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RESUMO

A biodiversidade enfrenta crescente presséo derivada da acdo humana, incluindo
alteracdo e degradacédo do habitat, fragmentacédo, mudangas climéticas, exploracao
de espécies e poluicdo. Como consequéncia, avaliagbes sobre varios grupos de
espécies mostram taxas de extin¢do extremamente altas. Estradas e outras
infraestruturas lineares sdo um dos maiores modificadores da paisagem,
especialmente em regiGes tropicais. A formacdo dessas clareiras lineares causam
varios impactos que sdo melhor compreendidos, mas ndo exclusivos, em escala
local. Em uma escala mais ampla um aumento na densidade de rodovias gera um
aumento de perda de areas naturais na paisagem e consequentemente, hd uma
reducdo significativa no tamanho das manchas restantes que afetam a persisténcia
das populagdes. Um bom conhecimento da histéria de vida das espécies é o
primeiro passo e essencial para o desenvolvimento de estratégias de conservacao
para manter a persisténcia a longo prazo e recuperacao de popula¢des em declinio.
Assim, a presente tese ao longo dos capitulos busca quantificar parametros basicos
de histéria de vida, principalmente os relacionados a reproducdo, as relacfes entre
si e tamanho da fémea. Utilizar informacdes de historia de vida juntamente com
parametros demograficos para estimar taxas de crescimento populacional para
Trachemys dorbigni em uma regido com varios tipos de ameaca a persisténcia da
espécie. E, finalmente, usamos dados de histéria de vida, dindmica populacional,
mortalidade por atropelamento em estradas e dados de uso do solo (malha viaria)
em um modelo espacialmente explicito que quantifica valores criticos de
densidade méxima e tamanho minimo de manchas margeadas por estradas que
permitem a persisténcia de populacdes de espécies de gqueldnios em paisagens
fragmentadas. De um modo geral as estratégias reprodutivas da tartaruga tigre
d’agua variam entre as populagbes € com 0 tamanho da fémea. PopulacGes da
espécie proximo a rodovia BR-471 na ESEC Taim estdo declinando devido aos
impactos observados na area (atropelamento de fauna e remocao de ovos). Fémeas
adultas é o principal estagio onde devemos focar esfor¢os para a conservagao da
espécie em locais dentro da sua distribuicdo e que sofrem 0s mesmos potenciais
impactos. Na avaliacdo global, observamos muitas regides, principalmente na
América do Norte e Asia, que muitas espécies ja possuem manchas de habitat
menor que o tamanho viavel para a sua persisténcia. Essas regides sao as que
possuem as maiores densidades de rodovias. Esperamos que o0s resultados deste
trabalho possam direcionar estudos futuros, serem usados por érgdos publicos
para implementacdo de medidas especificas de mitigacdo, acbes de conservacao e
no planejamento da melhoria e/ou construcdo de novas estradas.

Palavras-chave: Trachemys dorbigni. Historia de vida. Dindmica populacional.
Viabilidade Populacional. Estradas. Exploracéo ilegal. Avaliacdo global.



ABSTRACT

Biodiversity faces increasing pressure derived from human action, including
habitat alteration and degradation, fragmentation, climate change, exploitation of
species and pollution. Consequently, assessments of various species show
extremely high extinction rates. Roads and other linear infrastructures are one of
the greatest landscape modifiers nowadays, especially in tropical regions. These
linear clearings cause numerous impacts that are better understood, but not
exclusive, on a local scale. In a broader scale, an increase in road density leads to
an increased loss of natural habitats and then, there is a distinguished decrease on
the remaining patch size that affects population persistence. A good knowledge of
the species life history is the first step and essential for the development of
conservation strategies, to keep the long-term persistence and recover declining
populations. Thus, this thesis throughout the following chapters seeks to quantify
basic life history parameters, especially those related to reproduction in different
populations, the relationship between reproductive parameters and between them
and maternal body size. In addition, we aimed to use this life history information
with demographic parameters to estimate population growth rates for Trachemys
dorbigni in a region with many sources of threat to the species persistence. Finally,
we used life history parameters, population dynamics, road mortality data and land
use (road network) information and species distribution data in a spatially explicit
model that quantifies critical values of maximum density and minimal patch size
that allow the persistence of populations of turtle species in landscapes fragmented
by roads. In general, reproductive strategies (mainly egg size) of D’Orbigni slider
vary between populations and with body size. Species populations near the
highway BR-471 at ESEC Taim may be declining due to the threats observed in
the area (turtle road-kill and removal of eggs for pet trade). Adult females is the
main stage where we should focus efforts for conservation programs of the species
in locations within the distribution and that suffers with the same potential
impacts. In the global assessment, we observed many regions, especially in North
America and Asia, many species already have smaller patch size than the viable
size to their persistence. These regions are those with the highest density of
highways. We hope that the results of this study may direct future studies, be used
by government agencies for implementation of specific mitigation measures,
conservation actions and planning the improvement or construction of new roads.

Keywords: Trachemys dorbigni. Life history. Population dynamic. Population
viability. Roads. Pet trade. Global assessment.
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PRIMEIRA PARTE
1 INTRODUCAO GERAL

A presente tese é um dos varios resultados obtidos de alguns projetos de
Queldnios do Rio Grande do Sul desenvolvidos entre 1995 a 2006. Durante 0s
anos de pesquisa, 0s projetos buscavam identificar os padrdes de morfologia,
reproducdo, comportamento de nidificagdo, dieta e historia de vida de quatro
espécies de quelbnios de ocorréncia no estado: Trachemys dorbgni (Duméril &
Bibron, 1835) (Figura 1A), Hydromedusa tectifera, Acanthochelys spixii e
Phrynops williansi. A ideia deste trabalho se originou a partir de uma base de
dados de monitoramento de longo prazo feito em varios locais para T. dorbigni e
posteriormente foi extrapolada para vérias espécies de queldnios mundiais.

No primeiro capitulo, abordamos informac@es sobre a reproducédo de T.
dorbigni coletadas em trés localidades do Rio Grande do Sul entre 1995 a 2006
(Figura 1, Artigo 1). Fémeas adultas foram mensuradas e os ninhos quantificados
em relagdo ao nimero e tamanho dos ovos (Figura 1B). Essas informagdes foram
usadas no intuito de comparar se 0s atributos reprodutivos variam entre diferentes
populagdes, testar a relacdo entre os atributos reprodutivos para identificar
possiveis trade-offs e com o tamanho corporal das fémeas. Os resultados deste
estudo fornecem informacBes base de histéria de vida que sdo essenciais para
estudos demograficos e de conservacao dessa espécie.

