in other studies conducted globally (Supplementary Materials Table S3). A
review by Ramalho and Aguiar [8] found 76 roadkilled bat species in studies conducted
in Europe and in North and South America [10-25,27,28], with 45 species in Brazil. Other
studies conducted in Brazil recorded five species not reported by Ramalho and Aguiar [8]:
one by Grillo et al. [26], three by Novaes et al. [27], and one by Ramalho et al. [29]. The
present study added 19 species to the 81 species of bats known to be roadkilled globally, and
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to the 50 in Brazil, increasing the number globally to 100 and in Brazil to 69 (Supplementary
Materials Table S4). From all roadkilled species identified globally and in Brazil, 47%
and 68.1%, respectively, were found in Sooretama. Sooretama is one of the locations
with the greatest known diversity of bats in the Atlantic Forest, with 71 species currently
recorded [56-60] (Supplementary Materials Table S5), which is 61.5% of the known bat
diversity in this biome. In total, 66.2% of the species present in Sooretama and 40.2% of
those in the Atlantic Forest were recorded in roadkill on a stretch of just 25 km of highway
in the region.

Of the 24 species that occur in Sooretama and were not observed as roadkill, seven
(Glyphonycteris daviesi, G. silvestres, Vampiressa thyone, Diaemus youngi, Thyroptera tricolor,
Histiotus velatus, and Myotis levis) were not found on the east side of the BR-101 highway at
SBR by Pimenta [56] (Pimenta, pers. comm.), whereas three (Carollia breicauda, Anoura caud-
iffer, and Lonchophylla mordax) were found only on the east side of the highway in VNR
by Peracchi et al. [58]. This suggests that bat communities in forests on opposite sides of
the highway may have different compositions. Although this apparent difference may
be an effect of different sampling methods, it may also be an effect of the highway itself;
this hypothesis was not the subject of the present study but deserves to be investigated.
However, Lonchorhina aurita, an insectivorous and carnivorous species [61], was recorded
by Pimenta [56] only in culverts under the highway in the SBR, where two individuals
were captured using mist nets (Pimenta, per. comm.), but curiously it was not recorded
in the extensive effort of sampling the roadkill that we investigated here. It was also not
observed as roadkill in other studies. This demonstrates that the highway and its structure
can have positive effects for some species of bats. Bridges and culverts can be used as
shelters for some species of bats and offer adequate microclimate conditions and protection
against predators [62-64].

Macrophyllum macrophyllum was only recorded in Sooretama in the present study, with
one record. The family Natalidae was only presented in this study through a roadkilled
specimen that was photographed, but it was not possible to identify the species. The
species Thyroptera wynneae was registered in the region for the first time from a record of a
roadkill specimen in 2010 at SBR [59]. This fact illustrates that the highway is a threat and
demonstrates its impact on rare bats, as T. wynneae is difficult to collect in mist nets but has
been recorded several times as roadkill, although this species has been registered using
mist nets in the VNR by Gnocchi et al. [57].

Furipterus horrens, a threatened species considered vulnerable in the Brazilian List
of Endangered Species [65], was recorded five times as roadkill; therefore, roads must be
considered a threat to the conservation of this species in Brazil.

Only one record was made of Rhinophylla pumilio killed on the highway, and it could
only be confirmed with DNA barcoding, since we were unable to identify the pulverized
remains of this animal by morphology observation. Molecular analyses are effective in stud-
ies of road ecology for the identification of individuals that are difficult to diagnose from
the morphology or carcasses severely damaged by vehicle impacts [42]. This importance
was also demonstrated by Russell et al. [18], who identified a species of bat threatened
with extinction from molecular analysis of roadkill samples on a highway in the USA.

The high number of unidentified records (1 = 341) in the present study relates to two
factors. First, in the period from September 2011 to December 2012 the records (n = 116)
were neither photographed nor collected, making the identification impossible. Second, the
high degree of destruction of some carcasses that were consequently not collected (n = 225)
made it difficult to identify these records only by photographs.

