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RESUMO GERAL

As rodovias sdo responsaveis por grande parte do avanco econémico ddeBidsiem vista

que facilitam a conexdo entre regides e o transporte de passageiros e cargas. No entanto, as
rodovias sdo responsaveis por diversos impactos ambientaisnpadificam o ecossistema

afetam a fauna de diversas formas. Os principais efeitos das rodovias na fauna sédo o efeito
barreira, efeito de evitamento e atropelamentos, que podem reduzir as populacdes losais. Esse
efeitos podem ser agravados em regidedridades d€Conservacao (UCsyjsto quesao areas
destinadas a protecdo de espécies endémicas e ameacadas. Desse modo, 0 objetivo do presen
trabalho foi compreender os impactos das rodovias na fauna no entorno de uma UC. A area de
estudo foi o Parque Nacional da Chapada Diamantina (PNCD), pois se trata de uma regido de
grande relevancia, principalmente por abrigar diversas espécies endémicas e ter um grande fluxo
de veiculos, impulsionado principalmente pelo forte turismo da regido. Assim, realizamos o
levantamento de animais atropelados entre 2022 e 2023 nas rodovegtodno da UC
posteriormente identificamos okotspots de atropelamentos e, por fim, conduzimos o
levantamento de avifauna e mastofauna no entorno das rodovias. Nossos resultados indicaram
que h& variacao espacial de atropelamentos, de modo que a maidr@spagsse encontram

fora da 4rea do PNCDOlambém reforcamos a necessidade de estudar os grupos taxondmicos
separadamente e, se possivel, realizar avaliagdes considerando os grupos fuAdaiolzais.
descobrimos que a distancia da rodovia pode nédo ter o mesmo efeito entre diferentes grupos
funcionais tendo em vista que encontranadeitos significativos apenas para aves carnivoras.

Palavras-chave: Conservacao; Biodiversidade; Malha viaria; Impacto ambiental; Endemismao.
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GENERAL ABSTRACT

Highways are responsible for much of Brazil's economic growth, as they facilitate connections
between regions and the transportation of passengers and cargo. However, highways are
responsible for several environmental impacts, as they modify the ecosystem and affect fauna in
several ways. The main effects of highways on fauna are the barrier effect, the avoidance effect,
and roadkill, which can reduce local populations. These effects can be aggravated in regions of
Protected Areas (PAsas they are areas designated for the protection of endemic and threatened
species. Thus, the objective of this study was to understand the impacts of highways on fauna in
the surroundings of BA. The study area was the Chapada Diamantina National Park (PNCD), as

it is a region of great importance, mainly because it is home to several endemic species and has a
large flow of vehicles, driven mainly by the strong tourism in the region. Thus, we conducted a
survey of animalgoadkill between 2022 and 2023 on the highways surroundind®MN@D,
subsequently identified the hotspots of roadkills and, finally, conducted a suneydetnd
mammas in thenearthe highways. Our results indicate that there is spatial variation in roadkills,

so that most of the hotspots are located outside the PNCD area. We also reinforce the need to
study taxonomic groups separately aexkecuteassessments considering functional groups.
Furthermore, we found that the distance from the highway may not have the same effect among
different functional groups, given that we found significant effects only for carnivorous birds.

Keywords: Conservation; BiodiversityRoad networkEnvironmental impact; Endemism.
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INTRODUCAO GERAL

As rodovias sdo de grande importancia para o desenvolvimento brasileiro, pois séo
responsaveis por aproximadamenbase todo snovimento de passageirosrais da metade do
transporte deargas do paiBARROS; BAGGIQ 2022).Assim, 0 crescente investimento na
pavimentacédo de rodovias do Brasil tem um impacto positivo na econeBRREIRAet al,

2019). Embora as rodoviaprovoquen impactos positivos, pois facilitam o deslocameato
transporte de cargas, també&ausammpactos negativos, comomodificacdo do ecossistema
que resulta em varios outros impacosbientaif SALOMAO et al, 2019).

As rodovias provocam impactos diretos e indiretos no ambiente, que inclui fragmentacao
de degradacdo ambiental, perda de habitat, atropelamentos e criacdo de novos ambientes
(FORMAN; ALEXANDER, 1998; van delREE, SMITH; GRILO, 2015 KARLSON et al,

2019. Além disso, as rodovias podem impactar a fauna criando efeito barmeifiaar
inacessivel para algumas espécies, efeito de evitamemiie espécies ewvdn as rodovias
principalmente devido aos ruidas,0 atropelamentayue elimina individuos das populagcdes
(JAEGERet al., 2005COFFIN, 2007;BARRIENTOS et al., 2021GRILO et al., 2021)Esses
impactospodenm reduzr o fluxo génico ea éundancia e populasdes consequentemenieode
aumendr o risco de extigdo local para algumas eipes JAEGERet al., 2005 JACKSON,;
FAHRIG, 201).

Os efeitos das rodovias, principalmente os atropelamertdsnpagravar a situacao da
faunaemUnidadesde Conservgéo (UCs), poisconcentrangrandediversidade e abu@dcia de
espgciesmuitas vezes ameadasde extincAqBAGER et al., 2016)Além disso,diversasUCs
recebemmuitos visitantes 0 que agrava o problema de atropelamentos, por aumentar o
densidade de trafeg@ARRIGA et al, 2012).Por isso, reduzir os impactos das estradas em UCs
€ de grande impoéhcia, principalmente para prevenir e reduzir o itéxlpopulacional das
espgcies mais afetadaOLLINSON; MARNEWECK; DAVIESMOSTERT, 2019) No Brasil
esse processo pode ser agravado, pois ha uma graaédade de UCs que ndo possui estudo
de impacto ambiental das rodovias no entorno, 0 que aumenta a preocupacado para O
conhecimento sobre esses impactos segsas MIRANDA; SCHIAVETTI, 2024).

Nesse sentido, o primeiro passo para avaliar os impactos das rodovias € o levantamento de
animais atropelado@INTO; CLEVENGER; GRILQ 2020),que permite a criacao de listas de
espécies locais para conhecer os individuos diretamente afetados pela (BASSER;
FONTOURA 2013). Um outro passo importante éompreender os pdilrs espaciais e

temporais dos atropelamentparaque gestores ambientais tomem déessefcientes(GRILO
12



et al.,, 2009). Par@ompreender a distribuicdo espacial é comidentificar fihotspotsde
atropelamentas os pontos com significativa agregia dos atropelamentpfuntamente com
arglise da paisagem no entorno das estraGaEYENGERet al., 2003BAGER et al., 2007).
Essas analises permitem encontrar combigdes particulares e definir pontositmos de
mortalidade FILIUS et al., 2020)paraembasara instalgéd de medidas mitigadoras, como
passagem de fauna e redutor de velocidgde reduzem os acidentéSRILO et al., 2009;
PAGANY, 2020) que podem causar danos tanto para a fauna quanto para gdpdpuhaanae
resular em perdas ambientais ecordmicas SAENZ-DE-SANTA-MARIA; TELLERIA, 2015;
ABRA et al., 2019).

Ainda existem lacunas e quéss a serem resolvidas para cada grupo far@mo em
ecologia de estradas (PAGAN2D20). Os grupos taxonémicos de vertebrados respondem de
maneira diferente aos efeitos das rodovias (HA; SHILLING, 2018) e, por is8iiseande
hotspotsde atropelamentos devem ser refinadas (MIRANDA; MELO; UMETSU, 2020; FILIUS
et al., 2020). Embora identificar d®mtspotsde atropelamentos seja fundamengahecesério
novas abordagens para alcanmelhor compree@s e mitiggéo dos atropelamentos de fauna
silvestre (PAGANY, 2020). Nesse sentido, trabalhar com uma abordagem diferenciando os
grupos funcionais pode ser a chave para novos trabalhos com fauna atropelada. A biodiversidade
tem miltiplas fungBes e a predée antopica exige que mais alises sejam feitas para melhor
geséo do ecossistema (MACEL et al., 2012).

Embora o Brasil se destaque dentro da ecologia de estradasrieadnatina e no mundo
(PINTO; CLEVENGER; GRILQ 2020;SILVA; CRANE; SAVINI, 2021), alguns trabalhos de
revisso (VIEIRA et al.,, 2019;SILVA; CRANE; SAVINI, 2021) @o apontam estudos sobre a
fauna ocorrente no entorno das rodovi@sprincipal foco dos trabalhos sobre ecologia de
estradas no Brasil e no mundo é o atropelamédtdEIRA et al, 2020).Assim, mesmo com
diversos trabalhos realizdo arélise de caractésticas da paisagem no entorno das rodovias ou
dos pontos de maidndice de atropelamentoBREITAS et al., 2015ARAUJO et al., 2020;
FERREGUETTIet al., 2020MIRANDA; MELO; UMETSU, 2020), ainda &uma lacuna sobre

a ocoréncia de esgies no entorno das rodovias do Brasil.

Além dessa lacuna de conhecimentddhas lacunas gedicas que merecem atgin: a
augncia de trabalhos no Nordesile Brasile a auéncia de trabalhos edCs (MIRANDA,;
SCHIAVETTI, 2024) O nordeste brasileiré a regido com omenor mimero de estudos no iga
(OLIVEIRA et al., 2020)e isso faz com que a régi merga ateigéo, principalmente por ser
conhecida pelo grande potencialistico que atrai pessoas de outras@egie de fora do Brasil
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(SOUZA; SILVEIRA-NETO, 2015; RABAHY, 2020). Certamente esse aspecto turistico
aumenta o fluxo de veiculo, contribuindo para o impacto ambiental das rodovias na fauna e

enfatizando a necessidade de compreenséao dos efeitos das rodovias na fauna da regiéo.

Nesse contexto, a Bahia destaca entre oselr estados com mais ocigdas pelo turismo
(SOUZA; SILVEIRA-NETO, 2015) e tem Legois, na Chapada Diamantina, se sobressaindo
entre os principais murgios com chance de receber turistas no estAl8 WJQUERQUE;
LIMA, 2021).Acreditamosque odestaque da Chapada Diamantina na rota preferencial de
turistas faz com que a régi merga ateigéo de pesquisadores em ecologia de estradas, tanto
pelo fluxo de carros que deve ser inflado pelo turismo quanto peléneiastio Parque Nacional
da Chapada Diamantif@NCD), queé delimitado e cortado por rodovias conforme se encontra
no pidprio Plano de ManejdBRASIL, 2007).

Além da importancia turistica, a regido da Chapada Diamantina tem grande relevancia
ecologica por abrigar diversas espécies endémicas e ameacadas de @G®AGEQ, 2005). A
regido é propicia para trabalhar quésts ecabgicas e conservacionistas emea de protgéo
ambiental, principalmente pela presende uma unidade de consey@a federal, o PNCD.
Assim, compreender a compg& e paddes espaciais dos atropelamentos de animais silvestres
e a infliéncia das rodovias na fauna seu entorné fundamental para o planejamento ambiental
e melhor efigdnhcia na gesb do PNCD. Esse estudo possibilitgue novas informgbes sejam
agregadas ao plano de manejo do PNCD para que se possa melhorarg@e<olodparque e
sua zona de amortecimento, bem como auxiliar no planejamento cada vezdodiiramo na
regiao.

Pensando ni sso, a tese foi d Andlisedla mraalgéoe m  t r
cientfica e conhecimento sobre atropelamentos de animais silvestréscasprotegidas do
Brasilo |, reali zamos wuma busca na | iteratura po
comparamos trabalhos que foram realizados em rodovia proxima (PPA) ou distante (NPA) de
Unidade de Conservac@dC). Consideramos PPA aqueles que amostraram rodovias até 1km de
Unidades de Conservacdo. Encontramos 126 artigos, sendo 57% PPA. Notamos que os artigos
com fauna atropelada aumentaram nos ultimos anos, com mais trabalhos em PPA. O grupo mais
estudo foi dos mamiferos (108 artigos), depois répteis (79 artigos), aves (73 artigos) e anfibios
(58 artigos). No Cerrado esta concentrada a maior parte dos estudos (54 artigos), seguido da
Mata Atlantica (45 artigos)Nesses biomas se encontram o maior numero de UCs, bem como o
maior numero de UCs néo pesquisadas no entorno de rodovias. O aumento de pesquisas em PP/
€ positivo, mas notamos que precisa haver maior envolvimento de setores governamentais e
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gestores das UCd#ncentivamos o aumento do levantamento de estradaémas as UCs, 0
envolvimento de pesquisadores cordragas ambientais e mais estudos com pequenos animais.

No s e gun doUfat@Gshdtspatstiecatropefamentosadn eséo relacionados com
&reasprotegidad, estudamos a distribui-«o0o tempor al
da influéncia da paisagem e das caracteristiceasodavies nos atropelamentos que ocorrem no
entorno do PNCDAmostramos os atropelamentos por 16 meses, de forma quinzenal, em um
veiculo com dois observadores. Registramos 580 animais atropelados, 182 anfibios, 185 répteis,
143 aves e 70 mamiferos. Quanto a riqueza, confirmamos 5 espécies de anfibios, 20 de répteis,
36 de aves e 14 de mamiferdgpenas anfibios e répteis apresentaram diferenca significativa
entre seca e chuva, com maior abundancia e riqueza no periodo chuvoso. A localidade dos
hotspotsde atropelamentos variou entre 0os grupos, com algumas regifes sobrepostas e outras em
areas diferentes entre os grupos taxonémicos. Além disso, a maioridotkpots de
atropelamentos estéo fora da area do PNCD. Com isso, acreditamos gse tvaiidado com
analises espaciais que agrupam individuos de diferentes grupos taxondémicos. Também
incentivamos que pesquisas futuras sejam realizadas para compreender o mdivtsulis

estarem localizados em sua maioria fora do PNCD.

No terceiro capitulofiEntendendo os fatores que influenciam a armia de esgcies no
entorno das rodovias, anal i samos o0os fatores que influer
regido no PNCDPara isso, amostramos aves e mamiferos no entorno de pontos de agregacao de
atropelamentoshptspot¥ e pontos sem atropelament@®l{ispoty. Amostramos as aves com
cinco pontos de escuta, um a cada 250m a partir da rodovia, até 1000m de distancia da rodovia.
Os mamiferos amostramos com armadilha fotogréafica, sendo uma a 500m da rodovia, outra a
1500m e a ultima a 2500m da rodovia. Utilizamos cada ponto de escuta e ponto com armadilha
fotografica como amostra e coletamos informacdes sobre a paisagem no entorno para analises.
Ainda, separamos as aves e mamiferos por grupo tréfico: herbivoro, onivoro e carnivoro. Nossos
resultados apontaram que 16% das aves que ocorrem no entorno sao atropeladas, enquanto 509
dos mamiferos do entorno sao atropelados. Os efeitos da rodovia podem variar de acordo com o
grupo, sendo que a distancia da rodovia € importante apenas para aves carnivoras, em que se ter
0 aumento de aves carnivoras com o aumento da distancia da rodovia. Registramos maior
abundancia de mamiferos nosldspots indicando que mais pesquisas devem ser realizadas

sobre os ambientes no entorno das rodovias e ndo somente com a paisagem.
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CAPITULO 17 Andlise da producdo éntifica e conhecimento sobre atropelamentos de
animais silvestres em areas protegidas derasil

O presente capitulo foi publicada integracom o titud Anal ysi s of scientif
knowl edge about wil dlife r oa dielistaEthnabioloBy a z i |
and Conservation e a formatad segue as normas da revidRsponivel no link a seguir:
https://ethnobioconservation.com/index.php/ebc/article/view/767
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Significance Statement

Brazil is a megdiodiverse country and has a large number of protected areas with loss of
wildlife diversity run over by motor vehicles. In this manuscript, we mainly seek to understand
which protected areas are neglecting the problem of roadkill fauna. For this, we surveyed all
works published up to the year 2021 as well as used geospatial tools to identify where these
protected areas are located and which region deserves more attention from environmental
managers. So, we believe that this work is fundamental to indicate the spatial gaps in the death of
wild vertebrates particularly vulnerable to roadkill events in protected areas as well as the
protected areas that need more attention from researchers, environmental managers, and
government. With our review, it is also possible to understand how work on roadkill fauna is
being prepared, which allows for drawing up plans for the future of research, especially research
involving protected areas directly affected by roads. Thus, the work also indicates knowledge
gaps that will serve as a guide for government environmental managers.