O segundo artigo utiliza informacgdes sobre reproducdo (Artigo 1) e
parametros demograficos em uma abordagem de modelagem populacional
baseada no individuo para estimar a taxa de crescimento populacional de T.
dorbigni na regido da Estacdo Ecoldgica do Taim (ESEC Taim) no extremo sul
do Rio Grande do Sul. Na regido da estacdo (dentro e fora dela) a espécie sofre
diferentes pressdes (intensa predacao, exploragéo para o trafego ilegal de animais

silvestres e mortalidade devido ao atropelamento de fauna) (Figura 2A e 2B) que
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ameagam sua persisténcia a longo prazo. Os resultados deste estudo fornecem
subsidios para recomendagdo de diferentes estratégias de conservacao atuando em
estagios de vida criticos da espécie.

O terceiro capitulo através de uma compilacdo da literatura e bases de
dados disponiveis utiliza parametros de histéria de vida, dinamica populacional,
mortalidade por atropelamento em estradas e dados de infraestrutura utilizando
um modelo espacialmente explicito que quantifica valores criticos de densidade
maxima de estradas e tamanho critico de manchas rodeadas por estradas que

permitem a persisténcia de populacdes em paisagens fragmentadas por estas.

Figura 1: A) Espécime de Trachemys dorbigni. B) Fémea e ovos da espécie sendo
mensurados. C) Individuos recém-eclodidos em criadouro clandestino no sul do
pais. D) Fémea de atropelada na BR-471 rodovia que corta a Estacdo Ecoldgica

do Taim. Fotos: A. Bager.
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Este modelo foi aplicado para as espécies de queldnios terrestres e
de &gua doce distribuidos ao redor do mundo. A partir da quantificacéo dos valores
criticos, esta abordagem permite o0 ranqueamento das espécies com maior
vulnerabilidade e mapear onde dentro de suas areas de distribuicdo existam areas
criticas para a espécie em relacdo ao impacto das estradas. Essa abordagem
também permite a identificacdo de espécies e locais que necessitem de medidas
especificas de mitigacdo, agcBes de conservacdo além de poder ser usada para
informar esquemas de priorizacdo para a melhoria e/ou constru¢do de novas

estradas.
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2 REFERNCIAL TEORICO

2. 1 Queldnios

Os queldnios formam um grupo monofilético que compreende a ordem
Testudines. Até o momento, 335 espécies e mais 118 subespécies sdo
documentadas (VAN DIJK et al. 2014) ocorrendo desde regies temperadas até
tropicais do planeta. O grupo é morfologicamente bastante diverso, incluindo
espécies de habitat terrestres, semi-aquaticas (por exemplo, rios, cdrregos, lagos,
lagoas, pantanos e outros habitats imidos) e marinhas. Aproximadamente 55%
das espécies estdo listadas na Lista Internacional Vermelha de Espécies
Ameacadas (IUCN), e muitas destas incluidas classificadas em categorias como
Quase Ameagada, de Menor Interesse ou com Dados Deficientes (IUCN 2016).

Grande parte das espécies possuem caracteristicas de histéria de vida
como crescimento corporal lento, maturidade tardia, alta fecundidade
(reproduzindo por varios anos), alta mortalidade nos juvenis, baixa mortalidade
nos adultos e longevidade (CONGDON et al. 19933). Ha grande variagdo no
tamanho corporal das espécies desde tamanhos pequenos como nos géneros
Kinosternon e Sternotherus (10 cm de comprimento de carapaga) até algumas
espécies como as do género Podocnemis e familia Tryonichidae que atingem 60-
70 cm de tamanho corporal (IVERSON 1982). Da mesma forma, as espécies de
tartarugas exibem grande variagdo na quantidade de ovos depositados, desde um
Unico até centenas (ERNST; LOVICH 2009).

Espécies de tartarugas sdo conspicuas nos ecossistemas que ocupam e
podem servir como indicadoras de qualidade ambiental. Em muitos dos locais as
populacdes de vérias espécies estdo encolhendo e o risco de extingdo aumenta
exponencialmente com a poluicdo, fragmentacdo, perda de habitat, remog¢édo de
individuos, introducdo de espécies e disseminacdo de doencas (GIBBONS et al.

2000). Por mais que tartarugas tendam a ser um tadxon ndo prioritario em
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amostragens de vertebrados, o estudo destas espécies podem fornecer informacdes
Gteis sobre a salide do ecossistema em que vivem, tendéncias populacionais e risco
de extingdo frente aos impactos que atingem organismos com historias de vida tdo

particulares.

2.2 Ameagas a perda de biodiversidade e o impacto de rodovias

Atualmente, a biodiversidade enfrenta crescente pressao derivada da a¢do
humana, incluindo alteracdo e degradacdo do habitat, fragmentacdo, mudancas
climaticas, exploracdo de espécies e poluicdo (NEWBOLD et al. 2014, 2015). Em
uma escala de comparagéo, os impactos decorrentes da alteragdo no uso do solo
s&o maiores que os impactos por exemplo, da exploracgdo e da poluigdo (PEREIRA
et al. 2012). Como consequéncia, avaliacdes sobre varios grupos de espécies
mostram taxas de extingdo extremamente altas (CHAPIN 11l et al. 2000;
PEREIRA et al. 2010; PIMM et al. 2014), consideravelmente mais altas que taxas
de perda estimadas para o século passado (PIMM et al. 2014) e periodos ainda
mais remotos (PIMM et al. 1995). PrevisGes para o fim deste século projetam
taxas de extingdo de aproximadamente 18 % devido ao desmatamento em areas
de hotspots de florestas tropicais (PIMM; RAVEN 2000) e perdas globais de
riqueza de espécies de 3.4% concentradas em regides ricas mas com paises
economicamente pobres (NEWBOLD et al. 2015).

Estradas e outras infraestruturas lineares sdo um dos maiores
modificadores da paisagem na atualidade, especialmente em regides tropicais
(LAURANCE et al. 2009; 2011). A formacdo dessas clareiras lineares causam
varios impactos que sdo melhor compreendidos, mas ndo exclusivos, em escala
local (BAGER; FONTOURA 2013; JAEGER 2015). Por exemplo, altas taxas de
mortalidade de fauna devido a colisbes com veiculos (GRILO et al. 2009;
BAGER; ROSA 2011; COELHO et al. 2012), alteracfes na luminosidade,
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umidade e regimes de ventos devido ao efeito de borda (FORMAN;
ALEXANDER 1998), distrbios do trafego (barulho e emissdo de poluentes)
(PARRIS 2015) e facilitacdo da propagacdo e dispersdo de espécies exoticas
(TROMBULAK; FRISSEL 2000) sdo alguns dos principais mecanismos pelos
quais a biodiversidade é afetada.