Despite the high species richness and abundance of roadkilled bats, these results may
be underestimated, because of the rapid action of scavengers in removing individuals killed
during the night, or devouring significant amounts of the animal, making it impossible
to identify, or other causes [66—68]. Thus, the real impact of roadkill in Sooretama may be
much higher than reported.
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4.2. Feeding Guild and Type of Flight of Roadkilled Bats

The insectivore guild was the most affected by roadkill, constituting 25 species and 74%
of the records identified. However, the diversity and abundance of roadkilled insectivorous
bats in Sooretama could be explained by their own richness and composition in the region.
It is more likely to find an insectivorous bat that is roadkilled than collected in a mist net.
In a study conducted at SBR using mist nets, Pimenta [56] found greater species diversity
and abundance in fruit and insectivorous bats (31.5% and 70.9%, respectively), which
differs from that of the present study (Supplementary Materials Figures S1 and S2). In
VNR, Gnocchi et al. [57], also using mist nets, found a greater diversity of insectivorous
bats (44%) and frugivores (36%), and a greater abundance of insectivorous individuals
(~38%) and frugivores (~32%). The diversity and abundance of insectivorous species
found in that report were lower than those found in roadkill assessed in the present
study (Supplementary Materials Figures 54 and S5, respectively). However, mist netting
is not effective in sampling aerial insectivores because some bats fly above the nets and
insectivores can detect the mist nets [55]. Thus, the abundance of insectivorous bats tends
to be underestimated in studies with mist nets, and the roadkill records made may provide
a closer reflection of the real abundance of aerial insectivores and the extent to which
highways impact them.

The diversity and abundance of insectivorous bats in roadkill may relate to insects
being attracted by the artificial lights of passing vehicles on the highway, or the clearing of
the open road into forests. The increase in the activity of insectivorous bats near artificial
lighting sources has been observed previously with an abundance of insects attracted
by this lighting [69,70], although Ramalho et al. [29] found no relationship between the
roadkill of bats on highways in the Neotropical savanna and artificial lighting. The second
factor is the biology of species killed by vehicle impact. In Australia, it was observed
through bioacoustics that insectivorous bats that use open areas are more likely to be road-
killed [71], because they have high speeds and little maneuverability. Our data corroborate
this finding because, considering only aerial insectivores, the number of roadkill records
with open space flight was twice that of edge space flyers (Figure 2).

Bat species can avoid habitats adjacent to highways [72,73], due to road effect zones,
such as the lack of canopy coverage [74], and road and traffic disturbances, such as light
and noise [75-77]. Bhardwaj et al. [78] investigated insectivorous bats in highly deforested
agricultural landscapes in Australia and found that their activities decreased significantly
with the proximity of the highway. However, in environments where canopy coverage
is dense on the side of the highway, this effect may be reduced and species may persist,
although some deterrents may still exist. The high diversity and abundance of roadkill
insectivorous bats in Sooretama suggests that the area of highway zone effects may not be
as extensive, or it is positive in their activity. However, the BR-101 highway zone effect on
bats deserves to be investigated in Sooretama.

Bats play an important ecological role, providing ecosystem services such as pol-
lination, seed dispersal, and insect control [79]. Our study changes the understanding
of the bat feeding guild that is most affected by roadkill, which the other studies in the
Neotropical region reported as frugivores [25,27]. The most roadkilled bat species in Brazil
(53.6%) and the world (68%) are insectivores, followed by frugivores, with 27.5% and 19%,
respectively (Supplementary Materials Table 53). The high mortality of insectivorous bats
is concerning, because these animals are important predators and controllers of agricultural
pest populations [80,81]. The surroundings of Sooretama, for example, are formed by a
farm matrix composed of cocoa, coffee, papaya, passion fruit, pepper, eucalyptus, and
other crops [44]. Ecosystem services provided by bats in the region may be affected due
to the high roadkill rates observed. In agricultural areas in the USA, for example, such
services provided from bat predation of pests can reach an approximate value of USD 23
billion annually [81]. In the Neotropical region the contribution of bat ecosystem services
has not been estimated, but much of this service is being lost due to unnatural bat demise.
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4.3. Roadkill Rates and Pattern

This study was the longest monitoring of roadkilled bats and showed the highest
roadkill rates of bats reported globally (Supplementary Materials Table S3). The higher
roadkill rates obtained from monitoring by foot clearly demonstrate that the method
is much more efficient for detecting bat carcasses than monitoring by car. This fact is
explained by the greater ease in detecting carcasses with slower movement through the
area at the time of monitoring. Teixeira et al. [82], for example, evaluated the detection
rate between the two types of monitoring for small vertebrates, and observed that the
detection of carcasses by car is far less compared to that of monitoring by foot. The type of
monitoring can even be associated with the type of species detected; for example, in other
studies carried out with roadkill bats in Brazil frugivores were the most recorded [25,27],
which are generally larger species compared to insectivores, which were most recorded in
this study.