Abstract

Roads are responsible for great biodiversity loss, especially in protected areas (PAs). Thus,
considering the great risk of roads to PAs and the lack of knowkdulyé these areas, we aimed

to analyze the scientific production on wildlife roadkill in Brazil and compare the studies that
surveyed roads with and without PAs. We searched for papers in five databases: SciELO, Google
Scholar, Reet Brasil, Scopus and Plataforma Lattes. Studies considered to be near PAs (PPA)
collected data within a radius of 1 km of PAs and the other studies were considered to have no
PA (NPA). We found 126 studies that surveyed wildlife roadkill in Brazil, of which 57% are
PPA. Publications on wildlife roadkill have increased in recent years, with a greater number of
PPA studies than NPA studies (W = 618, p = 0.5992). Mammals are thetoisd group (n =

108), followed by reptiles (n = 79), birds (n = 73) and amphibians (n = 58). Most of the studies
took place in the Cerrado (54) and the Atlantic Forest (45), where are the greatest number of
surveyed PAs, greatest number of PAs and greatest number of PAs without studies. Only 18
papers suggest specific mitigation measures for the study site. The increase in PPA studies is
positive, but researchers need to increase contact with PA managers to produce scientific
knowledge and develop more efficient mitigation measures for these areas. We encourage
increased surveying of roads near PAs, involvement of researchers with environmental agencies,
and more studies with small animals.

Keywords: Local extinction, biodiversity, road ecology, wildlife vehicle collisions.
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Introduction

Anthropogenic activities cause major problemsgdostected areas, including through the
fragmentation of adjacent habitats, which reduces patch connectivity, and contamination of
protected areas as a result of pollution in surrounding areas (Lovejoy 2006). Protected areas
(PAs) are affected by a range of impacts, such as illegal harvesting of plants, poaching, invasive
species, fires, deforestation and construction of roads (Schulze et al. 2017). Furthermore, PAs
located near roads are more likely to be colonized by alien species and to be deforested, due to
the ease of access (Mcdonald et al. 2009; Pfaff et al. 2015). Other effects of roads on PAs include
habitat | oss, alteration of the Dbiotic comm
the division and isolation of populations (Spellerberg 1998).

Roads are one of the main factors that isolate PAs, by restricting the movement and
dispersion of animals (Newmark 2008). This problem is even worse with more developed roads
(i.e., 4lane paved roads are more developed than slagk paved roads, which are more
developed than dirt roads), which increase the risk to PAs and reduce the efficiency of PAs closer
to roads in maintaining biodiversity (Lupine@unha et al. 2022). Thus, the expansion of the
road network puts these areas at risk, as it tends to favor deforestation and habitat loss (Aguirre
et al. 2021), mainly by making the regions more accessible, which drives deforestation (Barber et
al. 2014). Furthermore, construction of roads leads to an increase in the number of collisions
between vehicles and wild animals (Odda@xmino and Nkomo 2021).

Roadkill is the most visible negative effect of roads on biodiversity (Forman and Alexander
1998; Ferreira et al. 2023; Oliveira et al. 2023), and one that can cause major environmental
impacts, such as extinctions of local populations (Barrientos et al. 2021; Tres et al. 2024).
Therefore, it is considered a major problem for PAs (Collison et al. 2019). Roadkill can increase
the loss of biodiversity in PAs (Bager et al. 2016), as they tend to have a higher diversity than
unprotected areas and, consequently, higher collision rates than other areas (Garriga et al. 2012;
Kioko et al. 2015). Thus, due to the serious threat and likelihood of occurrence it is essential to
monitor roadkill on roads near PAs (Saranholi et al. 2016), especially in a megadiverse country
such as Brazil, which has great biodiversity, including two conservation hotspots (Rylands and
Brandon 2005).

We have numerous examples of the occurrence of widéfacle collisions in PAs in
Brazil. One study in the region of the Sooretama Biological Reserve showed that-t{# BR
highway offers a major risk to the local population of Lowland Tapapirus terrestris
Mammalia, Perissodactyla), given that this site is considered one of the last refuges for viable
populations of this species in the Atlantic Forest (Banhos et al. 2021). Diniz and Brito (2013)
state that the death of Giant Anteatidly(mecophaga tridactylaMammalia, Pilosa) by roadkill
is the greatest threat to population viability in the Brasilia National Park, located in the Cerrado.
Smaller animals are also strongly affected by the roads that surround protected areas, such as the
Sooretama Biological Reserve, which has one of the highest rates of roadkill bat biodiversity in
the world (Damasio et al. 2021).

Considering the impact of roads on PAs (Garriga et al. 2012; Bager et al. 2016) and the
scarcity of knowledge about biodiversity inside and outside of PAs in Brazil, new steps need to
be taken to maintain the efficiency of PAs in maintaining biodiversity (Oliveira et al. 2017).
Thus, we need to understand what is already known about roadkill inside and outside of PAs in
order to suggest steps to take in both environments.

Given the above, the present study aimed to analyze the research on roadkill and to
compare studies of areas near to and far away from PAs in Brazil. We believe that the majority of
studies occur near to PAs, but they are limited to the more developed regions because these
regions have the easiest access. We presumed that studies near to PAs would suggest mitigation
measures, and we analyzed the presence of these measures. Finally, we pointed out gaps in area
without surveyed roads near to PAs.
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Material and Methods
Bibliographical research

We created a database of scientific papers about wildlife roadkill in Brazil published up to
2021 and available in journal databases and on a curriculum plaffabie (1). We used broad
keywords Table 1) because we preferred to refine the data manually. We prioritized Google
Scholar due to the efficiency of the platform (Prins et al. 2016; Martin et al. 2018), carrying out
two searches, one in Portuguese and one in English. To increase the scope of papers published in
English we also searched on Scopus (see Martin et al. 2018). We chose SciELO because it
grouped papers from Brazilian journals, Plataforma Lattes because it grouped the Curriculum
(CV) of researchers from Brazil, and the list of papers available on the Rede Brasileira de
Especialistas em Ecologia de Transportes (REET Br&Bihzilian Network of Specialists in
Transport Ecology).

Table 1. Description of how the research was carried out, including databases,
predictors, date, and results before selection of the papers. Databases are organized
according to the research date.

Databases | Link Search Date Results
REET https://reetbrasil.wixsite.com/r¢ The site provides a lig 07/04/20
: . 42 papers
Brasil etbrasil of papers 22
SciELO https://www.scielo.br/ Aroadkil | o 22/04/20 28 papers
Aroadkil |l o 12/04/20 2130 papers
Google https://scholar.google.com.br/ 22
Scholar ' ' ' ' Af auna at r|03/05/20 196 papers
ABrasil o 22 bpap
ARoadki || /
Scopus https://www.scopus.com/ in title, abstract an( 22/04/20 99 papers
keywords
Plataform 16/04/20 | 100
https://lattes.cnpg.br/ ARoadkill o curriculum /
a Lattes 22
164 papers

We only included scientific articles, excluding books, monographs, theses, dissertations,
and abstracts. We only considered papers that focusadreaying or monitoring of wildlife
roadkill, i.e., those papers that actively searched for animals that had been killed on a stretch of
road, either with roadkill as the main focus or as a secondary method for sampling fauna in a
region. As a result, we discarded papers related to the use of roadkill specimens for biological
description, taxonomy, parasitology, and occurrence notes. Duplicate papers were excluded.

Collection and analysis of literature data

Firstly, we defined which papers surveyed roads with direct influence on a PA. For this, we
considered the road to have a 1 km radius of direct influence (see Ibisch et al. 2016;
Lupinett.i Cunha et al . 2022) , and all studi
were considered as being near to protected areas (Presence of Protectad PRAxswhile
studies with no PA within a 1 km radius of the surveyed road were considered as being far from a
PA (No Protected AreasNPA). We selected the PPA studies by using Google Earth to draw the

surveyed rout es, which were exported in #f.kn
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then created a 1 km zone around the surveyed roads and recorded any PAs. We used the outlines
of Brazil 6s Protected Areas provi d&Muistigpef t he
the Environment), which contains every PA in Brazil, updated with PAs created up until the
beginning of 2022 (BRASIL, 2022). After selecting the papers, we collected the information
described inmable 2

Table 2. Description of literary variables collected and analyses performed. PA =

Protected Area; PPA = Presence of Protected Areas; NPA = No protected Areas.

Variable Description Analysis
a. Presence of PA | The minimum distance between the surveyed road and PA{ We used QGIS anc
Used to record the| counted the PAs within a 1 km radius of the road (see Ibis{ Google  Earth  to

PPA  and NPA| al. 2016; LupinettiCunha et al.,, 2022), and separated | measure distance ar

papers. papers into two categories: group papers into twc
- With the presence of protected areas (PPA) categories: PPA an
- No protected area (NPA) NPA

b. Year Paper publication date. - Correlation betweer

Used to analyze year and total numbe

the number of of papers, PPA an

studies per year, NPA

and to test the - MannWhitney to

difference
between the NPA
and PPA studies
over the years.

analysis the differenct
in production betweer
PPA and NPA papers

c. Approaches

Used to find out
the topics studied
in the articles,
comparing the
PPA and NPA
studies to see
which of those
groups used more
approaches, and
to test whether the
papers with more
approaches were
in the journals
with highest IF.

What approaches the papers adopted, divided into:

- Descriptive, when the paper only described roadkill spe
and the state of conservation;

- Temporal, when analysis was performed to comj
seasonality;

- Spatial, when analysis was carried out to find points
higher rates of wildlife roadkill;

- Landscape, when analyzing the landscape around the rg
the carcasses;

- Modeling, when using some model of occupation or situat|
(e.g. to predict roadkill or create landscapes to study an
movement);

- Method proposal, when studying and proposing method:s
future research;

- Biological aspects, when considering aspects of the spe
such as size, diet and behavior;

- Mitigation, when studying the efficiency of mitigatig
measures;

- Monetary, when studying the expenses and costs of roa
animals;

- Fauna inthe surroundings, when the roadkill species and
species around the roads were analyzed,;

- DNA analysis, when DNA analysis was performed
populations or to identify species;

- Carcasses, when the focus was on aspects of carcasse
as length of time on the road.

- PERMANOVA to

see the difference
between PPA and NP£
- Correlation betweer
the number of
approaches and IF, t
discover whether mort
approaches are prese
in studies with highel
I' F (see fie
- Graph with the
approaches per year

d. Biological
group

Used to compare
the number of
papers per group,
and find the most
studied group in
PPA and NPA.

The groups studied in each study. We recorded the numb
studies per group, therefore, a paper that studied all group
counted once for each groiffe considered four groups:

- Amphibians;

- Birds;

- Mammals;

- Reptiles.

- MannWhitney for
group, to test the
difference betweer
PPA and NPA studies
using the number o
studies per group

- Maps of groups anc
biomes

e. Journal Impact

Journal 6s i factor 0]

mpact

- Correlation betweer
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Factor (IF) iAcademic Accel eratoro w| the number of
Used to find the| (https://academiaccelerator.com/) approaches and impa
possible factor (se
correlation - MannWhitney
between IF and between IF and PP/
approaches and NPA

f. Surveying We analyzed the type of surveying, separated into: - We organized the
Used to find out| - Systematic, when it followed a surveying routine (e data in a table
how the papers| monthly or weekly); separating PPA ani
collected data,| - Not defined, when the authors are not clear about| NPA

and verify | surveying

differences in the| - Occasional, when the authors reported surveying b

PPA and NPA| occasional or sporadic;

surveyed roads

- Various methods, when the authors collected data over sg
periods in different ways;

- Not systematized, even when collected periodically, if it

not systematized and changed several times over a we
month, depending on the authors;

- Seasonal, involving data collection campaigns using
seasons as a parameter.

g. Surveying time
Used to find out
the surveying time
for NPA and PPA

We counted the number of months when surveys vy
conducted to find the overall data collection time for the st
and analyzed the difference between NPA and PPA. If the 3
collected data once or twice in a month we considered it
sampled month, regardless of the number of times the roac
covered.

- Mann-Whitney
between PPA and NP/
- Box-plot graphic

h. Biomes We separated the papers by biome (Amazofiaatinga;| - Number of papers ir
Cerrado; Atlantic Forest; Pantanal, Pampa) to find the nurf each biome to create
of works per biome map

i. Surveyed roads | We traced the route covered by the authors to record whell - We used Google

Used to locate the| research took place Earth to draw the

areas where the routes, which were

studies  collected saved i n

data exported to QGIS.

- Afterwards, we
created a may
displaying the

surveyed road

j. Departure and
arrival points

We marked the start and end points of each surveyed roy
find the moststudied areas using spatial analysis

- Points used to creat
the heatmap (Kernel
with QGIS

k. First year of

The year of the first survey for each study

- We calculated the

surveying difference between thi
Used to find the year of creation of PA¢
difference  from within a 1km radius
the year of the and the initial year of
P A &reation data collection in the
area (see
. Year Year informed in the PA outlines provided by the Brazil - We calculated the
creation Ministry of Environment difference between th
Used to see the year of
difference  from creation and the firs
the first year of year of surveying in
surveying the area (
m. Aut h¢Aut hor séo institutions u s e | - Description of paper:
affiliation government agencies, e.g., Instituto Brasileiro do M with author from
Used to find the| Ambiente e dos Recursos Naturais Renovaveis (IBAM| government agency
involvement of | Brazilian Institute of the Environment and Renewable Nat
government Resources) and Instituto Chico Mendes de Conservacg
agents in the| Biodiversidade (ICMBio - Chico Mendes Institute fo
research Biodiversity Conservation)
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n. Mitigation | Analysis of which measures were recommended in|- We organized the
measures conclusion and/or final considerations data in the form of ¢
table

We performed all tests using R 4.1.1 (R Core Team, 2021), including PERMANOVA
(Anderson 2001) with 9999 permutations, usi n
created a boxplot with the fAGgpl ot20 package
MannWhitney) did not require a package. We considered the 5% confidence limit for all tests.