O entendimento destes efeitos em niveis de organizacdo maiores é de
extrema importancia (VAN DER REE et al. 2011) até porque alguns efeitos
negativos das estradas ocorrem na escala de paisagem, como por exemplo, a
fragmentacdo de habitats (JAEGER 2015). Estradas contribuem neste processo
através da densidade da malha viaria. Um aumento na densidade de rodovias gera
um aumento de perda de areas naturais na paisagem (LEE et al. 2004; GOOSEM
2007) e consequentemente, h&a uma reducdo significativa no tamanho das manchas
restantes que afetam a persisténcia das populagdes (JAEGER; HOLDEREGGER
2005; JAEGER et al. 2005; JAEGER 2015). Com a diminui¢cdo do tamanho
efetivo das manchas, o arranjo espacial destas também muda, aumentando a
distancia entre habitats adequados e disponiveis perdendo em termos de
conectividade da paisagem (FAHRIG 2003). A perda de conectividade aumenta
0 efeito barreira e atropelamento de fauna silvestre, limitando possibilidades de
dispersdo (ROEDENBECK et al. 2007). Logo, estes efeitos a nivel de paisagem
geralmente estdo atrelados a persisténcias populacionais a longo prazo (JAEGER
2015), porque persisténcia populacional é regulado por processos que operam em
escalas maiores (ROEDENBECK et al. 2007). Uma simples contagem do ntimero
de colisBes entre veiculos e fauna silvestre ou a mensuracéo da zona de efeito na
escala local de uma rodovia, sozinhos ndo irdo informar o quanto estes
empreendimentos lineares estdo impactando a existéncia de populagdes ou
espécies (VAN DER REE et al. 2011). Em uma escala espacial mais ampla,
entender como a densidade e configuracdo da malha viaria (HEILMAN et al.

2002) afetam as relagdes funcionais dentro e entre ecossistemas e as persisténcias
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populacionais sdo parametros de prioridade para melhor subsidiar estratégias de
planejamento do transporte (VAN DER GRIFT 2005; VAN DER REE et al. 2011;
JAEGER 2015).

A malha viaria global expandiu a niveis relevantes desde o Gltimo século
(VAN DER REE et al. 2015). Pelo menos 25 milhdes de quildmetros de novas
estradas estdo previstos até 2050 (DULAC 2013), expansao principalmente em
regides que compreendem muitos paises em desenvolvimento (LAURANCE et
al. 2014; VAN DER REE et al. 2015). A América Latina, principalmente o Brasil
se encaixam neste contexto (DULAC 2013; BAGER et al. 2015). O governo
brasileiro nos Gltimos anos tem priorizado a construcdo de novas rodovias e no
ano de 2014 a estimativa era de que aproximadamente 7000 km de estradas e 3000
km de ferrovias fossem construidas (BAGER et al. 2015).

As areas para expansdo da malha viaria para promover crescimento social
e econdmico no Brasil vdo de encontro a regides de elevada biodiversidade
(MITTERMEIER et al. 2015). Especificamente répteis, ha uma alta riqueza de
espécies e endemismos na regido tropical da América Latina (UNEP 2010) onde
uma em cada cinco espécies de répteis sdo ameagadas de extin¢ao e essa mesma
propor¢do de espécies sdo classificadas como “Data Deficient” (BOHM et al.
2013). Perda e degradacdo do habitat novamente sdo apontados como os fatores
mais importantes (PEREIRA et al. 2010; 2012) induzido principalmente pela da
alteragdo e reducdo de habitats terrestre e aquatico (GIBBONS et al. 2000). O
mecanismo pelo qual as espécies estdo declinando permanecem desconhecidos
mas sdo principalmente relacionados a degradacao geral da qualidade do habitat
a partir da conversdo antrépica do uso da terra (TODD et al. 2010). Existe uma
imensa lacuna em determinadas regides, incluindo o Brasil, que limita o
entendimento de como estas ameacas afetam as espécies de répteis (BOHM et al.
2013). Além disso, o grupo é ainda insuficientemente representado em avaliagGes
feitas pela Lista Vermelha de Espécies Ameacadas da IUNC. Apenas 37% das
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espécies descritas foram avaliadas e a maior parte delas carece de informacdes
bésicas sobre tendéncias populacionais e ameagas, 0 que 0s tornam um grupo de
alto interesse para conservacdo (BOHM et al. 2013).

Um bom conhecimento da histéria de vida das espécies é o primeiro passo
e essencial para o desenvolvimento de estratégias de conservagdo para manter a
persisténcia a longo prazo e recuperacdo de populacGes em declinio (SHINE;
CHARNOV 1992; FERGUNSSON; LARIVIERE 2002; FOSTER; VINCENT
2004). Os atributos de histéria de vida, por exemplo, nimero de crias produzidos,
idade na primeira reproducdo, crescimento, longevidade frequentemente variam
consistentemente em relacdo ao habitat ou as condi¢fes do ambiente (ROFF
1992), ou seja, a estratégia de histdria de vida de uma espécie pode influenciar
como as populagdes dessa espécie respondem a variacdo ambiental. Programas de
conservagdo, muitas vezes sdo formulados sem dados adequados de atributos de
historia de vida para espécies alvo (CONGDON et al. 1994). Na auséncia deste
tipo de dado adequado, conhecimento dos limites realistas das caracteristicas
demograficas (principalmente os documentados em natureza e que mantem
populagdes estaveis ou mesmo aumente em tamanho) podem ser extremamente
importantes para a tomada de decisdo sobre estratégias de manejo em populagoes
de vertebrados (DUNHAM; OVERALL, 1994).

Recentemente, varios estudos utilizando essas informacGes predizem
como o risco de extincdo de uma espécie pode estar relacionado com suas
caracteristicas de histdria de vida (HUTCHING 2002; PEARSON et al. 2014).
Por exemplo, espécies com baixa fecundidade, taxas de crescimento lentas e
maturacdo tardia sdo mais vulneraveis a extingdo porque apresentam maior
dificuldade em compensar altas taxas de mortalidade, principalmente nos estagios
adultos, como é o caso de vérias espécies de tartarugas (CROUSE et al. 1987;
CONGDON et al. 1993; 1994). Diante do cenario de ameagas nos quais as

espécies estdo expostas, informagdes sobre a historia de vida sdo determinantes
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fundamentais na dindmica das populagbes e como estas respondem aos varios
disturbios causados pelo homem (FERGUNSSON:; LARIVIERE 2002).