Monitoring by car showed that the SBR stretch obtained a bat roadkill rate higher
than the VNR stretch and the 13.9 km from the surroundings, but this result differs from
expectations. In SBR the highway crosses a dense forest and in the VNR and surroundings
there are different land uses around the highway, most of which is open area. Open areas
are used by bats that fly at a higher speed and have little maneuverability and are more
susceptible to vehicle impacts [71]. Secco et al. [25] observed that bats were more liable
to become impacted by vehicles in places with open areas in a region of the Atlantic
Forest. However, it is noteworthy that when monitoring by foot in Sooretama, we found
no difference between the roadkill bat rates obtained on the SBR and on the VNR stretches.

The evident increase in roadkill rates at the end of our study period may be related
to the severe drought that the region experienced in 2015 (see Branco et al. [83]), since
because roadkill rates were higher in the drier months (Figure 6). Modeling the effects of
climate change on bats leads to the prediction that populations of different species tend to
move to other regions because of changing environmental conditions [84]. This raises the
hypothesis that in periods of prolonged droughts, there is an increase in the displacement
of bats in search of resources. Thus, climate change can increase the effect of roadkill on
bat communities, at least in the Neotropical forest. In contrast, Ramalho et al. [29] found
that the number of bats roadkilled was higher in the rainiest period in the Neotropical
savannah.

The fact that there is no significant difference among the months in the roadkill rates
indicates that seasonality has no effect on them, and they were constant throughout the
year where the present study was carried out. Secco et al. [25] also reported that the number
of roadkilled bats was similar throughout the year in an area in the southeast region of the
Atlantic Forest. This differs from what occurs in the temperate region, where roadkill rates
are higher in the reproductive period [15,17]. Generally, bats have up to two pregnancies
per year and one offspring per pregnancy [85]. In the present study, we identified 102
females and 64 males, and 156 adults and 10 juveniles of different bat species (Table 56). At
least four pregnant females (two M. molossus, one Eptesicus furinales, and one Platyrrhinus
incarum) were confirmed as roadkill, which indicates that there can be a direct effect on
the recruitment of bat populations in the study area, considering that roadkill occurs both
inside and outside the reproductive period, and involves numerous females and juveniles.

In the late 1960s, highway BR-101 was built across Sooretama despite the main Brazil-
ian environmental law of the time, the Forest Code of 1965, which did not allow such
construction inside protected forest areas [40], and the problems caused from this construc-
tion have not yet been adequately mitigated. The two radars of 60 km/h that were installed
in 2011 promoted a significant reduction in roadkill of bats in the two years following
their installation/operation (Figure 4). These rates have not only been reduced locally in
the stretch where the radars were installed, but along the entire length, because roadkill
rates in the section that crosses the SBR in the years before the installation of the radars,
2010 and 2011, were higher than those of 2012, 2013, and 2014. The speed of traffic on the
road is a factor that directly influences roadkill [86,87]. However, there was a significant
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increase in the last year of sampling (2015) in roadkill rates (Figure 5). In 2017, the radars
were removed from the highway, and in 2021, the radars were reinstalled, but the speed
limit was raised to 80 km/h. We have made sporadic visits to the stretch in recent years
and found that roadkill in the reserves remains chronic, and the section of the BR-101 that
crosses the reserves is planned to be duplicated, which can further aggravate the roadkill
rates.

Mitigation measures to avoid wildlife death should be established in highway devel-
opments in regions of high bat diversity in the Neotropical forest. However, measures to
reduce roadkill are often not considered in road planning, particularly in relation to bats.
Although there are many potential strategies to mitigate the effects of road construction on
bats, the effectiveness of these measures needs to be tested in various regions to ensure
bat preservation [8]. In the present study, we showed that a speed limit of 60 km/h with
electronic surveillance can be effective in reducing roadkill of bats along a stretch of high-
way. The installation of “overpasses” that direct the flight of bats above the highway also
can be effective in reducing the mortality of bats [88]. An alternative to preserve these bats
in Sooretama reserves is closing the BR-101 highway or reducing the traffic of vehicles at
night when bats are active, which would also preserve other nocturnal species that are also
roadkill.