Spatial analysis

We summarized the papers by biome: Amazonia, Atlantic Forest, Caatinga, Cerrado,
Pampa and Pantanal. For this, we used the outlines available on the website of the Instituto
Brasileiro de Geografia Estatistica (IBGE- Brazilian Institute of Geography and Statistics)
(IBGE 2019), overlaid the routes covered by each study, and manually recorded which regions
the surveyed roads were located in. As such, some papers surveyed two or more biomes and
were considered for all of the biomes that they surveyed. The data were organized in maps that
indicate the number of studies per biome and per group (birds, mammals, amphibians and
reptiles). This data enables us to find which regions contained the most PPA studies and which
animal groups within PAs are most studied by biome.

We used the spatial location of the start and end points of the routes covered by the studies
to create a kernel density map with a radius of 130 km and pixel size of 300m, because the
average route length surveyed per study was 130km. This indicated whether there were locations
covered by more than one study.

To find the longest length of road surveyed, we intersected the outline of roads in Brazil
provided by the IBGE (2022) and the outline of roads surveyed in the country up until the year
2021. The outcome of the analysis is a map with points of intersection between the two outlines
(Brazilian roads and surveyed roads), indicating where the lines cross. Thus, locations with a
greater number of lines crossing each other had more points. We used the intersection outline to
perform kernel density analysis, with a radius of 500 km and a pixel size of 300m. We conducted
all the spatial analysis and created the maps in QGIS 3.16.10 (QGIS 2021).

Analysis of PAs in the area of influence of surveyed roads

We counted the number of PAs within the area of direct influence of the roads for each
study and classified them by type (federal, state and municipal). We organized the data in a table
containing the number of PAs in the area of influence in each biome. We also computed the
existing PAs in each biome using the outlines mentioned above and added them to the table.

We recorded the first year of the first paper carried out in each biome and compared it with
the year of creation of the PAs within a 1 km radius of each study. This provided us with
information as to when the surveying started and when the PAs were created, if there were any
studies before the creation of the PAs, and how long after creation the roads closer to the PAs
were surveyed. These data were organized in a table.

Results
We found 237 papers related to wildlife roadkill in Brazil, with the first record being from

1988. However, only 126 papers actually involved a survey of wildlife roadkill (Supplementary
Table S1). The remaining papers related to wildlife roadkill are publications in several areas,
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including data reviews, analysis of the length of time the carcass remains on the road, parasite
studies and use of roadkill animals to obtain physiological and morphological data.

Publications about Brazilian wildlife roadkill

Of the 126 studies that surveyed wildlife roadkill, 57% (n = 72) collected data on roads
with at least one PA within a radius of 1 km. The number of studies with protected areas within a
1 km radius (PPA) and the number of studies without protected areas within a 1 km radius (NPA)
have both increased. However, roads near to PAs were surveyed more than roads far away from
PAs, although this difference is not statistically significant (W = 618; p = 0.5992). We noticed
two moments when there was an increase in the number of studies: after 2014, with the creation
o f the AUrubu mobile appo and after 2019,
Especialistas em Ecologia de Transportes (REET Br&Bihzilian Network of Specialists in
Transport Ecology). Other important events that may have encouraged research in the area
include the publication by Forman and Alexander (1998) that serves as a reference for road
ecology, the enactment of the Law establishing the Sistema Nacional de Unidades de
Conservacao da Natureza (SNWUG@®razilian System of Protected Areas) and the creation of the
Centro Brasileiro de Estudos em Ecologia de Estradas (CHE&zilian Center for Studies on
Road Ecology)Kigure 1).
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Publication of paper “Roads and their major ecological effects™. of Forman & Alexander

Criation of “Sistema Nacional de Unidades de Conservacao da Natureza” (SNUC), Law n° 9.985, 8/July/2000
Criation of “Nucleo de Ecologia de Rodovias e Ferrovias, Universidade Federal do Rio Grande do Sul”
Criation of “Centro Brasileiro de Ecologia de Estradas™ — CBEE (https://ecoestradas.com.br/)

Star of “Sistema Urubu™, app to record roadkilled animals (https:/sistemaurubu.com.br/)

Criation of “Rede Brasileira de Especialistas em Ecologia de Transportes™ (https:/reetbrasil. wixsite.com/reetbrasil)

Figure 1. Number of studies that collected data on wildlife roadkill in Brazil
published up until 2021 and some important events, with total number of studies (Total
studies), only studies from near toprotected areas (PPA) and only studies far from
protected areas (NPA).

We observed that in 2016 (n = 7), 2017 (n = 7), 2018 (n = 8) and 2021 (n = 10) studies
were published with different approaches, in addition to the description and listing of wildlife
roadkill and spatiotemporal analyses. However, publications with descriptive and temporal
analyses appeared every year. Only in 2018 and 2021 were there publications that used data
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collection on wildlife roadkill to present methodological proposals, while DNA analyses also
appear only in two years: 2016 and 20Eig(re 2).
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Figure 2. Demonstration of the approaches carried out by papers on wildlife roadkill
in Brazil up until 2021, by year. Years missing from the graphic indicate that there were no
publications.

Mammals were the most studied group (n = 108), followed by reptiles (n = 79), birds (n =
73) and amphibians (n = 58). When comparing the PPA and NPA studies, it was observed that
only mammals have more studies near to PAs, buditference between the groups is not
significant [Table 3).

Table 3. Description of the studies conducted near to (PPA) and far from (NPA) of
protected areas according to the variables (biological group, approaches, journal impact
factor, sampling, and data collection time) and the test value.

PPA NPA Al
Variables papers |papers p-value | Test value | Test
(n = 72) | (n = 54) | P2PE’S
Biological Amphibian 25 33 58 0.882 |588.5
group Bird 35 38 73 0.582 |617.5 Mann
(Frequency) Mam_mal 58 50 108 0.822 |595.0 Whitney
Reptile 38 41 79 0.626 |543.0

A h 1 approach [13.9 14.8 14.3
bproaches,, approach |26.4 38.9 31.7

tsr:léd'edpap;p3approach 403 [35.2 (381 |0.0852 ;(231:1;“) ~ | Permanova
(%) 4 approach |18.1 11.1 151 '

5approach | 1.3 0 0.8
Journals | Minimum 10385 [0.347 [0.347
Impact Maximum |7.963 |4.677 |7.963 Mann
Factor é\t/aerrgg?d 2290 |1.370 |2.020 |0.0002 |1226.5 Whitney*
(IFy* int 2.190 |1.310 |2.000

eviation

Sampling | Systematic |68.06 |74.07 |70.63 |- - -
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(%) Not defined | 9.72 7.41 8.73
Occasional |8.33 5.56 7.143

various - 1g 45 155 |7.143

methods

Not 1417 |185 3175

systematize

Seasonal 1.39 5.56 3.175

Minimum 3 2 2
Time Maximum |[120 108 120 Mann
collected Average 32.9 15.6 25.5 |0.000022798.5 Whitney”

(months) | Standard 281 18.1 25.7
deviation

* We use frequency because a paper may have worked with more than one group;
performed between PPA and NPA papers; *** Papers withowtelfe disregarded

Most of the studies used a descriptive approach, usually followed by a temporal and/or
spatial approach, with the same pattern observed for studies inside and outside PAs. The studies
described the species most often killed on raad$sthe conservation status of these species, in
addition to temporal analyses to indicate in which season more carcasses were recorded and
spatial analyses to indicate points of greater risk of collision with animals. This last factor was
sometimes related to landscape analysis, as a predictor of roddkile (3). Only one study
addressed the financial costs of wildlife roadkill, with an emphasis on the expense for drivers
(see Ascensdo et al. 2021). There was no difference in the composition of analyses between the
PPA and NPA studiesT@ble 3), and there was a low correlation between the number of
approaches and the impact factor (IF) of the journals in which the papers were published (r =
0.365; p < 0.000026).

We observed that there was a significant difference between the impact factor (IF) of the
journals in which the PPA and NPA studies were publisfatl¢ 3). The PPA studies were
published in higher IF journalgo€ 2.29; sd= 2.19) than the NPA studiés< 1.37; sd = 1.31).

While 32% (n = 23) of PPA studies did not have IF, 61% (n = 33) of the NPA studies did not
have IF. Most PPA papers involved three or more approaches, while most NPA papers involved
two approaches.

Most of the 126 studies found (n = 89) collected data systematically (e.g., monthly or
weekly). Of the others, nine made only occasional records, generally taking advantage of trips
for other purposes, nine varied the collection methods, four did not systematize the data
collections, four made collections during campaigns that considered the seasonality of the region
and 11 studies did not make it clear how data was colleTedde( 3). The PPA studies showed
the same result, with the majority (68.06%) performing systematic sampling.

In general, studies involving wildlife roadkill in Brazil collected data over a total period of
between 2 and 120 monthaple 3). However, we observed that the difference between the
total data collection time is greater for PPA than NPA studies (W = 2798.5; p = 0.00002). Thus,
we noticed that there is a greater variatieigre 3) in the collection time between PPA papers.
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Figure 3. Number of months sampled for studies that surveyed wildlife roadkill in

Brazil, near to (PPA) and far from (NPA) protected areas.

Most of the studies took place in the Cerrado (54 papers) and Atlantic Forest (45 papers),
with a greater overlap in the Cerrado (indicated by the red poirfggure 4). On the other
hand, the studies carried out in the Atlantic Forest are more spread out across the biome
geographically. The Pampa has a great area covered by researchers with only 21 papers.
Amazonia (09 papers), Caatinga (08 papers) and Pantanal (08 papers) have a smaller number of

BRAZIL _ 2

Ai} 4 Y

[ ] Biome limits
~ AMZ - Amazonia
ATF - Atlantic Forest
CAAT - Caatinga
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PTN - Pantanal
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Figure 4. Interpolation of the starting and ending points of the routes where wildlife
roadkill was surveyed up until 2021 in Brazil. Red regions indicate locations that have

more published studies.

29




Monitoring wildlife roadkill in Brazilian protected areas

Although Amazonia has a high numbergdible PAs on the mag-{gure 5A), the Atlantic
Forest has the greatest number of PAs (1183 PAs). The Cerrado is the region with the second
most PAs (n = 358), followed by Amazonia (n = 301), Caatinga (n = 184), Pampa (n = 27), and
Pantanal (n = 19). The Cerrado and Atlantic Forest also have a high density ofFigads (
5B). Furthermore, the largest extension of surveyed roads is found in the Southeast of Brazil,
between the Cerrado and Atlantic Forest, in the state of Sdo Fagloe(5C and5D).

A
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Caatinga
N Cerrado A . A
I Atlantic Forest _ A
Brazilian roads
N Pampa 0 300 600km Biomes limits 0 300 600km
Pantanal —
C T D anal
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Biomes limits
Intersections
|| -=108.11
[ 1108.11-216.23
[ 1216.23-324.35
1 324.35-43247
[0 432.47 - 340,59
A 540.59 - 648.71
—— Sampled roads (_ﬁgvn - gii‘ié N4
H < limits 0 300 600km .51 - 831.6 / 0 300 600km
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Figure 5. Roads surveyed in Brazil to 2021. A: Biomes and protected areas in Brazil.
B: Roads in Brazil. C: Surveyed roads. D: Interpolation of the intersection between
meeting points of roads in the country and roads surveyed to 2021. Biomes represented in
colors that are easier to see for people with color vision deficiency
(https://colorbrewer2.org/).

Amazonia, Caatinga and Pantanal make up a minority of studies, including a lower number
of studies in PAsKigure 6A). The Cerrado and Atlanti€orest hosted most of the studies, with
54 and 45 studies respectivelyiqure 6A). These two biomes also have the most studies in
Protected AreasHgure 6B). When we separated the papers by biological groups we found the
same result, with more studies in the Cerrado and Atlantic Forest in PAs for ampligams (
6C), birds Figure 6D), mammals Figure 6E) and reptilesKigure 6F). We observed that half
of the papers about amphibiafsgure 6C) and birds [figure 6D) are from the Cerrado.
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Figure 6. Number of studies (represented by the numbers on the maps) that collected
wildlife roadkill data in Brazil and were published up until 2021, separated by biome, in
which we have: total number of studies (A); studies that surveyed roads within a 1km
radius of protected areas (B), with: amphibians (C), birds (D), mammals (E) and reptiles
(F). Scales in percentage up to 50%, because this is the highest value. Biomes represented
in colors that are easy to see for people with color vision deficiency
(https://colorbrewer2.org/).

We found 1054 PAs within a 1 km radius of Brazilian roads. Of these PAs, 126 had nearby
roads surveyedSupplementary Table S2, 26 of which are municipal, 66 are state and 34 are
federal PAs. Most of the PPA studies are located in the Atlantic Forest (n = 33) and Cerrado (n =
30) regions, with the highest number of PAs within the direct influence area (1 km radius) of
surveyed roadsTable 4). We found 992 PAs directly affected by roads that have not yet been
surveyed, most of which are in the Atlantic Forest and Cerrado. As such, the Atlantic Forest has
the greatest number of PAs near to roads that have not yet been suigyeldrfentary Table
S3), representing 57% of its PAs, followed by the Caatinga with 49% of its PAs near to roads
that have not been surveyed, Pampa (48%), Amazonia (29%), Cerrado (18%) and Pantanal
(15%).
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Table 4. Number of studies about wildlife roadkill in Brazil, classified according to
the Biome and the presence of protected areas. PAs = Protected areas; PPA = Presence of
Protected Area; NPA = No Protected Area.

Number of papers Number of PAs Number of
Biomes PPA | NPA All within a  1km | Number PAS
radius of sampled| of PAs | without
roads* papers**
Amazonia 2 7 9 3 301 87
Atlantic Forest | 33 12 45 78 1183 566
Caatinga 3 5 8 5 184 90
Cerrado 30 24 54 38 358 180
Pampa 10 11 21 6 27 13
Pantanal 7 1 8 1 19 3

Legend:*As there are PAs that are in more than one biome, the sum will not be the
as the total number of PAs studied in the country. *NumbérAsf taken from the shag
used for the previous analyses.

Most PAs had their surrounding roads surveyed after their creation (average = 18 years
later; sd = 12.6; minimum = 1 year later; maximum = 64 years later), although some were
surveyed befordaverage = 5 years before; minimum = 2 years before; maximum = 8 years
before) and only two were surveyed in the same year of creation. We observed that most PAs
were surveyed 13 years after their creation and only 14 areas that are currently protected areas
had nearby roads surveyed before they were establiBigpdd 7).

60

40 |

’ ﬁ

After Before Same year
Protected areas

Time between the creation and sampling in the protected Areas (years)

Figure 7. Difference between the first year of surveying for a study and the year of
creation of the protected areas. Most roads were surveyed later (average = 18 years later;
sd = 12.6; minimum = 1 year later; maximum = 64 years later), a few were surveyed before
(average = 5 years before; sd = 1.8; minimum = 2 years before; maximum = 8 years before).

Of the 126 published papers, only 16 wereaathored by a government agency, of which
13 were near to PAs. In other words, approximately 18% of the PPA papers involved the
participation of an employee of a government agembg institutions mentioned are Instituto
Brasilia Ambiental (IBRAM- Brasilia Environmental Institute) (n = 5), ICMBio (n = 3),
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Municipal Departments (n = 2), State Departments (n = 2), IBAMA (n = 2), Policia Rodoviaria
Federal (PRF Federal Highway Police) (n = 1), and Instituto Nacional da Mata Atlantica
(INMA 7 National Institute of the Atlantic Forest) (n = 1).