Este trabalho teve como finalidade quantificar e identificar parametros
bésicos de historia de vida e dindmica populacional atuando tanto em escala local
para a espécie Trachemys dorbigni e em escala global através do levantamento
dessas informacdes para varias outras espécies de queldnios de dgua doce. O uso
dessas informacgdes foi integrado em modelos populacionais mecanicistas e
espacialmente explicitos para identificar tendéncias e discutir estratégias de
conservacgao possiveis para mitigar os impactos de exploracao para o comércio de

animais silvestres e mortalidade em estradas.
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Abstract: Comparing how reproductive attributes and investment vary
between individuals and species, and how they can be apportioned among
offspring, are two central issues in life history theory. Maternal body size
plays an important role in reproductive variation, however, we usually
observe variable investment in offspring by females, and optimal egg size
may not be achieved in some populations or species. Here, we tested if
reproductive traits differed between populations of D'Orbigny’s slider turtle
in close geographical areas in Brazil. We evaluated the relationship
between reproductive traits to maternal body size and clutch size to egg
size to determine possible trade-offs across populations. Population had a
significant effect on maternal body size and reproductive traits even in
geographically close areas. In general, reproductive traits were larger in
populations in which females were relatively larger. Maternal body size
had a positive effect on clutch size, but not on egg size, except in Arroio
Grande. We did not observe a negative correlation between clutch and egg
size across any population. Although body size had relevant effects in
different populations, we discuss other possible factors that could also

cause variation in life history traits in these populations.

Keywords: turtle reproductive traits; geographic variation; optimal egg

size; Trachemys dorbigni; life history.
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1. Introduction

Classical life-history theory is based on optimization models (Smith
and Fretwell, 1974, Stearns, 2000) that try to explain how evolution designs
organisms to reach reproductive success (Stearns, 2000). The theory has a
number of assumptions as consequence of the prediction of a single optimal
offspring size that maximizes parental fitness in a given environment
(Smith and Fretwell, 1974). Understand why some reproductive traits vary
and how reproductive investment can be apportioned among offspring to
optimize the trade-off between offspring size and number are one of the
main concerns among life history (Roff, 1992, Stearns, 2000).

Life history traits exhibit extensive variation in many organisms and
between—population of the same species (e.g. Iverson et al., 1997, Ashton
etal., 2007, Macip-Rios et al., 2013, Blew et al., 2016, Salguero-Gomez et
al., 2016). For instance, in freshwater turtles, temperature, seasonality and
productivity (as a proxy of resource availability) have already been inferred
as proximate causes of reproductive variations within species range
(Iverson and Smith, 1993; Ashton et al., 2007). Although there are
evidences that environmental factors explain reproductive variations in
populations at broader geographical scales (mostly at different latitudes),
little is known on populations in close proximity. Individual traits such as,
breeding age, genetic, home range quality, foraging places and maternal
body size may explain reproductive variations at small scales (Wallis et al.,
1999, Iverson and Smith 1993, Rowe 1994a, 1994b, Valenzuela 2001,
Litzgus and Mousseau 2006; Naimi et al., 2012).
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The predicted assumption that females will expend their available
energy to reproduce eggs of an optimal size in the Smith and Fretwell
(1974) model has been supported by some turtle species (Lovich et al.
2012; Macip-Rios et al. 2012). On the other hand, this simple concept could
not apply within to all species or populations of conspecifics and females
can invest variably in offspring size (Rowe et al. 2003; Wilkinson and
Gibbons 2005; Rollinson and Brooks 2008; Macip-Rios et al. 2012, 2013).
There are, at least three general categories of explanation in which
theoretical or empirical models can predict maternal correlation with egg
size (Rollinson and Rowe, 2015) and some could apply to turtles. For
instance, female morphological structures can pose some constraints on
egg size, i.e., egg size increases with female body size until they become
large enough to produce eggs of an optimal size (Congdon and Gibbons
1987; Rollinson and Brooks 2008). In addition, in species that experience
high depredation in a short time period of the life cycle (such as some
turtles) lay larger clutches of small offspring size is beneficial (McGinley
1989). Females with larger maternal resources level should also produce
larger offspring size even when larger clutches increase the probability of
offspring survival (McGinley 1989, Rollinson and Rowe 2015).

Here, we first tested if reproductive traits differ between
geographically close populations of the freshwater turtle, Trachemys
dorbigni (D'Orbigny's slider) (Duméril and Bibron 1835) (Testudines:
Emydidae) in South of Brazil. Second, we evaluated the relationship
between reproductive traits and maternal body size. We tested 1) whether
maternal body size explain variation in egg size and clutch size in

populations of D'Orbigny's slider with different gradient of body sizes. We
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hypothesized a relationship in which egg size does not vary with body size.
With increasing female body size within populations, we expected to find
larger clutch size rather than larger egg size as the reproductive strategy
adopted by females. These would be exhibited by a positive correlation
between clutch size and maternal body size, but not for egg size. In
addition, we investigated 2) how clutch size vary with egg size expecting
for a trade-off between these traits (Iverson and Smith 1993; Rowe 1994a;

Rasmussen and Litzgus 2010).

2. Material and Methods
2.1 Species model

D'Orbigny's slider is a medium-sized (250 mm of carapace length)
freshwater turtle species, abundant in many wetlands in Rio Grande do Sul,
Brazil (the only Brazilian state where this species has not been introduced)
(Bujes and Verrastro, 2008). There is sexual dimorphism in both size
(males are smaller than females) and color pattern (Bager et al., 2010).
Previous studies have shown that females attaining carapace length of at
least 176 mm (Fagundes et al., 2010) can reproduce, but their size at

maturity can vary across populations (Bager et al., 2007).

2.2 Study area

We studied three populations of D'Orbigny's slider in the Rio
Grande do Sul state, Brazil between 1995 and 2006: Arroio Grande, Pelotas
and at the Ecological Station of Taim - Santa Marta Farm, a Protected Area
(hereatfer ESEC Taim) (Figure 1). All three sites are located near the

coastal plain, which encompasses extensive marshes forming the largest
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South American lagoon complex (Bager et al., 2007 and Fagundes et al.,
2010). Mean annual temperature ranged from 18°C to 19°C and mean
annual precipitation ranged from 1200 to 1400 mm (Matzenauer et al.,
2011). All study areas are under human pressure such as: intensive egg
harvest and exploitation for illegal pet trade (A. Bager, personal
observation), agricultural activities near wetlands (Bager and Rosado,
2010), and collisions with vehicles (Hahn et al., 2014).
2.3 Life-history traits

Female turtles were manually captured in the field during
reproductive activity season, their maximum carapace length was measured
with a caliper to the nearest 0.1 mm, the individuals were weighed with
Pesola spring scales of 1 g, and individually marked (Cagle, 1939). We also
search for turtle nests. Only intact nests were excavated to determine clutch

and egg size (length and width).