5. Conclusions

The diversity of roadkill bat species in the Sooretama reserves is among the highest in
the world, and the abundance is also high, especially for open space-aerial insectivorous
bats. Considering the roadkill rates found in the present study, tens of thousands of bats
have been roadkilled along the 25 km that crosses the Sooretama reserves since the BR-101
highway was opened, which may have reduced species populations. Further research
is needed on bat species abundances to estimate the extent to which roadkill affects the
viability of populations over the long term. Furthermore, there is a need to investigate
the effect of the highway zone on bats” activity. The high roadkill rates did not present a
seasonal pattern, and roadkill affected bat populations in the Atlantic Forest, both inside
and outside of the reproductive period. However, roadkill rates were higher in the driest
year of the forest, likely in relation to the need for greater movement of bats in search of
resources. Radars with a speed limit below 60 km /h were shown to reduce roadkill rates
and must be considered in a mitigation plan. We recommend testing the effectiveness
of reducing roadkill rates by implementing bumps to reduce vehicles speed. However,
closing the BR-101 highway or reducing the traffic of vehicles in Sooretama reserves at
night are measures that can be used to avoid the vehicular death of these animals. The
success in diagnosing the diversity of bats roadkilled in the present study is credited to the
methods used. Thus, we suggest that studies monitoring roadkill fauna on highways must
be conducted by foot, with the collection of vouchers of the carcasses themselves or/and
tissue, complemented with efficient species identification tools where possible, such as the
application of DNA barcoding. Roadkill is an unseen and silent threat to the diversity of
bats in the Neotropical forest.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/d13070335/s1, Figure S1: Proportion of bat species recorded in roadkill (gray) and the
proportion of species recorded in mist nets (black) from the study of Pimenta (2013) in the SBR,
Figure S2: Proportion of bat species recorded in roadkill (gray) and the proportion of species recorded
in mist nets (black) from the study of Gnocchi (2019) in the VNR, Figure S3: Proportion of bat families
recorded in roadkill (gray) and the proportion of species recorded using mist nets (black) in the
studies of Pimenta (2013) and Gnocchi (2019) in the SBR and VNR, Figure S4: Percentage of species
recorded by type of flight in each trophic guild in roadkill (black) and reported by Pimenta (2013)
(dark gray) and by Gnocchi et al. (2019) (light gray) using mist nets. ES = edge space; OS = open space;
NS = narrow space; I = insectivores; F = frugivores; C = carnivores; O = omnivores; N = nectarivores.
The black bars represent the species, and the dark gray bars represent the records of roadkill by guild,
Figure S5: Percentage of individual records by type of flight in each trophic guild found in roadkill
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(black), and reported by Pimenta (2013) (dark gray) and by Gnocchi et al. (2019) (light gray) using
mist nets. ES = edge space; OS = open space; NS = narrow space; I = insectivores; F = frugivores;
C = carnivores; O = omnivores; N = nectarivores, Table S1: Values of the Wilcoxon non-parametric test
(Z) and level of significance (p) when comparing the roadkill data with the captured specimen list with
mist nets (Pimenta, 2013 and Gnocchi et al., 2019). In the last comparison, we removed the records
of the Phyllostomidae family. The value in parentheses corresponds to the sample size, Table S2:
Results of the Tukey test with comparisons between periods: No Radar, Installed Radar, Operation
Radar1, and Operation Radar2, Table S3: Studies of roadkilled bats worldwide. Shows the country,
road extension, monitoring type, and roadkill rate (individual/km/day) from each study when
informed. No information is represented by ni, Table S4: Bat species and feeding guilds identified in
studies of roadkilled bats in different countries by Ramalho and Aguiar (2020) updated by Damasio
et al. (this study). Data presents 24 new roadkilled species in Brazil added to 76 species globally by
Ramalho and Aguiar (2020): 19 by Damasio (this study), one by Ramalho et al. (2021), one by Grillo
et al. (2018), and three by Novaes et al. (2018), which were omitted from the Ramalho and Aguiar
(2020) list. I = insectivorous, p = piscivorous, N = nectarivorous, F = frugivorous, C = carnivorous,
H = hematophagous, O = omnivorous, AUS = Australia, BRA = Brazil, BUL = Bulgaria, CZE = Czech
Republic, FRA = France, GER = Germany, MON = Montenegro, SPA = Spain, USA = United States
of America, Table S5: Bat species from the Sooretama reserves. Reference: [01] Damasio et al. (this
study); [02] Pimenta (2013); [03] Vela-Ulian et al. (2021); [04] Peracchi et al. (2011); [05] Gnocchi et al.
(2019); [06] Hoppe et al. (2013), Table S6. Sex and age of the roadkilled bat species in the 25 km of
highway BR-101 that crosses the Sooretama reserves. Shows only the number of individuals that it
was possible to identify the age and sex.
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