Only 18 (25.0%) of the PPA papers made specific suggestions, indicating the location or period
and the mitigation measure that should be considered for the Eabke G). However, 33
(45.8%) PPA papers made general suggestions, without discussing the specific problem, or only
suggested further research in the area or topic. Unfortunately, 21 (29.2%) of PPA papers do not
recommend or suggest mitigation measures.

Table 5. Suggestions for the conservation of species or for the mitigation of wildlife
vehicle collisions presented in the studies that surveyed roads close to PAs (PPA papers).

Suggestions in papers Frequency
in papers

Wildlife passage 25
Speed reduction 24
Road signs 19
Fences, like barriers to the animals 9
Environmental education 6
Environmental education programs for drivers in training 6
Improve the structures that exist on the highways (e.g., adap 6

of culverts)

Monitor and supervise mitigating measures 5
Clear the road and prune the vegetation 3
Monitor thesurrounding population 2
Reduce traffic on roads within the protected area 2
Create a program for continuous monitoring of roadkilled faul 1
Study the habitats and land use in the surroundings 1
Install light bulbs that are less attractivansects 1
Use occupancy detection models to install measures 1
Requiring the study of roadkills focused on bats in some proj 1
More research about the topic to indicate a point measure 8

Discussion

The number of wildlife roadkill studies iBrazil has increased. The majority of these
studies have surveyed roads near to PAs, performed descriptive and temporal analysis, collected
data systematically, and focused on mammals as the main studied group. Although there was no
significant difference between the approaches carried out by the PPA and NPA studies, the PPA
studies addressed a greater diversity of topics. Even though we have found a wider range of
approaches in publications in recent years, descriptive and temporal analyses have always been
present. The number of approaches used in a paper does not seem to make a difference to the
impact factor of the journal in which it was published, but we observed that PPA papers collected
data over a longer period of time, on average, and are published in more reputable journals,
given that more than half of the NPA studies are published in journals with no impact factor.

The increase in publications that surveyed wildlife roadkill reflects the increased interest in
understanding and resolving the problem in Brazil. There are three reviews that point to the
growing trend of studies on road ecology and wildlife roadkill in Brazil over the last two decades
(Bager et al. 2007; Bager and Fontoura 2012; Oliveira et al. 2020). Currently Brazil has more
publications on the subject than any other country in Latin America (Pinto et al. 2020) and ranks
third in the world for productions on road ecology (Oliveira et al. 2020). The greater number of
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roads surveyed in the vicinity of PAs is a positive point for the country, coinciding with a need
pointed out by Bager et al. (2016), i.e., to understand the impacts of road structures in areas that
are essential for biodiversity conservation. Thus, more published papers implies not only that
more areas are surveyed, but also that there is an increase in understanding of the real impact of
road structures on Brazilian fauna, enabling us to establish recommendations for better
procedures for mitigation of accidents.

Most papers only adopt a descriptive approach. These descriptive data can be of great
importance for the area, especially in a country like Brazil that has a large land area. However,
there is a need to understand the interactions between roads, animals and plants (Oliveira et al.
2020). Studies that use spatial analysis to identify roadkill hotspots, for example, despite being
very important, should be seen as basic works to suggest where the parameters of influence of
roadkill can be analyzed (Pagany 2020).

Other approaches, such as economics, are also important and have been little explored so
far. As we found only one study that is related to economic losses, we believe that this is an area
for future study. The lack of studies that assess economic losses is a gap that has been pointed
out since 2009 (Dornas et al. 2012). Collisions with larger animals can cause major material
damage (Abra et al. 2019) and thinking about the economic losses is fundamental to drawing the
attention of the population and public authorities to the problem. Another necessary approach is
to incorporate DNA analysis into research on wildlife roadkill. This encompasses the ecological
discussion, especially if associated with landscape or functional attributes and used to support
locally specific conservation measures (RodrigGestro et al. 2017).

Research conducted near PAs has used a greater number of different approaches. In
addition to the descriptive approach of describing which species were affected, these studies also
collected data over a longer time period and are published in more reputable journals. As the
practice of occasional wildlife roadkill data collection is recurrent (Dornas et al. 2012), it is
possible that the PPA papers have more robust data, hence their published in better journals.
Despite the problems of occasional data collection, we believe that these studies are still
important to increase the knowledge base regarding wildlife roadkill, which until now has been
concentrated in the Atlantic Forest and the Cerrado.

However, before entering into more complex analyses, we need to standardize the data
collection. Although most of the papers present data collected systematically, there are still
studies that collect data occasionally or do not even make it clear how they have performed the
data collection. It is common for studies to monitor wildlife roadkill on roads that are routes
already traveled by the authors, whether for work or leisure (Dornas et al. 2012). Just like Dornas
et al. (2012), we believe that these studies may present a large sampling error and impair the
comparison of data in future research, especially if the monitoring is performed at higher speeds.
This is a common sampling design flaw; the design should be created primarily based on the
species we wish to study, as a flawed sampling design can impact the spatiotemporal patterns
observed (Silva et al. 2021b). Carcasses of larger animals persist for a long time on the road
(Santos et al. 2011; Teixeira et al. 2013). Therefore detectability of carcasses is not the same for
the researcher because large animals, e.g., some mammals, tend to be more easily spotted due t«
their greater body mass (Teixeira et al. 2013), therefore we need standardized data collection. In
the case of amphibians, for example, monitoring on foot can be 25 times more efficient (Pereira
et al. 2018). Driving at a higher speed can make it even more difficult to see smaller species
(Dornas et al. 2012; Santos et al. 2016). So, perhaps it is because of the ease of spotting the
carcasses that most studies have studied mammals, especially studies that involved travelling at
the same time as data collection. In the other words, the large number of papers with mammals is
a result of norsampled works.

The majority of studies took place in the Atlantic Forest and Cerrado, both overall and by
group (amphibians, birds, mammals and reptiles). The two regions not only have a greater
extension of surveyed roads, but also more roads surveyed close to PAs (more than half of the
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surveyed PAs are in the Atlantic Forest). Spatially, the Cetlbaded studies are more
sporadically distributed, with a greater number of studies in the same area. The Atlantic Forest
based studies are better distributed spatially, with not only more publications but also more
surveyed areas. Pinto et al. (2020), demonstrated that in addition to most studies being in these
two areas, the Cerrado regions stand out in relation to publications on biodiversity and mortality.
In addition to these regions being responsible for the highest number of bird and mammal deaths
(MedranaVizcaino et al. 2022), they are also among the regions in which protected areas suffer
most from lack of funding (Silva et al. 2021a). These aspect may contribute to reducing the
chances of conducting studies and the possibility of implementing mitigation measures. As these
two biomes have the largest number of PAs, descriptive studies may be helpful at first to increase
knowledge about the diversity of roadkill animals. However, we emphasize the need to be
careful with the sample design and to increase studies in PAs in other Brazilian biomes.

We also need to sample more roads in the Caatinga, for three reasons. First, approximately
half of the PAs near roads have not been surveyed, and we need more knowledge about the
impact of roads on these PAs. Second, the Caatinga includes areas where roadkill has a major
impact on birds and mammals (Medraviacaino et al. 2022). Third, recently a portion of this
biome was classified as a priority for research with birds (Medvéaaaino et al. 2023).

The roads in the vicinity of statein PAs have been surveyed more. This may reflect the
increase in stateun PAs and greater investment in these areas by the states, unlike what happens
with federal and municipal PAs (Vieira et al. 2019). However, the participation of PA managers
and other environmental agencies was low, indicating little involvement of scientists with the
government 8s environment al area. It is i ke
growing political pressure, which are major disadvantages for managers (Marque and Peres
2014), contribute to the low participation of government officials in these research and
conservation projects. Al t hough one of t he
incentives for scientific research activitie
we note that there is not always integration between researchers from universities with managers
of protected areas or that there is hardly any execution and publication of studies by managers of
Brazilian PAs.

As most of the sampling took place after the creation of the PA, we infer that there was no
analysis before the creation of these areas, which makes it impossible to compare the effects
before and after the presence of the PA. The objective of PAs in Brazil is to intervene to prevent
biodiversity loss, but currently they are not able to ensure protection for the various Brazilian
habitats, and therefore legislation must be strengthened both for breeding (Vieira et al. 2019) and
for encouraging research in these environments. In additiontéongstudies are important to
identify trends in biodiversity and ecosystem functions that support Brazilian conservation
(Margues et al. 2022).

Finally, most of the papers made only generalizedommendations for mitigating
accidents with wildlife in their conclusions, such as installing signs and fauna passages, and did
not make specific recommendations for the mitigation of collisions in the study area. Even so, at
least there were a large number of papers that cited mitigation measures.

Conclusions

Through our results we conclude that it is necessary to increase surveying on roads
surrounding protected areas in Brazil, so that more basic science can be carried out. Despite the
importance of listing wildlife roadkill, it is important that the studies begin to adopt new
approaches and analyses to complement the research already published. These other approache
include evaluation of the financial cost of collisions with wildlife, DNA analysis and biological
aspects of the species, so that we can deepen our knowledge about wildlife roadkill, mainly in
protected areas, which are so little surveyed.
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We believe that it is essential for government agencies to have more involvement in
research in Brazilian protected areas, with more interaction between managers and researchers.
The interaction of managers and researchers is essential for the proposition, implementation and
monitoring of mitigating measures on roads within and close to PAs.

Research that suggests mitigation measures around the world is focusing on underpasses
for animals and fences for large mammals, reptiles and amphibians (Rytwinski et al. 2016). As
this is somewhat different from what papers in Brazil are recommending for specific areas (speed
reduction and road signs for drivers), we suggest that further research should focus on the
efficiency of these measures here in Brazil and complement them with studies to indicate
efficient and coseffective technological alternatives, in view of the current budgetary reality of
low incentives for research and conservation of the environment in the country.

Although we found numerous studies in the Atlantic Forest and in the Cerrado, we would
encourage sampling of more areas of these biomes, as there are still many PAs without surveyed
roads. We also highlight the need for more studies in the Caatinga, due to the priority in
understanding the real impact of roads in this region, mainly in PAs.

Finally, we encourage projects aimed at smaller animals, such as frogs and small
mammals, to be implemented. This will enable us to understand the real impact of the roads on
these groups. Another suggestion is to create a systematic way of informing the government and
agencies that work with roads in Brazil. This could facilitate the installation of mitigation
measures.
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Abstract

Roadkill poses a critical threat to wildlife and can cause the extinction of local populations. In this context,
analyzing roadkill patterns could provide valuable insight into the severity of the threat, particularly in protected
areas. We collected roadkill data for 16 months around the Chapada Diamantina National Park (PNCD) in Bahia,
Brazil, to study the spatiotemporal distribution of roadkill across different tourist and climatic seasons. Moreover,
the influence of landscape and highway characteristics on roadkill hotspots was analyzed, as well as their
association with the protected area. In all, 580 roadkill consisting of 182 amphibians (31.4%), 185 reptiles (32.0%),
143 birds (24.6%), and 70 mammals (12.0%) were recorded. Of the sample, five species of amphibians, 20 species
of reptiles, 36 species of birds, and 14 species of mammals were identified. The abundance and richness of roadkill
were not statistically different between seasons. However, only herpetofauna richness and abundance for the
amphibians (richness: p = 0.0053; W = 826, abundance: p = 0.000956; W = 754) and reptiles (richness: p =
0.0000259; W = 595, abundance: p = 0.00000165; W = 512) were statistically different and greater in the rainy
season. The aggregation and number of roadkill hotspots change for each taxonomic group, which reveals that
different variables are influencing this process. Most roadkill hotspots were outside the PNCD, and less than 30% of
all roadkill hotspots were inside the PNCD. We emphasize the importance of analyzing the taxonomic groups
separately to obtain better estimates and results and better understand the influence of roadkill on protected areas.
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Introduction

Highways have a considerable impact on biodiversity (van der Ree et al. 2015) by contributing to landscape
fragmentation, which creates barriers and filters for species (Forman and Alexander 1998; Coffin 2007). While some
species avoid highways, leading to divided and isolated populations due to their inability to cross, other species are
attracted to highways and are more frequently found as roadkill (Jaeger et al. 2005; Fahrig and Rytwinski 2009).
Roadkill can be particularly dangerous for wildlife and potentially deplete populations (Barrientos et al. 2021; Grilo
et al. 2021), thus increasing the risk of extinction for many species, s@imgsocyon brachyuruandLeopardus

tigrinus (Grilo et al. 2021).

To better understand roadkill patterns, researchers use roadkill hotspot analysis, a method that identifies the
concentration of roadkill incidents on highways and enables more effective mitigation measures (Gutema et al.
2023; Miranda et al. 2020; Santos et al. 2022). Although some roadkill hotspots overlap between taxonomic groups
(Rocha et al. 2022), hotspots can vary depending on the species involved, making them highly relevant for
environmental management (Miranda et al. 2020; Filius et al. 2020). This variation is often explained by the
landscape, which influences taxonomic groups in different ways (Santos et al. 2022; Médcaiioo et al. 2023).

While some groups have increased roadkill rates in forested areas, others have increased rates in areas dominated by
herbaceous vegetation or human activity (Bueno et al. 2015; Mediacaino 2023). Additionally, road
characteristics can also influence roadkill rates (Canal et al. 2018), with higher rates observed on highways with

greater sinuosity (Laube et al. 2023).

Another common approach used to understand roadkill patterns is the analysis of temporal distribution. In
general, factors such as rainfall, mist, and fog can increase roadkill incidents by reducing driver visibility {Oddone
Aquino and Nkomo 2021). Therefore, roadkill dynamics vary between taxonomic groups within the same region
(Miranda et al. 2017; Ramgsbrantes et al. 2018). For example, while some mammals exhibit high roadkill rates
during cold seasons (Valerio et al. 2021), certain lizards and snakes are more frequently killed in the summer
(Goncalves et al. 2018). Amphibians and reptiles tend to be more abundant during rainy seasons, when many species
become more active (Schalk and Saenz 2015; Montezol et al. 2018; Tendrio et al. 2021; Rocha et al. 2022). Thus,

analyzing the temporal distribution of roadkill is also crucial.

Considering the impact of roadkill on biodiversity, it is essential to understand and mitigate this issue in
protected areas to prevent population declines (Collison et al. 2019). While protected areas play a key role in

conservation, they often have high numbers of recorded roadkill incidents (Garriga et al. 2012). It is particularly
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important to study protected areas such as national parks that are intersected by highways due to the severe
consequences of roadkill in such regions (e.g., Braz and Franca 2016), especially in areas critical for conservation,

as in the case of northern Brazil (Miranda and Schiavetti 2024).