2.4 Data Analysis

Exploratory analyses were performed to assess the normality and
homogeneity assumptions for all variables and to detect possible extreme
outliers (Zuur et al., 2007). We computed an equation based on the upper
and lower quartiles for all variables (Bager et al., 2012) to minimize errors
from measurements and exclude outliers. We estimated clutch volume and
egg volume based on the equation described by Maritz and Douglas (1994)
accounting for the bicone format. Here, we used egg volume as a proxy of
egg mass in all populations since the two variables are highly correlated in
this species (R? = 0.91; Bager, 2003).
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To detect differences between reproductive traits and maternal body
size among populations, we used a non-parametric Kruskal-Wallis test to
check the population effect on clutch and egg size measurements. When
we detected significant differences, Dunn post hoc tests were used to check
pairwise differences between populations.

We applied an analysis of covariance to assess whether there was a
population effect on these attributes after removal of the maternal body size
effect. Each clutch and egg measure was included as an independent
variable, the female carapace length as a covariate and the population as a
treatment.

We fitted Generalized Linear Models (GLM) to assess the role of
maternal body size on egg and clutch size, with Gaussian and Poison
distributions, respectively. We fitted linear and quadratic models and used
Akaike Information Criteria (AIC) to select the model that better explain
the relation between reproductive traits and maternal body size (Burnham
and Anderson, 2002).

To find a trade-off between clutch size and egg size we run a
Generalized Linear Mixed Model (GLMM). We treated clutch size as the
response variable, egg size measures as fixed covariates and population as
a random factor. We used clutch average (n = 571 clutches of the 2.185
eggs measured) as a unit of measure in all analysis. All analysis were
performed with R software (R Core Team 2015) and the “nlme” package
was used to run the GLMM (Pinheiro et al., 2016).

3. Results

3.1 Body size and life history traits among populations
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Sizes class of reproducing female varied among three populations
(Figure 2). Most of reproductive females in Arroio Grande had between
198 mm and 218 mm of carapace length whereas in Pelotas, we recorded
between 192 and 198 mm and in ESEC Taim, most had between 224 and
235 mm.

We found a population effect on maternal body size regarding
maximum carapace length (x?= 154.04, gl = 2, P<0.0001) (Table 1). Dunn
post hoc tests showed that females of ESEC Taim (mean: 233.6+ 13.72)
were significantly larger than females from other populations (P< 0.01 in
all comparisons). Females of Arroio Grande and Pelotas had similar body
sizes (P> 0.05; Figure 3).

We also observed a population effect on clutch size (x* = 110.42, gl
=2,P<0.01) (Table 1). Females at the ESEC Taim laid larger clutches than
those in Arroio Grande and Pelotas (P< 0.05), and the latter showed the
smallest clutch sizes (Figure 3). Excluding the maternal body size effect,
clutch size was similar among all populations (one-way ANCOVA: F2,296
= 2.49, P = 0.08). However, we did not observe the same trend for clutch
volume, whose values were greatest at ESEC Taim, followed by Arroio
Grande, and Pelotas (one-way ANCOVA: F2122 = 32.4, P< 0.0001).

A significant population effect on egg size in general was also
observed (Table 1). Egg width and volume were significantly different in
all populations, and egg length was similar between Arroio Grande and
ESEC Taim, but smaller at Pelotas (Figure 3). Significant differences were
observed even after removing maternal body size effect for egg length
(one-way ANCOVA: Fz122 = 7.85, P< 0.01) and width (one-way
ANCOVA: F,1220 =42.4,P<0.0001. Tukey’s post hoc tests for mean values
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adjusted to maternal body size indicated that egg width and volume were
similar between ESEC Taim and Arroio Grande, but smaller at Pelotas. Egg

length in Arroio Grande was larger than other populations.

3.2 Relationship between maternal body size and reproductive traits

Maternal body size affected positively clutch size in all populations
(Figure 4). The variation explained was approximately 47%, 29%, and 28%
at Arroio Grande (GLM:Z = 2.94, P = 0.003), ESEC Taim (GLM:Z = 8.91,
P< 0.0001), and Pelotas (GLM:Z = 2.45, P = 0.01), respectively. In
contrast, maternal body size did not explain variation of any reproductive
trait of egg size for the populations ESEC Taim and Pelotas (P > 0.05)
(Table 2). However, we observed a linear increase between egg width (F =
4,72, P =0.03, df = 1, 45) and volume (F=4.13, P =0.04,df = 1, 45) to
maternal body size at Arroio Grande. Quadratic terms in the models did not
produce better estimates than linear models in any of the relationships
(Table 2).

3.3 Trade-off between egg size and clutch size

No trade-off was observed between egg size and number of eggs.
Mixed models did not show any significant linear or quadratic relationship
between the number of eggs and egg length, width or volume (Table 3).

4. Discussion
Our study of D'Orbigny's life history slider provides strong support
to a variation on reproductive traits among populations at the same latitude

range and at a small geographic scale. We also find that clutch size increase
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with maternal phenotype while egg size has no relationship, except in
Arroio Grande. None of the populations show decreasing egg size in large
clutch size and the evidence of a trade-off is not observed in these
populations.

It is plausible to argue that variations in the traits can occur due to
changes in other factors at small scales, e.g., resource availability and other
sources that could lead to a trade-off between reproduction and survival
(Wallisetal., 1999, Iraeta et al., 2013, Zeng et al., 2013). In fact, the region
comprising the studied populations has high productivity due to the
complex environment of lakes connected to the ocean (Niencheski et al.,
2007). Even close, the different populations exhibit different productivity
levels, although this variation is quite small (Attisano et al., 2013). In a
qualitative gradient, the region near Pelotas and the ESEC Taim has one of
the highest productivities (Attisano et al., 2013) in relation to Arroio
Grande. However, reproductive trait and maternal size from Pelotas are
smaller and in the another end, all measured traits are larger in the ESEC
Taim.

Demographic effects associated with small local variations in
resource availability may provide insights into how populations might be
varying (Congdon and van Loben Sels, 1991). Reproductive traits and
maternal body size might be larger in ESEC Taim because of lower
population density found in this area compared to, for example, Arroio
Grande (P.S.L unpublished results). In fact, in conditions such as Arroio
Grande a faster juvenile growth rate could be expected (Rowe, 1994a) and
we believe that this happens for two main reasons. First, juvenile growth

rates could vary due to density if resources are a limiting source in the same
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place. In populations with high densities, the amount of resources directed
to each individual would be lower or of poorer quality (Rowe 1994a) and
the further growth could be compromised. Even the ESEC Taim area with
high resource availability, the population faces an unquantified impact
from agricultural activities, mainly through the introduction of
agrochemicals on irrigated rice cultivation affecting nesting sites (Bager
and Rosado, 2010). If environmental contaminants reduce habitat quality
and affect reproductive traits making the offspring survival dubious
(Alford, 2010), there may be a faster growth in the juvenile stage in this
population. Thus, experimental studies assessing the cumulative effects of
toxins of this species’ eggs in these circumstances, and subsequent
evaluation of the survival of offspring could help to better understand this
effects.