In this study, we investigated the spatial and temporal distribution of roadkill in Chapada Diamantina
National Park (PNCD) to understand how landscape and highway characteristics influence roadkill hotspots. We

tested the spatiotemporal dynamics of roadkill for four taxonomic groups: amphibians, reptiles, birds, and mammals.
Methodology
Study area

Sampling was performed on highways around Blaeque Nacional da Chapada Diamantig@NCD -
Chapada Diamantina National Park). The region is located withiEgpahacgoorographic system, in the state of
Bahia (Brasil 1994). The topography provides the region with a-Bamid tropical climate with a dry season
(winter) from May to October and a rainy season (summer) from November to April (Brasil 2007). Thus, the
region's climate is classified &wb according to the KéppeGeiger climate classification (Alvares et al. 2013).
The PNCD6s vegetation is diverse, as the park is sit:H
and Cerrado bi omes. Mor eover, the region ficomprises
outcrop (63.4 % of the park area); 2) sandy sedge meadows (13.4%); 3) submontane to montdeecens
seasonal to evergreen forests on litholic neosols (montane lithosolic forest)-#pstdne to montane evergreen
riparian forests (3 and 4 together, 7.1%); 5) submontane to montanelegithious seasonal forests on deep
latosols (latosolic forests) (6%); 6) transition zones (7.3%); 7) wetlands (0.7%); 8) alluvial sands (0.5%), and; 9)

ant hropogenic | andscapes (1.6%) 0 (Funch et al. 2009) .

To the north of the PNCD lies a protected area called\tba de Protecdo Ambiental Marimbiraquara
(APA Marimbus/Iraquara Environmental Protection Area of Marimblraquara). An APA is defined as "a large
area with human occupation that possesses abiotic, biotic, aesthetic, or cultural attributes of special importance for
the quality of life and welbeing of human populations. Its basic objectives are to protect biological diversity,

regulate land use, and ensure the sustainable use of natural resources" (Brasil 2000).
We selected three highway sections for sampling: AND (70 km), MUC (50 km), and LEC (50 km):

1 AND: Composed of the BA42 (one lane, no shoulders), located between th8Rand BA245

highways, AND is east of the PNCD. It is flatter and straighter than the other sample sections, with
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fewer points of contact with the park. This is a th\@oe highway without shoulders, spanning 70 km in
total, 5.2 km of which border the PNCD.

1 LEC: This section, located between the cities of Lengois and Palmeiras, is composed of three
highways: BA849 (one lane, no shoulders), 850 (one lane, no shoulders), and-B& (one lane,
with shoulders). The section covers a total of 50 km, with 28 km bordering the PNCD. Situated to the
north of the park, LEC passes mostly within the park boundaries and experiences heavy traffic due to
tourism in Lencodis and the transport of grains to Salvador vi2&R This section is also near the
APA Marimbus/Iraquara.

1 MUC: This section of highway is the highest in altitude, with parts of the area dedicated to
agribusiness (as indicated by circular formations visible in Figure 2). MUC is also located within the
PNCD and features numerous tourist attractions. It comprises thg#4BAone lane, no shoulders),
located between the B245 and UVVA winery, with the city of Mucugé at its midpoint. MUC spans
both the interior and western part of the PNCD, with a winding section between Mucugé ##4bBA

and a flatter, straighter section between Mucugé and the UVVA winery.

-12.600
009°Z1-

-12.800
008zt

Legend
[ Braciliens states

[ Baia state:

Protected Areas

— = APA Marimbus/Traquara

mm Chapada Diamantina Natianal Park
[ Cities

® Districts

-13.000
000°ET-

® Viinery
Highways
— Paved
- - Unpaved
Sample highways Y
~— Route AND
== Route LEC 7.5 15 km
_~Route MUC I

T T T

-41.800 -41.600 -41.400

Fig. 1 Highways and sample highways around the Chapada Diamantina National Park (PNCD) and the

-13.200
00Z°€T-

T
-41.200

Environmental Protection Area of Marimburaquara (APA Marimbus/Iraquara), Bahia, Brazil

Roadkill data

To collect roadkill data, we traveled along the sample highways biweekly between March 2022 and June

2023, totaling 32 campaigns. We used a car with two observers, driving between 40 and SGtantiig at
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sunrise. The sampling days were alternated to record the same number of days midweek and on weekends. We
documented all carcasses with photos and geolocation. Carcasses were removed to prevent duplicate recordings. We
also received some roadkill data from highway users and included these data in the species list but not in the

analysis to avoid bias in the results.

Roadkill species

We analyzed the roadkill in terms of species richness and abundance by taxonomic group, creating a list of
all species (across all taxonomic groups), both from systematic surveys and incidental observations. The species
were categorized according to the IUCN Red List of Threatened Species (IUCN 2023) and the National List of

Endangered Species from Brazil (Brasil 2022).

To assess sampling efficiency and compare the sections of highway, we generated rarefaction curves (Chao
et al. 2014) for each section and for all sections combined, as well as for each taxonomic group and the total records

for the study area. For this stage, we used the Ai NE>

in R (R Core Team 2022).

Volume of vehicles

The number of vehicles in each section was recorded. During each roadkill data collection campaign, we
stopped the car before, during, or after the transition on each section and counted the number of passing vehicles in
30 minutes. To estimate the number of daily vehicles per month in each section, each count was initially multiplied
by two to obtain an hourly estimate, which was then multiplied by 10 to estimate the daytime traffic volume. Finally,

the two monthly counts were combined to obtain the final monthly average for each section.

To validate the consistency of our vehicle count, we compared our data with vehicle volume data from the
Departamento Nacional de Infraestrutura de Transpor@2NIT (National Department of Transport Infrastructure),
which provided traffic volumes for the BR42 highway. In this stage, DNIT's available data for 2022 (March, April,
May, June, July, and December) was used, as no 2023 data was available at the time. The monthly average daily
traffic from DNIT was calculated and compared with our data using the Kr\gdlik test (for nomormal data)

and the ManfWhitney test in R (R Core Team 2022).

After validating the vehicle count data, a Mawhitney test was performed to assess the difference in

vehicle volume between high and low tourist seasons, using R (R Core Team 2022).
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Precipitation

Precipitation data for the PNCD region was obtained from Hidroweb (ANA 2023) and the State
Environmental Information System SEIA (Bahia 2024). To assess differences precipitation, average
precipitation for the seven days prior to each roadkill data collection campaign was calculated. Each campaign was
treated as a sampling unit, and a Maithitney test was performed to compare the rainy and dry seasons in R (R

Core Team 2022).

Temporal analysis

The tempor al patterns in roadkil!/ data were eval
ficli matic seasono. Climatic seasons were defined as
tourist seasons were defined as high (January, February, March, June, July, and December) and low (April, May,
August, September, October, November), based on the number of tourists in the region (Brasil 2007). Since the data
did not meet normality assumptions, the Krusk& | | i s test with a 95% confidenc

Bonferroni correction were performed, using the "rstatix” package (Kassambara 2021).

Spatial analysis

To analyze the spatial distribution of carcasses along the sample sections, the modified Ripley's K test with
two dimensions (Coelho et al. 2008, 2012) was conducted with SIRIEMA 2.0 software (Coelho et al. 2014). This
test was performed for all individuals combined (Total) and for each biological group separately, namely
amphibians, reptiles, birds, and mammals. The aim was to determine whether there were differences in spatial
patterns among groups. The Ripleyds K test was perfor
1000 simulations, and a 95% confidence interval. A 2D Hotspot analysis for roadkill was also performed using the
same parameters, except for reptiles on MUC, where we used a radius of 2000 m. The sections of highway were
divided into sections of approximately 500 m (AND = 502 m, LEC = 501 m, MUC = 498 m). A 500 m radius was
used in the Hotspot analysis, as this was the minimum scale with significant aggregation for all groups, except for

reptiles on MUC, where the minimum scale was 2000 m (see Supplementary Material 3).

Landscape variables

After identifying the roadkill hotspots, we mapped road sections without roadkill occurrences. First, the
Hotspot analysis graph was used to mark all segments without roadkill aggregation, represented as areas where the

test line fell below the lower confidence limit (Coelho et al. 2014, see Supplementary Material 3). Next, these
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locations were numbered, and a person uninvolved in the study randomly selected a number without knowledge of
the order or corresponding locations. These areas were referred to as 'Coldspots' (areas without roadkill). Both

Hotspots and Coldspots were subsequently used to analyze landscape variables.

The MapBiomas 2022 classification of landscapes with 30x30 m pixels, collection 8 (MapBiomas 2022),
was applied to a clipped landscape within a 5000 m buffer around the sample highways. The classification was
validated using photos taken during roadkill sampling and drone imagery to ensure accuracy. The drone captured
photos at five altitudes (50 m, 100 m, 150 m, 200 m, and 250 m) at the Hotspots and Coldspots. These images were
used to validate the MapBiomas classification with QGIS 3.16 (QGIS 2021). The following anthropic and natural
land use classes were considered: Forest (natural class with arboreal vegetation with continuous canopy), Savanna
(natural class with a predominance of herbaceous species and rocky savanna), Water, Farming (pasture and

agriculture), and Urban areas (cities and small towns).

Highway variables

Slope. This variable was analyzed in sections of Hotspots and Coldspletetmine whether each section
was inclined or flat. The altitude of each section's initial and final point was used, and the largest value was
subtracted from the smallest value. The results indicate flatter (smallest values) or inclined (largest values) sections.

Data were obtained from Google Earth.

Sinuosity: This variable was obtained for each Hotspot and Coldspot by dividing the actual length of the
section (in meters) by the straigite distance (in meters) between the first and last points. Values closer to 1

indicated a more linear section. Data were obtained from Google Earth.

Topographic Position Index (TPI). The relation between the road and lateral elevation was calculated using
the Topographic Position Index (TPIl). The TPI i den:
classificationso (Ghimire and Timalsina 2020) and po
calculated with QGIS 3.16 (QGIS 2021). First, points were plotted every 100m along wall road segments (line
shapes) with Hotspots and Coldspots. Second, TPI was
Position Indexo6 tools in QGI'S 3.16 (QGIS 2021) for t
Third, the values were extracted and the average TPl was calculated for the points in each Hotspot and Coldspot.

The TPI was calculated using the SRTM image of the United States Geological SUS&S.
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Predictive model for roadkill

Based on the literature (Benitebpez et al. 2010; Hamer et al. 2021; Gigeroff and Blddémers 2023;

Goncgalves et al. 2023), 5 km buffers were employed for mammals and 1 km buffers were employed for amphibians,

reptiles, and birds. The variables influencing roadkill hotspots were analyzed using Generalized Linear Models

(GLM) with highway variables (TPI, Sinuosity, and Slope) and landscape variables (Forest, Savanna, Urban area,

Water, and Farming). A binomial distribution was applied, classifying Hotspots as 1 and Coldspots as 0. Collinearity

between variables was removed using the Variance Inflation Factor (VIF < 3). The Akaike Information Criterion

(Al Cc) was employed t

o]
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construct the bedttting model, and the importance of each variable was assessed based on wAICc (Burnham and

Anderson 2002). This stage was performed with R (R Core Team 2022) and the "MuMIn" (Bartén 2022) and "car"

(Fox and Weisberg 2019) packages.

Results

Sample highway characteristics

The selected sections of highway are located in mostly natural rather than anthropic areas (Figure 2). AND

is most degraded at 5000m around the highway, with more Farming areas composed of small properties with cows,

plantations ofOpuntia ficusindica Mill, regionally known as Palma, corn plantations, and some properties with

pastures. LEC has mostly natural areas around the highway at 5km and is inserted in two protected areas. MUC has

more natural areas and some areas with crops.
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APA Marimbus/Iraquara: Environmental Protection Area of Marimbus/Iraquara
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Roadkill animals

The roadkill animals totaled 580, consisting of 182 amphibians (31.4%), 185 reptiles (32.0%), 143 birds
(24.6%), and 70 mammals (12.0%). The highest number was recorded for AND, with 310 roadkill, followed by
MUC (n = 143) and LEC (n = 127). Moreover, amphibians, reptiles, and mammals were more abundant in AND,

while birds were more abundant in MUC (Table 1).

Table 1. Abundance of roadkill in the sample highways around the Chapada Diamantina National Park (PNCD).
AND: between BR242 and BA245, east of PNCD. LEC: between Palmeiras and Lencdis cities, north of PNCD.

MUC: between BA245 and UVVA winery, middle of PNCD.

Groups AND section LEC section MUC section  Total
Amphibians 134 27 21 182
Reptiles 92 49 44 185
Birds 40 35 68 143
Mammals 44 16 10 70
Total 310 127 143 580

We identified six species aimphibians, 20 reptile species, 35 bird species, and 10) mammal species
(Supplementary material S1). Sosecies could not be identified since some individuals were in advanced stages
of decomposition. The most common species ihrmellasp. (n = 65)Rhinella diptychgn = 55), Amphisbaena
sp. (n = 45)Cerdocyon thougn = 28),Coragyps atratugn = 19), andBoa constrictor(n = 18). Furthermore, the
roadkill records included two threatened species according to the International Union for Conservation of Nature
(IUCN) Red List (IUCN 2023), namelyycalopex vetulugn = 2; NT) and_eopardus tigrinugn = 2; VU), and three
species included in the Brazilian List of Endangered Species (Brasil 2022), riamoalgpex vetulugn = 2; VU),

Crypturellus zabelén = 1; VU), and_eopardus tigrinugn = 2; EN).

Amphibians were richer in AND, with the asymptote both in AND and in the Total study area. Although the
reptiles reached the asymptote for Total study area, this was not observed for the individual highways. Moreover, the
highway with the highest species richness was AND. Birds were the richest group, especially in MUC, which is in
the middle of the PNCD. The section of highway AND, west of PNCD (Figure 3) showed the lowest richness of bird
species. The highest richness of mammals was observed in LEC, north of PNCD, although the asymptote was only

reached for AND, which is west of PNCD and the most anthropic section.
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Fig. 3 Rarefaction curve with roadkill species around the Chapada Diamantina National Park, in three sections of
highway: AND = BA142 between BR42 and BA245; LEC = between the cities of Len¢éis and Palmeiras; MUC

= BA-142 between BA245 and UVVA winery

The KruskalWallis test showed significant differences between amphibians richness for the three highways
(p = 0.000011) . Dunnoés test indi cl&EC d 0.8003$8) anfl betwaent d i
AND and MUC (p = 0.00000565). Similarly, for amphibians abundance (p = 0.000105), significant differences were
observed in relation to AND and LEC (p = 0.000438), and between AND and MUC (p = 0.000108). Bird richness (p
= 0.124) and abundance (p = 0.0807) between the highways did not show significant differences. In relation to
reptiles, richness differed between the three highways (p = 0.0465), and tHeopdsst indicated significant
difference between AND and LEC (p = 0.0271) and between AND and MUC (p = 0.0381). Similarly, reptile
abundance (p = 0.0362) revealed a difference between AND and LEC (p = 0.050), and between AND and MUC (p =
0.0151). For mammals, richness differed for three highways (p = 0.0000494), with significant difference between
AND and LEC (p = 0.00114) and between AND and MUC (p = 0.0000204). Lastly, for mammal abundance (p =
0.00000666), significant differences were observed between AND and LEC (p = 0.000249) and between AND and

MUC (p = 0.00000371).