Second, egg size variation may be associated to a differential
intensity rate of egg mortality in early stages. Some studies have shown
that egg size is highly correlated with hatchling size (Congdon et al., 1983,
Janzen and Morjan, 2002, Warner et al., 2010). Thus, larger offspring (here
larger eggs) may have faster juvenile growth rates, which is important to
avoid predators (Brockeman, 1975). Faster growth rates may decrease
exposure time during this stage when mortality is high (Congdon et al.,
1994, Spencer and Janzen, 2010). For example, Gongalves et al. (2007)
observed high predation rates of D'Orbigny's slider nests at ESEC Taim,
where egg size was larger than any other population. Of the nests monitored
in ESEC Taim, 98% were depredated within the 48 hours after nesting.
Nests of the same species monitored by Fagundes et al. (2010) in Pelotas,

where we observed the smallest egg sizes, showed about 82% of survival.
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Therefore, larger egg size might be required during high juvenile or early
stages mortality in environments where predation pressure is high (Reznick
et al., 2001).

After removing the maternal size effect from all analyses related to
geographic variation, we still observed changes in traits related to egg size,
but not in clutch size. The maternal body cavity considerably influences the
number of eggs that a female can carry (Rowe, 1994a, Daza and Paez, 2007,
Lin et al., 2012, Naimi et al., 2012, Macip-Rios et al., 2013) and thus
explains much of the variation in offspring size as supported by the linear
relationships (Figure 4).

Maternal body size seems to have a minor effect on egg size.
Although the relationship tended to increase, the slope was not significantly
different from zero in ESEC Taim and Pelotas. This is in agreement with
previous models (Smith and Fretwell, 1974) in which egg size was
invariant with maternal phenotype within populations, in this way resulting
in a single investment per offspring optimum for all parents. However, in
Arroio Grande, we observed that egg with and volume were related to
maternal body size. This pattern is often found in many turtle species
(Congdon and Gibbons, 1987, Rollinson and Brooks, 2008, Lovich et al.,
2012, Macip-Rios et al., 2013) and since the early model developed, there
are many lines of investigation that try to explain this incongruence (Parker
and Begon, 1986, Congdon and Gibbons, 1987, McGinley, 1989, Sakai and
Harada, 2001, Filin, 2015). We could infer here that, in Arroio Grande,
females with larger maternal resources (as maternal resources often
increase with body size) should produce larger offspring size even when
clutch size is high (McGinley, 1989). This could be favored when large
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clutch size also increase offspring survival. According to McGinley (1989),
this could be the case when hatchlings experience high predation risk and
offspring from larger clutches could have better chance during initial
dispersion. To our knowledge, no study provides estimates of nest and
hatchling predation in this population. However, illegal harvesting of this
species in Rio Grande do Sul may exceed 300,000 hatchlings/year of
individuals taken from nature (Bager and Rosado, 2010), and Arroio
Grande is one of the most impacted areas by this threat (A. Bager pers.
observ.). We believe this is a potential explanation to increased egg size
with larger clutch size and maternal phenotype.

In the three populations, the expected negative relationship between
clutch size and egg size was not observed. The existence of trade-offs is a
central concept in evolutionary biology (Lloyd, 1987, Stearns, 2000, Uller
and Olson, 2005, Rollinson and Rowe, 2015). Despite this, the trade-off
would not be expected if resource availability and reproductive allocation
by females vary greatly among individuals or species (Uller and Olson,
2005, Warne and Charnov, 2008). Experimental studies have showed that
with unlimited food availability females could produce more and larger
hatchlings (Stahlschmidt et al., 2014). As all the three populations are
located in a region with high productivity potential (see above), it is not
hard to think how females can invest in clutch size and offspring fitness.

In summary, our comparative study shows variation in life history
attributes in nearby populations of D'Orbigny's slider. Several factors may
play important roles in interpopulation variation, and this could be, for
instance, the results of phenotypic plasticity of the species in response to

environmental differences (Zeng et al., 2013) and pressures coupled with
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population dynamics. Some of the predictions tested are in accordance with
recent studies on optimization models in turtles (Lovich et al., 2012);
however, others were not supported in specific populations. This study
highlight how interactions between morphological and reproductive
attributes add complex variations in clutch and egg size and to what degree

egg size is optimized, or not in different species or populations
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Table 1: Variation of female size and reproductive traits of D'Orbigny's

slider populations in Brazil. X? values of Kruskal-Wallis tests.

Paramef(ers/ Arroio Grande Pelotas ESEC Taim Test
Populations
210.08 £ 16.52 204.70 £ 10.00 23366 +13.72  x2=154.04,
Carapace length (mm) (158.00 - 248.00) (192.00 - 229.00) (191.00 - 277.00) P<0.0001
n =245 n=34 n=127
39.64 +1.63 37.44 £2.25 39.05+1.29 x2=43.09,
Egg length (mm) (35.68 - 43.97) (32.54 - 42.86) (35.88 - 42.30) P<0.0001
n=55 n=289 n=283
24.74 £ 1.03 20.10+1.73 25.84 +10.88 x2=167.00,
Egg width (mm) (22.28 - 26.53) (16.6 - 24.3) (23.99 - 27.85) P<0.0001
n=>55 n=288 n=283
13.36 £1.42 8.45+1.74 14.40 +1.22 x2=157.64,P
Egg volume(cm?) (9.25-16.01) (5.87 - 13.79) (11.60 - 16.76) <0.0001
n=55 n=2388 n=2383
108.84 + 36.90 69.32 +24.42 174.02 +39.43  x2=148.13,P
Clutch volume (cm®) (24.33-179.64)  (27.33-144.69)  (81.65-292.25) <0.0001
n=>55 n=2388 n=2383
9.23+2.68 8.20+2.16 11.86 +2.37 x2=110.42,
Clutch size (3-17) (4-15) (6-19) P<0.0001
n =357 n=89 n=125
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Table 2: Linear and quadratic models fitted for three D'Orbigny's slider populations. a, b and ¢ are parameters
estimates. Indications of parameters estimates for linear models are followed by () and for quadratic models by

. *P< 0.05. EW = egg width, EL = egg length and EV = egg volume.