Temporal distribution

With regard to the tourist seasons, no differences were observed in richness for the groups: amphibians (p =
0.363; W = 1258); reptiles (p = 0.623; W = 1218); birds (p = 0.509; W = 1236), and mammals (p = 0.855, W =

1175). The same results were observed for abundance across the tourist seasons: amphibians (p = 0.258; W = 1288);
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reptiles (p = 0.497; W = 1243); birds (p = 0.193; W = 1324), and mammals (p = 0.91, W = 1166). In terms of
richness and abundance, no significant differences were observed in vehicle volume for the high and low seasons (p

=0.1272; W = 7012).

For climate variation, the number of amphibians (p = 0.0053; W = 826) and reptiles species (p =
0.0000259; W = 595) showed significant differences across the climatic seasons, with greater richness in the rainy
season. However, this result was not observed for birds (p = 0.253; W = 1007) and mammals (p = 0.569, W = 1222).
Regarding abundance, significant differences were also observed across the seasons for amphibians (p = 0.000956;
W = 754) and reptiles (p = 0.00000165; W = 512), with greater abundance in the rainy season. This result was not
observed for birds (p = 0.213; W = 988) or mammals (p = 0.55, W = 1226). Moreover, precipitation showed

significant differences between rainy and dry seasons (p = 0.001081; W = 1597.5).

Roadkill hotspots and landscape

Our analyses identified seven roadkill hotspots for Total group in AND, six in LEC, and four in MUC
(Figure 4). Moreover, 10 roadkill hotspots were identified for amphibians, six in AND, two in LEC. and two in
MUC. For reptiles, five were observed in AND, zero in LEC, and three in MUC. On AND, three roadkill hotspots
were clustered together near the middle of the section. For birds, five were identified in AND, four in LEC, and six
in MUC. On LEC, three roadkill hotspots were clustered in the west. Mammals were observed in five roadkill

hotspots, with three in AND, zero in LEC, and two in MUC.
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Fig. 4 Localization of roadkill hotspots around the Chapada Diamantina National Park and the Environmental

Protection Area of Marimbus/Iraquara (APA Marimbus/Iraquara)
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Most of the roadkill hotspots were located outside the PNCD or APA Marimbus/Iraquara. For Total, only
five (29.4%) roadkill hotspots were within the limit of some protected areas. Amphibians, with the most hotspots in
the protected areas, accounted for five (50%) roadkill hotspots in the limit of PCND or APA Marimbus/Iraquara.
Birds had only three (20%) roadkill hotspots in the protected area, while mammals had one (20%) and reptiles had

two (25%).

We found different influences of landscape classes for roadkill (Table 2). For amphibians, reptiles, and
mammals, no statistically important variable was observed to predict roadkill hotspots. For birds, however, Farming
(agriculture and pasture) was an important variable with significant statistical relevance. Urban area was the only

landscape class found in all models, with negative estimates only for amphibians. The amphibians medium model

had six variables, three of which were AHi ghway vari
mo d e | had five variables, with two fAHighway wvariabl e
were fAHighway variableso. Mammal s had the medium mo

variablesodo and one fiHighway variabl eo.

Table 2. Results of Generalized Linear Models for roadkill, with variables according to Importance value for
amphibians, birds, mammals, and reptiles in the Chapada Diamantina region, Bahia, Brazil. Variable nature (V.N.):

Highway variable (H) or Landscape variable (L). *Statistically significant.

Depgndent Independent V.N. Estimate Std. z P Importance
variables variables Error value value
(Intercept) -4.028 7.134 -0.564 0.572
Slope H -0.709 0.516 -1.372 0.169 0.59
Sinuosity H 7.029 7.909 0.888 0.374 0.29
Amphibians Farming L -0.008 0.033 -0.247 0.804 0.21
TPI H 0.020 0.275 0.075 0.939 0.2
Urban area L -0.035 0.086 -0.410 0.681 0.2
Water L -0.041 0.123 -0.331 0.740 0.19
(Intercept) -45.884 33.270 -1.379 0.167
Sinuosity H 47.669 33.810 1.409 0.158 0.79
Reptiles Forest L -0.002 0.044 -0.046 0.962 0.22
Urban area L 1.916 2.734 0.700 0.483 0.2
TPI H -0.092 0.240 -0.384 0.700 0.19
Farming L -0.018 0.037 -0.499 0.617 0.19
(Intercept) -2.101 5.434 -0.386 0.698
Farming L 0.053 0.025 2.078 0.037* 0.94
Urban area L 0.245 0.203 1.209 0.226 0.64
Birds Slope H -0.440 0.429 -1.025 0.305 0.39
Forest L -0.034 0.035 -0.978 0.327 0.37
Sinuosity H 1.836 5.401 0.339 0.733 0.21
Water L -0.047 0.909 -0.051 0.958 0.21
(Intercept) 2.462 1.564 1.574 0.115
Forest L -0.092 0.066 -1.403 0.160 0.57
Mammals
Slope H -0.419 0.355 -1.177 0.238 0.3
Urban area L 1.010 3.763 0.268 0.788 0.12

55



Discussion

A large number of roadkill animals were recorded in the Chapada Diamantina region, with amphibians and
reptiles being the most representative groups. In general, tourist seasons have no relevance in predicting roadkill
incidents, while climatic seasons can predict roadkill incidents among amphibians and reptiles. Although roadkill
can be clustered, this is not consistent across all sections, as we found hotspots in different areas depending on the
taxonomic group. The results showed this divergence is a response to the landscape and highway variables since

different variables can influence roadkill hotspots for each taxonomic group.

Roadkill animals

We believe the large number of amphibians and reptiles records reveals the efficiency of surveying, as these
smaltbodied groups are usually overlooked by researchers due to difficulties in spotting their carcasses on the road
(Santos and Ascensao 2019; Teixeira et al. 2013). Other studies with roadkill surveying by car generally found more
mammals or birds (Guinard et al. 2023; Santos et al. 2017). Moreoverstzedinfluences carcass persistence and
the time variations a species remains on the road, with carcasses weighing more than 1kg persisting more days on

the highway (Santos et al. 2011).

Although amphibians were the most abundant group, birds exhibited the greatest richness, followed by
reptiles. This result was expected, as birds and reptiles account for the highest recorded roadkill richness in Latin
America (Pinto et al. 2020). Species with higher population densities are more frequently roadkill, and roadkill
records can reflect variation in local abundance (Medkncaino et al. 2022). The high diversity of birds at the
PNCD, with threatened and endemic species (Parrini et al. 1999:Chedtiso et al. 2008; Anjos et al. 2019),
explains the high richness of birds among the roadkill and revealed the importance of studying and understanding
the effect of roadkill on birds. For reptiles, the high number of roadkill species could be associated with the use of
highways for thermoregulation, wherein individuals of this group are attracted to the road and are roadkilled
(McCardle and Fontenot 2016), and with the local abundance, as mentioned previously (Méztraimm et al.

2022).

Although mammals were the least abundant among the roadkill groups, they included the highest number
of threatened species. Since roadkill reflects local abundance (Medwaaino et al. 2022), we believe that
mammals are less abundant than other groups across the PNCD. However, further studies on species occurrence are
needed in landscapes surrounding regional highways for validation. The occurrence of threatened species among the

roadkill highlights the importance of understanding this issue and the effects of highways on these populations in the
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PNCD and surrounding area, especially given its status as a protected area with intense tourist activity (Miranda and

Schiavetti 2024).

The divergence between the richness and abundance of amphibians, reptiles, and mammals from AND in
relation to other sections can be result of landscape variety. AND is more distant from the PNCD and has more
heterogenous habitats such as pasture, agriculture, and natural patches. The other routes, however, are merged with
the PNCD and have more continuous natural vegetation surrounding the highway. In this regard, birds were the only
group with no differences in richness and abundance between the sections of highway. Therefore, we believe that

flight capacity plays a critical role in enabling species to move and utilize the space in and around the PNCD.

Temporal distribution

The effects of tourism on roadkill were not identified. Although some studies indicate changes in roadkill
rates due to tourist activities and the increased road traffic (Rendall et al. 2021), these changes were not observed in
the Chapada Diamantina region. Our results show no relation between traffic volume between high and low seasons,
although more studies seem necessary to properly understand the relation. Furthermore, roadkill rates can be more
influenced by specific events or dates, such as festivities in the cities around the PNCD. To validate this assumption,
however, it would be necessary to evaluate roadkill occurrences with systematic surveys before and after these

dates.

Amphibians and reptiles were the only groups with significant differences in richness and abundance
between dry and rainy seasons, with greater richness and abundance in the rainy season. This result was expected, as
this pattern was also observed in other regions (Tendério et al. 2021; Rocha et al. 2022). SpecidRisnehoap.
are most active in rainy periods (Montezol et al. 2018) since many amphibians depend on water for reproduction
(Schalk and Saenz 2015). Consequently, the number of amphibians moving across the highways can increase in
rainy seasons, resulting in higher roadkill rates in these periods. The same occurs for some reptile species, such as

Amphisbaenians, which reproduce in hot and rainy seasons (Andrade et al. 2006).

Roadkill hotspots and landscape

Some roadkill hotspots overlapped in Total analysis but differed and were further apart when analyzed
separately. This highlights the importance of understanding spatial distribution for each taxonomic group. It has
been demonstrated that highways in the same region have different distributions of roadkill hotspots. Total analysis
is often influenced by the most frequently recorded groups, while groups such as birds and mammals can overlap on

one highway but be distant on another (Miranda et al. 2020). The divergence between roadkill hotspots in each
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taxonomic group was expected (Santos et al. 2022; Rocha et al. 2022), as each taxonomic group responds differently
to the landscape around the highways (Santos et al. 2022). In this regard, the use of general protective measures
based only on overall analyses can be dangerous for animals and vehicles (Miranda et al. 2020). Moreover,
mitigation measures can be installed in inefficient locations for a given taxonomic group. In contrast, overlapping
points indicate the ideal locations to install general protective measures such as speed bumps. In this study, one
roadkill hotspot overlapped for mammals and reptiles on AND, one roadkill hotspot overlapped for amphibians,
birds, and mammals on MUC, and one overlapped for amphibians and birds on LEC (see Figure 6). In this case, the

installation of speed bumps at these spots could reduce the roadkill.

Most of the roadkill hotspots were located outside the PNCD. We believe this result indicates that animals
in protected areas avoid using highways or do not need to cross highways to find resources, such as food or partners.
Our results support this idea, as the GLM indicates that more anthropic variables (such as Urban area and Farming)
are more closely related to roadkill hotspots than natural variables (Forest and Savanna) infittiaghesbdel.
The roadkill may be more related to the matrix (Bueno et al. 2015), indicating the need to analyze habitats

surrounding the highways with more detail.

Four landscape variables are important to predict roadkill hotspots: Farming, Forest, Urban area, and Water.
Farming was observed for amphibians, reptiles, and birds, with a positive association with birds and a negative
association with amphibians and reptiles. Generally, landscape changes are associated negatively with amphibians
and reptiles since deforestation alters the structure and functions of forest, resulting in less species of these two
groups (Cordier et al. 2021). Fragmentation negatively affects amphibians and reptiles (Teixido et al. 2021), and
landscapes changes reduce amphibians diversity (Doherty et al. 2020; Oro et al. 2024). This may explain the
decrease in roadkill for these groups in sections with more Farming. In contrast, for birds, the most common roadkill
hotspots were in unprotected and Farming areas. This can be explained by the greater number of opportunistic
species (Fraga et al. 2022), suchCasagyps atratusnd Caracara plancuswhich were frequently found in our
study. Furthermore, birds are often attracted to cereals lost during transportation and may use this opportunity to

forage, which can result in roadkill incidents (Husby 2017; Morelli et al. 2020).

For the Forest variable, a negative relation was observed with birds, mammals, and reptiles. This result is
expected for birds since roadkill hotspots of this group are associated with Farming areas. Therefore, the number of
roadkill animals increases in Farming areas and decreases in Forest areas. Mammals and reptiles can be associatec
with Forest areas (Santos et al. 2022), indicating that negative relation with Forest for mammals and reptiles can also

reveal the importance of the matrix, with species using more open areas with herbaceous vegetation (Bueno et al.
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2015). Therefore, we believe that other landscape characteristics can be more important, such as number of

fragments, and should be investigated.

The Urban area was identified in all models, with a negative relation with amphibians and a positive
relation with the other three groups. This is expected for amphibians because the group commonly reduces with
landscape change (Doherty et al. 2020; Oro et al. 2024). Since birds, mammals, and reptiles are not associated with
Forest areas, according to our results, it is necessary to understand how cities can influence roadkill. This
investigation could be conducted with demographic analysis (Aradjo et al. 2019) or with the functional groups

approach (Filius et al. 2020).

The Water class was negatively related to amphibians and birds. Although amphibians are associated with
water (Santos et al. 2022), a different result was observed in this study. Since amphibians are associated with water
to reproduce (Schalk and Saenz 2015), we believe they move more in sections of highway far from water and
remain more immobile in sections with water surrounding the highway. Another possibility is that the region's
anurans cross the highways by passing under bridges or through pipes, thus explaining the absence of association
with the amount of water near the hotspots. In the case of birds, the group is found farther from water as they are

closer to Farming and Urban areas, where they forage.

The highway variables adopted in the models were Sinuosity, Slope, and TPI. Positive sinuosity was
observed in the models for amphibians, reptiles, and birds. Therefore, more roadkill was observed in sections with
more curves. This occurs because the drivers and animals have more difficulty seeing and recognizing potential

hazards in curved highways than in straight highways (Laube et al. 2023).

Slope class was negative for amphibians, birds, and mammals, indicating a greater number of roadkill
incidents in flatter sections for these groups. In most flat sections, vehicle speed is greater, and drivers have less time
to react when they see animals. Moreover, drivers may increase the speed in sections with more visibility (Valero et

al. 2015), such as areas with less slope.

The TPI showed a positive association with amphibians and a negative association with reptiles. This
suggests that amphibians roadkill hotspots tend to be located in higher areas compared to the surrounding landscape,
while reptile roadkil!/ hot spots are more I|likely to
studies have investigated the influence of topography on roadkill, but the existing literature indicates that high
slopes and rugged terrain are important factors in explaining roadkill patterns (Pagany 2020). However, Pagany

(2020) did not specifically analyze these variables for amphibians and reptiles due to the scarcity of data on these
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groups in the literature. Most roadkill occurs in areas at the same level as the surrounding terrain (Borkovcova et al.
2012). Considering the barrier effect of topography, it is expected that fewer roadkill incidents would occur on
sections of road at the same level as the surrounding terrain, as animals can more easily cross these sections
(Delgado et al. 2019). For instance, if we consider a snake crossing two sections of road with similar traffic
intensity, with one section being fAflato and the othe
in the flat section, especially because many highways in the study area lack shoulders. In this regard, two
possibilities are considered: for amphibians, the roadkill hotspots are located in areas with surrounding water (river,
flooded) and the animals cross the highways looking for partners in the reproductive period; for reptiles, which were
mostly snakes in this study, the roadkill hotspots can occur in areas lower than the highway because they move
down to the road, but the barrier posed by traffic makes it difficult for them to escape. Therefore, amphibians and
reptiles respond differently to TPI, suggesting the need for further studies about the movement and behavior of these

groups around the highways.