Population  Traits aL bL R’ AICy, ag bq o Rq? AICq  AAIC
Arroio Grande EW 0.018 20.841  0.074* 13530 43864 -0.2029 0.00053 0.079 137.40 2.10
(n=47) EL 0.022 34.941 0.037 178.07  36.059 0.0129 0.00003 0.016 180.09 2.02
EV 0.024 8.173 0.060* 168.17 33.291 -0.2170 0.00057 0.057 170.42 2.25

ESEC Taim EW 0.004 24.687 0.010 120.13  9.2909 0.1356 -0.00027  0.029 122.65 2.52
(n=45) EL 0.010 36.788 0.002 13885  46.379 -0.0714 0.00017 0.023 141.73 2.87
EV 0.009 12.227 0.007 14508  2.1959 0.0945 -0.00018  0.029 147.96 2.88

Pelotas EW 0.035 12.939 0.002 146.44 207.82 2.1550 -0.00510 0.031 148.50 2.06
(n=34) EL 0.038 30.486 0.007 14700 116.63 -0.0788 0.00198 0.015 149.76 2.76
EV 0.041 0.373 0.009 149.76 172.70 1.7030 -0.00398 0.010 152.63 2.87
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Table 3: Response of clutch size to egg size to test for a possible trade-off

for the three population of D'Orbigny's slider in Brazil.

Trait Random Fixed

Intercept S SE p-value
Population 2.40
Egg length 0.00036 0.144 0.99
Population 2.22
Egg width 0.1161 0.163 0.48
Population 2.26

Egg volume 0.0853 0.139 0.54
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Abstract: Many threats are causing loss of biodiversity and population
declines. Anthropogenic alterations such as man made structures (e.g.
roads) and illegal egg poaching are serious pressures to long-lived turtles.
We used data on mark-recapture, mortality on roads, nest predation and egg
harvest to estimate the impact of these threats to D'Orbigny's slider turtle
Trachemys dorbigni on the ESEC Taim. We used a stage-based
deterministic matrix to infer population growth rates responses to
alternative scenarios which threats were included and to indicate
management options. Road mortality was estimated to account for 1 to 2%
of adult lost. Nest predation ranged from 18% to 98% and egg poaching
ranged 25 to 90%. The baseline projection showed that the population was
declining (A = 0.989), and road mortality has a higher potential even with
low rates to contribute to a faster decline. Elasticity was higher for adult
survival and the population could attain a stable population by i) increasing
both survival in the early stages or ii) increasing female survival through
reducing road mortality. A range of management strategies is available for
turtles (nest protection, headstarting and road crossing structures) in order
to decrease mortality or control egg poaching. However, we reiterate that
strategic actions for this species ought to include protection in all stages to

prevent the continued decline of this population.

Keywords: Trachemys dorbigni, stage-based model, road mortality, nest

pressure, egg poaching.
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Introduction

There is a growing evidence of negative impacts of different threats
to biodiversity in this century (Pereira et al. 2012; Newbold et al. 2015).
Potentially, among 5 - 9 millions of animal species are currently living,
however the majority has not been described or will be lost before that
(Costello et al. 2013). In a broader perspective, analytical approaches
focused on assessments of various species show extremely high extinction
rates (Chapin 1l et al. 2000; Pereira et al. 2010; Pimm et al.
2014),considerably higher than rates estimated for the last century (Pimm
et al. 2014) or even before (Pimm et al. 1995).

Habitat loss and degradation stand out as one of the most important
drivers (Pereira et al. 2010; 2012) induced mainly by the change and
reduction of land and water habitats (Gibbons et al. 2000). By the end of
the century, projections show extinction rates of approximately 18% due to
deforestation in areas of tropical forest hotspots, even if all the remaining
habitats within these hotspots are preserved (Pimm & Raven 2000). Roads
and other linear infrastructures are one of the greatest landscape modifiers,
especially in tropical regions (Laurance et al. 2009). Direct and indirect
mechanisms (Forman & Alexander 1998) lead to biodiversity loss since the
road segment scale to broader scales (Forman & Deblinger 2000; Beaudry
et al. 2008; Jaeger 2015). Road mortality as one of the main effects has
been documented in high rates for many taxa (Smith & Dood-Jr 2003;
Bager & Fontoura 2013; and reviewed by D’ Anunciagao et al. 2013). This
is especially true for those species that make extensive overland

movements and do not avoid or are attracted to roads (Aresco 2005, Fahrig
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& Rytwinski 2009; Jacobson et al. 2016). Although, despite the growing
number of road Kills, understand how this loss affects the population
viability of most species should be priority to successfully manage efforts
to stabilize or recover declining populations. Indeed, only recent studies
show that even low roadkill rates affecting target ages or stages is enough
to cause severe declines in snakes and turtles (Row et al. 2007; Crawford
et al. 2014) and birds species (Borda-de-Agua et al. 2014).

Illegal wildlife trade is another driver of biodiversity loss
(Fernandes-Ferreira et al. 2012; Baker et al. 2013). Unsustainable trade has
been recognized as a challenge to wildlife conservation (Nijman and
Shepard 2015) and still a common practice in South America (Alves et al.
2010; Baker et al. 2013) for many taxa (Bush et al. 2014; Jenkins et al.
2014). Particularly turtles, unsustainable harvest for the pet trade has been
pointed out as one of the causes of population decline in the freshwater
species Erymnochelys madagascariensis (Kuchling 1988) and on the
tortoise species Astrochelys radiata that is projected to go extinct in 45
years (Leuteritz & Paquette 2008). Therefore, wherever individuals for pets
are originated, it is wise to address the effects of removal from the wild on
the viability of source populations (Bush et al. 2014).

Evaluating how closely species are to extinction is one of the most
important first steps in preventing their extinction, which is a main goal of
biodiversity conservation (Yeong Ryu et al. 2016). Although reptiles are
among the taxa most often reported in live trade (Baker et al. 2013), the
scientific community has comparatively neglected reptiles for conservation

assessment. Only 35% of described species have been evaluated in the
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IUCN Red List and a great percentage is classified as data deficient (Bohm
et al. 2013).

One of the advantages of using mechanistic population models is
that we can link specific anthropogenic threats to population declines
(Heppel 1998; Crawford et al. 2014, Tuma et al. 2016). Moreover, as
populations are facing many threats as stated above, addressing competing
threats is crucial to rank their severity to cause population decline (Tuma
et al. 2016) and to report the best management practice (Crouse et al. 1987;
Heppel et al. 1996). Here, through studying D’Orbigny slider turtles
Trachemys dorbigni we aimed 1) to determine and compare population
responses from the estimated rates of road mortality, egg poaching for pet
trade and nest predation in different scenarios; 2) to make conservation
recommendations that will stabilize or potentially grow this population. We
expected that adult road mortality would more negatively affect population

growth rate even with a lower mortality rate compared to other threats.