Conclusion

Although seasonal distribution may be important for certain groups, tourist seasons do not currently appear
to have a significant effect on roadkill patterns. Therefore, we suggest that future studies focus on better
understanding the frequency of tourists in protected areas and how traffic volumes fluctuate at specific times and

locations.

Regarding roadkill hotspots, we conclude that there are areas where hotspots of different taxonomic groups
overlap. Consequently, these regions may be more suitable for implementing general mitigation measures, such as
speed bumps. Such measures could be crucial not only for species protection but also for tourist safety. However, the
management of PNCD (Chapada Diamantina National Park) must carefully evaluate these hotspot areas to make
decisions, as the analysis serves as a guiding tool rather than a definitive solution. In this regard, it is important to

evaluate structures and habitats in each roadkill hotspot to make better decisions.

The influence of landscape composition on roadkill varies between taxonomic groups, highlighting the
need to better understand the role of the surrounding matrix. Future research should focus on the landscape
structure, including the number of patches and how different groups interact with the landscape around highways in
protected areas. We emphasize the importance of analyzing taxonomic groups separately to obtain more accurate

estimates and results.
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We conclude that most roadkill occurs far from the protected area, suggesting the need to study and
understand the occurrence of fauna around the highways. We consider two possibilities: 1. The protected areas are
effective in protecting and maintaining the fauna and the animals do not use the highways frequently around
protected areas; 2. Other impacts influence the PNCD, and less biodiversity exists in the PNCD than expected.
Despite the high number of studies on protected areas in Brazil, more approaches are required (Miranda and
Schiavetti 2024). Moreover, the spatial distribution of roadkill around protected areas must be better understood to

enable more effective loAgrm management.
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The animals aren't alright: understanding the factors that influence species occurrence alongside highways
ABSTRACT

Although the most visible impact of highways is teadkills, highways can influence the occurrence of species in
their surroundings. Thusye aimedto analyze the factors that influence animalan@as around theghways.With

this, we collected data on roadkill amthout birds and mammals near highways in Chapada Diamantina National
Park (PNCD) First, we surveyed roadkill animals, then identified the pairitis high roadkill occurrece (roadkill
hotspots) and point without roadkill (roadkill coldspotihd then defined areas to analyze the fagzahighways.

We found that only 16% of the birds that ocawar highways areroadkill, while 50% of the mammalsear
highwaysare roadkill. Furthermore, we found that the effects of highways on the fauna can vary according to the
functional group and only for carnivorous birds is the distance from the highway important. As the distance from the
highway increases, more carnivorous birds are fo@uldspots demonstrated more mammals near the highway
than hotspots, so we encourage more studies to understand thisWéegtinforce the importance of analyzing
impacts separately for functional groups and better understanding the resources in the environment surrounding

highways, and analyzing local aspects together with the composition of the landscape.

Keywords: Biodiversity; Road &logy; Roadkill; Protected Areas.
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INTRODUCTION

Highways impact biodiversity in different ways, directly or indirectly. Although the most seen impact is
animal roadkill,highways are also responsible for habitat loss, population subdivision and inaccessibility, because
some species are attracted to the road and are roadkill and other species avoid the road and populations are divided
(Jaeger et al. 2005; van der Ree et al. 2015). Furthermore, areas with higher road density can increase the risk to
bi odiversity, and the continuous roadkil!/ events can
Grilo et al. 2021). Increase of linear structures offer high risk to species and threats many populations persistence
(Grilo et al. 2020). A large highway networking could be a risk to many species, mainly for more sensitive species
that cannot adapt to changes (Kent et al. 2021). This can occur because noise avoidance effect inhibits species more

sensitive to noise, light or pollutants on the highways (Jaeger et al. 2005).

The avoidance effect changes behavior and force species use more unappropriated habitats (Barrientos et al.
2021), because some species can be sensible to vehicle avoidance and move to habitats distant to the highway
(Husby, Husby 2014). But the effect of the infrastructure zone changes between the vertebrate groups, and can vary
according to habitat, diet and distance to the highway (de Jonge et al. 2022). To birds the most impacted zone around
the highway is 1km, and for mammals the zone is 5km, demonstrating different behavior to each group and the

impact of the highways (Benitddpez et al. 2010).

In addition to distance from the highway, other factors may be important in predicting roadkills, such as land
use classes (Cirino et al. 2022; Medrafipcaino et al. 2023). For some mammal species, landscape is important to
predict roadkill, and the effect change with the proportion of matrix and natural areas (Cirino et al. 2022). The effect
of landscape is taxgpecific, and the same land cover can influence different taxonomic groups (Mé&fizeaimo
et al. 2023). With this, it is necessary studies to understand diversity near highways in all ecosystems (Pinto et al.
2020).

Considering the low number of studies with avoidance behavior (Jaeger et al. 2005), is necessary understand
the road effect on biodiversity near highways (Pinto et al. 2020), and fill the spatial sampling gaps, as northeast of
Brazil (MedraneVizcaino et al. 2022; Mirandand Schiavetti 2024). Additionally, a few studies near protected area
reinforce the urgence to understand the effect of highways near protected areas on Brazil @hidsBataavetti
2024). Sqin this study we aimed to understand if distance from highway is important to preslictcurrencef
birds and mammals. So, we question if the landscapes variables are better than the distance to predict birds and

mammals around the highways.
METHODS
Study area

We collected the data oBhapada Diamantinaa region ofEspinhacgoorographic system, in Bahia state
(Brasil 1994), and have a setmimid tropical climate, with a summer season, the rainy period between November
and April, and a winter season, the dry period between May and October (Brasil 2007). The region can be classified
as Cwb according to the Képp&eiger climate classification (Alvares et al. 2013). We sampled roadkill rates in
three routes around thHearque Nacional da Chapada Diamantind®NCD (Chapada Diamantina National Park),

and the areas around these highways.
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The three routes were distributed north, east and middle of PNCD, called here: AND, LEC and MUC (Figure
1). The AND route is formed by 70km of BR42, localized east of PNCD, with Andarai city centered the route. The
LEC route is formed by 50km of three highways north of PNCD;8A, BA-850 and BR424, between Palmeiras
and Lencois cities. MUC route is formed by 50km of -BA2, localized in the middle to west of PNCD, with

Mucugé city in the center of the route.
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Figure 1. Chapada Diamantina National Park (PNCD) and Environmental Protected Area Marimbus/Iraquara
(EPAM) with sampled highways around them.

Roadkill data

We collected data abouvadkill travelling the routes between March/2022 and June/2023. We travelled each
route one time each 15 days, and we used a car with two observers (including the driver), with average speed
between 460 km.h'. We begin the route sampling in the sunrise. We alternated the sampling days to record once
mid-week and once weekend per month. We recorded all carcasses with photos and geolocation, and take photo

around the carcasses.
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Data collection: animals around the highways

First, we analyzed the spati al distribution of roe¢
using SIRIEMA 2.0 (Coelho et al. 2008; Coelho et al. 2012; Coelho et al., 2014). We carried out this analyze
separately for birds and mammals using one year of roadkill data collected (March/2022 to February/2023). To 2D
Ripley's K test we use a initial radius of 500 m, an increment radius of 500 m, 1000 simulations and a 95%
confidence | imit. After this test we realize fAHOtspc
significance aggregation for the two groups in the 2I
We divide the routes in sections with approximately 500m (AND = 502 m; LEC = 501m; MUC = 498m).

After the fHotspots analysiso0 we obtained the gra
(roadkill hotspots) and areas without roadkill (roadkill coldspots). We found 10 hotspots to birds, wherein two were
around PNCD. For mammals, we found six hotspots, wherein one was around PNCD and one near to the PNCD. So,
we chose to sample these two hotspots around and near to the PNCD and we selected two hotspots outside of
PNCD. To select the areas to sample around the highways we numbered all Hotspots (except the four selected
hotspots into PNCD) and all coldspots, and after this we request that one person outside of the work chooses the
numbers without knowing the locations. We expected with this reduced bias in the next analysis. At the end of
selected the areas we obtained four hotspots to each group, with two into the PNCD and two outside PNCD, and the

same number to coldspots.

To collect birds data, we use a transect with 1km andgioiet counts. The first point was on the highway,
the second 250m from highway, third 500m from highway, fourth 750m from highway and fifth point at 1000m
from highway. We use the 1km of transect because this distance is most dangerous to bird populations around the
highways (Benitex.6pez et al. 2010). We started sampling at the sunrise, staying 10min each point. We sampled
each transect once month (March to June, 2023) and alternated the starting point (once started to the first point, and

the next month started to the fifth point).

To collect mammals data, we use a transect with 2.5km with three sampling points. The first point was 0.5km
from highway, the second 1.5km from highway and third point 2.5km from highway. The maximum effect of the
roads on mammal population occurs at 5km (Berlitgzez et al. 2010), therefore we consider analyzing the effects
to the middle of the maximum impacted radius. Each point was installed a eaaperavithout food or other

substances to attract animals, stayed on for four months (between March and December, 2023).
Landscape variables

We use the MapBiomas classification (MapBiomas 2023) with manual correction. We downloaded the
classification for the year 2023 and validated it using our knowledge about the area and photos taken with a drone.
We made the classification according to MapBiomas classification, and we considered six classes: Grassland
(natural areas with herbaceous predominant and with rocky Cerrado), Farming (anthropic areas with pasture and
crops, as plantations @puntia ficusindica Mill, corn, potato and tomato), Forest (natural areas with arboreal
vegetation predominant), Savanna (natural areas with herbaceous vegetation predominant, with some trees, as
Cerrado), Urban area (anthropic areas with cities or other human agglomeration as villages), Water (natural or

anthropic areas with water, for example, rivers or lakes). To work with this data, we use @BIZ0&).
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To select the adequate buffer to analyze the landscape around sampling points we use the coefficient of
determination (R2) between all classes of birds and mammals. For birds, we constructed five buffers with the
maximum distance equal to the minimum distance between sampling point count: 50m, 100m, 150m, 200m, and
250m. For mammals, we constructed seven buffers, with the maximum distance equal to the minimum distance
between the cameraiap: 50m, 100m, 175m, 250m, 500m, 750m, 1000m. With this, we chose the scale with the
landscape variables that showed better results to Rz 250m for birds and 1000m for mammals. We realized the test
with R (R Core Team 2022).

Data Analysis

We did the Wilcoxon test to verify the abundance and richness differences between hotspots and coldspots
areas, with 95% confidence | imits. We constructed box
Core Team 2022).

To evaluate the samplirgfficiency, we carried out a rarefaction curve (Chao et al. 2014), for each transect of
birds and mammals, and we considered the sampling unit as the sampling point per month. For this, we use the
ii NEXTO package (Hsieh et al. 2024) and Aggplot20o (Wi

To understand the variables that influence animals around the highways we carried out a Generalized Linear
Mixed Model (GLMM) test for birds and mammals using trait data. Birds and mammals were separated as
ficarnivoreo, Aherbivored, and Aomnivoreo, |l i ke propos
of landscapes classes around all sampling points and to simplify the model we exclude all classes present in less
than 25% of the sampling points, for birds and mammals separately. With this, we exclude Water and Urban Area to
birds and mammals tests, because these two classes were present in less than 25% of the sampling points to the two

biological groups.

To GLMM we used Poisson distribution with abundance as response variable, the sampling points as random
effect, and predict variables: Forest, Savanna, Grassland, Farming and Distance (the distance of the sampling point
to the highway). We removed the collinearity with Variance Influence Factor (VIF < 3), and we used Delta Akaike
I nformation Criterion (&AlCc < 2) to select the bes:
AMuMInd (Bart-n 2022) and fAcaro (Fox and Weisberg 20

herbivore and omnivore, to birds and mammals.
RESULTS
Points description

All birds hotspots have some type of natural class. Although Savanna is present in all hotspots, Grassland and
Forest are not present in all points (Figure 2). Farming is on all hotspots, but Urban area exist only two areas
(hotspot 2 and 3). Savanna is present on all coldspots too, but Forest is only one hotspot (coldspot 2). The
mammal 6s hotspots have more natural vegetation than

mammal 6s hotspot (hotspot 3) have Water and Urban are
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Figure 3. Percentage of landscafesses at each mammal sampling point around highways in the Chapada
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Road effect

We recorded 213 roadkill animals (birds = 143; mammals = 70) and 50 species (birds = 40; mammals = 10).
Near highways we recorded 4004 birds and 193 mammals, of which 168 bird (Appehdirds species list)
species and 18 mammal species (Appendix Mammals species list). Only 16% (n = 28) of the bird species
recorded in the surrounding area were roadkill, on the other hand 50% (n = 9) of the mammal species recorded in the
surrounding area were roadkilDnly Callithrix penicillata was recorded only roadkill, and although we not

recorded on camettaap, the species was recorded crossing the highways.

Seven bird species recorded around the highways are on the Brazilian National List of Endangered Species
(Brasil 2022):Augastes lumachell@EN), Colibri delphinae(EN), Crypturellus zabel¢VU), Formicivora grantsaui
(EN), Spinus yarrellii(VU), Stigmatura napensi§v/U), Thamnophilus caerulescelfgU). Four mammal species
are on the Brazilian National List of Endagered Species (Brasil 2032plopex vetulugVU), Herpailurus
yagouaround{VU), Kerodon rupestrigvVU).

The rarefaction test showed that birds richness stabilized in maganitypled areas (Figure 4), but some
areas are more richness and abundant (Tabl e 2), wi t h
stabilized in many areas, except for Hotl and Hot2 (Table 2), wherein the Cold2 is the most abundant and Hot2 is
the richest (Figure 2).

Table 2. Abundance and species richness in the transects sampled around highways in Chapada Diamantina

National Park. Transect: transect name; Type: if the transect is a roadkill aggregation (Hotspots) or dispersion
(Coldspot); Park: if the transect is insert on Chapada Diamantina National Park (Inside) or not (Outside).

BIRDS
Transect  Type Park  Abundance Richness
Hotl Hotspot Outside 941 108
Hot2 Hotspot Inside 442 76
Hot3 Hotspot Inside 263 37
Hot4 Hotspot Outside 484 72
Coldl  Coldspot Outside 786 90
Cold2  Coldspot Inside 250 34
Cold3  Coldspot Inside 359 50
Cold4  Coldspot Outside 479 64
MAMMALS
Hotl Hotspot Outside 7 6
Hot2 Hotspot Inside 44 10
Hot3 Hotspot Inside 19 8
Hot4 Hotspot Outside 1 1
Coldl  Coldspot Outside 21 7
Cold2  Coldspot Inside 54 8
Cold3  Coldspot Inside 21 4
Cold4  Coldspot Outside 26 6
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Figure 4. Rarefaction curve for mammals and birds records around highways at Chapada Diamantina National Park
(PNCD),demonstrating roadkill hotspots and coldspots. Colors: red and dark blue: transects inside PNCD; orange
and light blue: transects outside PNCD.

In general, the rarefaction curve for hotspots and coldspots demonstrated that the areas were efficiently
sampled. Birds showed greater abundance (W = 348@Juyz = 0.4958) and richness (W = 3687yglue =
0.09641) in the areas surrounding hotspots, but it was not significant. For mammals, we recorded more species in
coldspots areas, without significant difference (W = 938alpe = 0.09557), and we found significant differences
between the abundance of hotspots and coldspots areas (W = 898l6e ;= 0.04664), with more records for

coldspots (Figure 5).
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Figure 5. Difference for abundance and species richness between hotspots and coldspots roadkill areas around
highways on the Chapada Diamantina National Park.
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All the best models from bird trophic levels showed Farming. The carnivore birds best model has positive
relation with Distance and Farming, and negative influence of Grassland, all variables are significative. The
herbivore birds has only Farming in the best model, with positive and significative relation. Omnivore birds have
Faming and Forest with positive relation, and significant influence of Forest. Mammals, we obtained different
variables in the best models. Carnivore mammals has significative differences between Groups (Hotspots: min. =
0.00; mean = 0.37; max. = 3.00; Coldspots: min. = 0.00; Mean = 1.12; max. = 8.00), showing more omnivores
individuals in coldspots, and includes Savanna, with negative relation. To herbivores mammals only Farming is
present in the best model, with significative and negative relation. Omnivores mammals has only Savanna in the
best model, with negative and significative relation.

Table 3. Best models about the influence of landscape and distance to birds and mammals around the highways at

Chapada Diamantina National Park. SE: Standard Error. GroupHot: Variable hotspots and coldspots, wherein the
GLMM considered coldspots as reference.

Group Trophic Variables  Estimate SE z value p value
level
(Intercept) 1.54713 0.17371 8.906 < 0.000005
. Distance  0.51847 0.22065 2.35 0.018786
Carnivore

Grassland -0.09824 0.02576 -3.814 0.000137
Farming 0.06104 0.01284 4.755 < 0.000005
Birds Herbivore (Intercept) 0.94081 0.10571 8.9 < 0.000005
Farming 0.06712 0.01351 4.968 < 0.000005
(Intercept) 2.13 0.07892 26.991 < 0.000005
Omnivore Forest 0.03285 0.02103 1.563 0.118
Farming 0.05968 0.00961 6.211 < 0.000005
(Intercept) 0.9535 0.65567 1.454 0.14588
Carnivore GroupHot -1.46518 0.46965 -3.12 0.00181
Savanna -0.00511 0.00296 -1.722 0.08499
Mammals Herbivore (Intercept) -0.57725 0.41236 -1.4 0.1615
Farming  -0.01388 0.00653 -2.127 0.0334
(Intercept) 0.16383 0.98625 0.166 0.86806
Savanna -0.01417 0.0053 -2.676 0.00745

Omnivore

DISCUSSION

Roadkill affects less than a third of bird species but affects half of the mammal species that occur around
PNCD highways. The rarefaction curiedicates that bird and mammal roadkill hotspots have greater species
richness than coldspots. However, the greater abundance of mammals in coldspots is significant. Contrary to what
was expected, only carnivorous birds are influenced by the distance from the highway. For the other groups of birds

and mammals, the characteristics of the landscape are more important.

The great number of bird species near highways can be explained to the bird diversity in the Chapada
Diamantina region. Was expected record a great number of bird species around the highways because the region has
a great number of bird species and is a good region to birdwatch (Parrini et al. 199€08theset al. 2008; Anjos
et al. 2019). Furthermore, the low record of species roadkill compared to occurrences around the highways can be
explained by the noise avoidance effect. Noise avoidance is the effect of animals avoiding roads because of noise,
light or pollutants, and species with high noise avoidance will avoid highways and stay more distant to the highway
(Jaeger et al. 2005).
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The richness of roadkill mammals and near highways is similar. Probably this occurs because it is common
mammals use the roads (Hill et al. 2021). For medium and large mammals, the roads are not a great obstacle to be
overcome (Saklaursnd Baltmanis 2014). Some factors influencing mammals to use roads, as deposition of
anthropogenic food by the traffic, facility to foraging, roadkill can provide food to many species, facility to travel
because are less obstacles, and others (Hill et al. 2021). Species with gratearfgese as medium and large

mammals, have more chance to cross highways more times and this increases the risk to roadkill (Peter et al. 2013).

For both birds and mammals, the roadkill hotspots are more richness. This result was expected because the
roadkill hotspots are areas with high roadkill index, while roadkill coldspots are areas without roadkill. So, the

points with more roadkill have more chance to be more richness than points without roadkill.

Although the richness was greater on hotspots, the abundance of mammals around the highway is higher on
coldspots areas. This result was not expected because commonly species with large populations around the
highways have more chance to bmadkill (MedraneVizcaino et al. 2022). With this, probably the mammal
coldspots has more resources to mammals, which contributes to support more animals, and in this way fewer
animals try cross the highway looking for food or other resource. Therefore, more research it is necessary to

available environments around hotspots and coldspots, looking for food availability or hiding place.

Bird groups showed different variables influencing the species around the highways, but Farming is present
in all bird models, and Distance is present only to carnivorous birds. To carnivorous birds, the greater distance to the
highway, more Farming and less Grassland, increase the abundance. May be this occur because carnivores need
more open areas, as Farming, to see they prey. Furthermore, Farming area can be more heterogenous, with crops and
grasses, and can attract more preys. Additionally, birds can adjust their vehicle avoidance according to speed limit,
and fly away from the highway (HustandHusby 2014), and the road noise can influence the reduction of birds
around the highways because affected negatively the communication network, and reduce biodiversity near

highways (GradandSieving 2016), and this reduce the nhumber of prays to carnivores.

Although herbivorous and omnivorous birds are most associated with collisions (Grilo et al. 2020), we do not
find relationship between these groups with highway distance. Herbivore birds are related only to Farming class, and
this can be explained because these areas are composed by pasture and many crops. As environmental heterogeneit)
can increase the richness (Stein et al. 2014), we believe that herbivore birds are more related to Farming because

these areas have more food diversity, and birds access these resources easily.

Omnivore birds are associated with Forest and significantly associated to Farming. The increase of habitat
heterogeneity can increase the richness (Stein et al. 2014), and can be good to generalist animals, as omnivores. As
omnivorous birds consume a greater variety of food, this result demonstrates that the environment is more important
than the distance of the highway. Omnivorous birds are more recorded in transition areas between forest and other
habitats, because the group is less sensitive to forest fragmentation (Betiol et al. 2023), and these omnivorous birds

are associated with Forest and Farming.

In general, mammals are not influenced by the distance of highway. Carnivorous and omnivorous mammals
are negatively associated with Savanna, and herbivorous mammals are negatively associated to Farming. The

absence of Distance from highway was expected because mammals commonly use roads to move (Hill et al. 2021).
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The negative association between herbivorous mammals and anthropogenic areas, as Farming, was expected.
Pasture areas had the | owest mammal 6s richness, where
(DottaandVerdade 2011). Thus, the negative association with Farming, can demonstrate the importance to preserve
natural fragments as corridor for mammals (Bovo et al. 2018). Therefore, a landscape more heterogeneity with

natural patches can be more important to support high mammalian biodiversity (Pifia et al. 2019).

The negative relation between carnivorous and omnivorous mammals with Savanna can be related to
structural variables and dietary preference. Sometimes mammals can be more abundant in homogeneous areas, with
fewer transitions between landscape classes (Pifia et al. 2019). Some species use open and anthropic areas because
is easier to move (Dickie et al. 2019), and possibly mammals are using more dirt road than natural areas to move.
Carnivorous mammals persist in small forest remnants, where they find moresedll vertebrates to

consumption (Magioli et al. 2021).
CONCLUSION

Although the roadkill rates can reflect the species surrounding area (Konzen et al. 2024), this can be different
for taxonomic groups. Mammals, commonly use roads to move and the species richness roadkill and surrounding
highways were similar, but this do not occur to birds. This reinforces the necessity to study and understand the

highway impacts separately for each taxonomic group.

Since mammal coldspots have significantly more animals than hotspots, it is suggested that these
environments be evaluated on a microscale. It is necessary to analyze more than landscape classes and understanc
what resources are found in these environments. Perhaps the availability of shelter, variety of food, and ease of

movement are more important than the landscape class.

The distance from the highways is not important for all groups. Thus, reinforce the necessity to understand
the highways impacts for taxonomic groups and for detailed for functional groups. The use of highways and
surrounding areas can change with habits, such as diet.

We indicate that the future works understand the environment around the highways, because this can explain
more about the impact of the highways on species. Furthermore, we emphasize the need to study the impacts of

highways separately for functional groups, considering the characteristics of the species of each group.
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CONCLUSOES GERAIS

Considerando a rgnde quantidade de Unidades de Conservacdo (UCs) na area de
influéncia direta darodovias e a auséncia de trabalhos em diversas dessas UGsgtargante
a ampliacdo de estudos que foquem no efeito das rodovias em UCs. No entanto, € preciso ir além
do efeito direto do atropelamento de animais silvestres e utilizar outras abordagens, como
avaliecdo custo de colisbesy uso de DNA,a influéncia na fauna que vive no entorno das
rodovias, entre outras. Além disso, é preciso que o0s gestores de UCs tenham mais envolvimento

com esses trabalhos, pois assim poderdo pensar mediiggioras eficientgpara cada area.

Ao observar os atropelamentos no entorno do Parque Nacional da Chapada Diamantina,
uma UCs de grande relevancia para a conservacao da biodiversidade, reafirmamos que embora
existan padrbes temporais e espaciais, eles podem variar entre 0os grupos taxonémicos. Apesar
da distribuicdo temporal ser importante para anfibios e répteis, aumentando a riqueza e
abundéancia dos atropelamentos em periodo chuvoso, 0 mesmo ndo acontegeepaga
mamiferos O turismoné&o se mostrou relevina distribuicdo temporajuandoanalisamosas
estacOes de alta e baixa tempor&ia. isso, ereditamos que aises mais refinadas, focando
nas datas dos eventos regiorfaiieceruma melhor perspectiva do impacto das rodovias em

relacdo a movimentacao turistica da regiao.

Quanto aoshotspotsde atropelamentos, encontramos 0 mesmo que outros trabalhos: a
distribuicdo espacial varia conforme o grupo taxondmico. No entantohokspots de
atropelamentos que coincidem entre alguns grupos. Assim, é preciso que a analise espacial seja
refinada para cada grupo taxonémiattmde observar a rea e o comportamento de cada grupo
para tomar decis6eEm areas com sobreposicdolu#spotsde atropelamentos pode estudar
a viabilidade de instalacdo de medidas generalistas que atendam mais de um grupo. Descobrimos
também que a maioria desketspotsde atropelamentos estdo fora da area do PNCD, o que
acreditamos ser um bom indicativo da eficiéncia da UC em manter a fauna na area de protecao.
Nesse sentidaa andlise do uso do solo pode ajudar a compreender melhor esse efeito na fauna
atropelada no entorno das rodovias.

Embora a paisagem possa ser de grande importanciac@ag@eendens padrdes de
distribuicdo espacial, a distancia das rodovias também deve ser utilizada para estndagaefa
ocorre no entorno das rodovias. A analise dos grupos funcionais, demonstrou que mesmo dentro
de um grupo taxondmico pode ocorrer variacdo de variaveis que influenciam a ocorréncia de
espécies no entorno das rodovias. Também verificamos que nem sempre a distancia da rodovia é

uma variavel decisiva. Aqui encontramos influéncia da distancia apaermsasves carnivoras
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enguanto a paisagem foi mais importante para outros grupos de aves e ma@dierisso
reforcamos ndo somente a necessidade de compreender a influéncia da paisagem e da distanci
da rodovia, mas também do habitat loéalreditamosque analisar os recursos fornecidos pelas
areas no entorno das rodovipgssa auxiliar na compreensdo da influéncia das rodovias na

fauna

Por fim, sugerimos que os trabalhos em UCs sejam incentivados para mitigar os problemas
nessas areas que sado de grande relevancia para a protecdo da fauna brasileira. Reforcamos c
cuidados ao definihotspotsde atropelamentos e incentivamos que novos trabalhos realizem
essas analises considerando tracos funcionais relevantes para cada area de estudo. Além dissc
enfatizamos que os gestores de UCs devem se envolver mais nas pesquisas, pois acreditamos qu

esse € um fator crucial para a mitigacao dos atropelamezgeas areas

Quanto a gestdo do PNCD, sugerimos que se atentem aos resultados de modo que possarr
utilizé-lo para elaborar medidas de mitigacdoemtorno da UC. Os resultados da tese podem
servir como ponto de partida para indicar areas de instalacdo de medisaspossivelp
monitoramento da eficiéncia das medidas selecionadas para cada grupo taxoAdMd&o.
podem usar as areas letstpotspara estudos de influéncia das rodovias no PNCD, bem como
utilizar os dados de amostragermalizados por outros pesquisadores sotmda grupo

taxondémico dentrdo PNCDpara comparar com 0s atropelamentos, por exemplo.
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MATERIAL DE DIVULGA(;AO

A seguir os materiais criados para divulgacdo dos resultados da tese. Eles foram apoiados
por empresas e 0rgaos da regido da Chapada Diamantina e distribuido aos moradores, guias €
turistas.Ressaltamos a importancia da producéo desse material, pois permitem que a sociedade
seja informada das pesquisas realizadas na regido, além de terem conhecimento sobre o0s
diferentes problemas ambientais que possam ocorrer no parque e no entorno. Encorajamos que
essas atividades sejam realizadas por futuros pesquisadorgspgeri&aproxima a sociedade

daacademia.
Criamos o material descrito na seguinte lista

1. Régua com pegadas de espécies registradas na regido: Material 1.

2. Panfleto sobre fauna atropelada: Mate2ialMaterial3.

2.1.Link de acesso para o modelo digital:
https://drive.google.com/file/d/INVmMx7Q7AZ40QYnIXLCorJqrcDOgXrCTD/view?usp=sharing

2.2.Link de acesso para o modelo impresso:
https://drive.google.com/file/d/16 GFgBItpQR8p7s5f9PHKECJHJIgp1UO0/View?usp=sharing

3. Panfleto sobre aves da Chapada Diamaniitzerial 4 e Material 5.

3.1.Link de acesso ao panfleto digitalizado:
https://drive.google.com/file/d/1Jj0cXM3Cy6Yo41u54fbD3shf3hd3hMzN/view?usp=drive link

4. Panfleto sobre mamiferos da Chapada Diamantifteterial 6 e Material 7.

4.1. Link de acesso ao panfleto digitalizado:
https://drive.google.com/file/d/1sI6mvkW8V1S9IQF9kyuRoDXpO\Alg/view?usp=drive _link
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Material 1. Régua conpegadas de espécies registradas na regido. Esse material foi distribuido

para guias de Andarai, Lenc¢bis e Mucugé.
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Material 2. Parte externa do panfleto sobre fauna atropelada distribuido na regido da Chapada
Diamantina. Material teve apoio oficial da gestdo do Parque Nacional da Chapada Diamantina
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Rodovias wo ewtorvno do Pardue Naciowal da Animais que vocé poderd encontrar
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Material 3. Parte interna do panfleto sobre fauna atropelada distribuido na regido da Chapada
Diamantina. Material teve apoio oficial da gestdo do Parque Nacional da Chapada Diamantina.
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Material 4. Parte externa do panfleto sobre avifauna na regido da Chapada Diamantina.
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