Material and Methods

Study species

Trachemys dorbigni (D'Orbigny's sliderturtle) occurs in wetlands
mainly streams, mashes and swamps in Uruguay, Argentina and in the
south of Brazil (Bager et al. 2007; Fagundes et al. 2010a; Bujes et al. 2011).
Its natural distribution in Brazil comprises only 0.2% of the total area of
the country. The species is abundant in many places across its distribution

range and shows similar demographic features like other turtle species:
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usual high mortality in the first stages, low adult mortality, delayed
maturation and longevity (Goncalves et al. 2007; Fagundes et al. 2010b;
Lucas & Bager 2016b). Many populations of this species are under human
pressure such as intensive egg poaching for illegal pet trade, environmental
pollution, agricultural activities near wetlands and collisions with vehicles
(Bager & Rosado 2010; Fagundes et al. 2010a; Costa et al. 2015) at levels
that can potentially cause population declines. Despite that, the species was
only recently categorized as Near Threatened in a regional assessment
(Vogt et al. 2015) besides not even being listed by IUCN. In Argentina,
D'Orbigny's slider turtle has been initially included in a category called
“commercially threatened” due to illegal capture for pet trade and the
advance of the agriculture on the few known populations (Bertonatti 1994).
Nowadays it is categorized as vulnerable (Prado et al. 2012). In Uruguay,

the species has not been listed to any particular status.

Study population

We had been studied some populations intensively between 1995 -
2006 in the extreme south of Rio Grande do Sul state, from Pelotas to Taim
Ecological Station (further refereed only as ESEC Taim), Brazil. ESEC
Taim is a federal protected area located on the coastal plain and has an area
of 33.818 ha. The relief is low and flat, and wetlands are conspicuous,
although open fields and dunes are also present (Bager & Fontoura 2013).
Within this protected area, we studied D'Orbigny's slider female turtles
during 11 years using capture-mark-recapture techniques. Turtles were
marked annually during the nest season (October — January) (Lucas &

Bager 2016a; b) in an area of about 200 ha. This area is relatively
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undisturbed (except by high nest depredation) (Gongalves et al. 2007).
However, surrounding the species suffers with agriculture that may cause
impacts due to the introduction of agrochemicals in the nesting sites (Bager
& Rosado 2010), nest exploitation for pet trade (A. Bager pers. obs.) and
an elevated female road mortality (Bager et al. 2007; Bager & Fontoura
2013). D'Orbigny's slider turtle is one of the most road killed reptile species
in this road (Bager & Fontoura 2013; Costa et al. 2015).

Estimating threats

In order to estimate road mortality for D'Orbigny's slider turtles, we
used a dataset on road Kills from a monitoring performed along 137 km in
two Brazilian federal highways (BR-392 and BR-471). These roads
connect the cities of Pelotas (31°48°19”°S and 52°19’ 39°’W) and Santa
Vitoria do Palmar (32°40°35’’S and 52°35°42°’W).BR-471 and crosses
about 15 km within the ESEC Taim area, which receives an average of
1.100 vehicles per day (Rosa & Bager 2012; Bager & Fontoura 2013; Costa
et al. 2015). We used the number of D'Orbigny's slider turtle road kills
within a road stretch of 14 km monitored to estimate a per capita road
mortality. This rate was estimated in 0.012 (see Supporting Information for
calculations).

For nest predation, we used known estimates of mortality as stated
in Table 1. Other sources of egg mortality as egg infertility, embryonic
mortality and developmental abnormalities that also cause egg failure
(Peters et al. 1994) were not taken in account in our estimates due to the

difficulty of obtaining accurate estimates. Therefore, the estimated
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proportion of non-depredated nests to total nests is an approximate estimate
of egg survival (Crawford et al. 2014).

Finally, egg poaching for pet trade is a widespread activity but the
estimates are unknown. lllegal harvesting of D'Orbigny's slider turtle in Rio
Grande do Sul may exceed 300.000 eggs/hatchlings per year (Bager &
Rosado, 2010). To our knowledge, only Fagundes et al. (2007a) provided
some estimate of this threat. They observed high egg harvest (~ 90%)
through a rate of nests lost by local people exploration.

Population modelling: the matrix model

We constructed a female stage-classified deterministic matrix
(Lefkovitch 1965; Caswell 1989; Crouse et al. 1987; Enneson & Litzgus
2008) based on published demographic data (Table 1) to estimate
population growth rate ():

n(t+1) = An(t)
where n(t) is a vector of stage-specific abundances at time t and A is the
population projection matrix describing the flux of individuals from one
year to the next:

0 0 F
A= <P21 P, O )

0 P;p P33
Our model distributes the D'Orbigny's slider turtle life cycle into three
stages. The model comprises parameters such as the probability of
surviving and remaining in the same stage (Pi) (Crouse et al. 1987):

1—g0;1i_1
Pi: —dl.
1—g0i
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The transition probabilities (Pjj) from one stage to the next between times i
and i + 1 (Gi), if turtle survives (Crouse et al. 1987; Fordham et al. 2008):
6 - #La )

1-¢"
where ¢ is annual survival and d; is the number of years from stage i to i +
1.

Both probabilities plus fecundity (F) were used to estimate
population growth rate (1) from the dominant eigenvalue of the matrix A
(Caswell 1989). Stage 1 comprises egg/hatchling that begins when eggs are
laid in the middle of spring (October) and ends in the next October (lasts
one year). Stage 2 is the juvenile stage that lasts 3 years (ages 2 to 4) and
stage 3 comprises the adults combined into age 6 and greater. No maximum
age was included in the model, so P33 corresponded to annual adult survival
rate. We calculated fecundity by multiplying mean clutch size, mean clutch
frequency and annual first stage survival (Crawford et al. 2014). This
product was latter multiplied by the proportion of female offspring
(assumed to be 0.5), since we are dealing with a female matrix model
(Enneson & Litzgus 2008; Crawford et al. 2014).

Because in this population there is a high nest predation, we
included a mean mortality rate based on other populations of D'Orbigny's
slider to exclude this potential effect and infer how this increased pressure
could affect other populations (A. Bager, unp. data). For the vector of stage-
specific abundances at year t, we used population size estimates (N = 1588
individuals) for ESEC Taim established in Lucas and Bager (2016b)
projected by stage using stable stage distribution (the right eigenvector of
the transition matrix A) (Mitro 2003).
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Model scenarios, elasticity and sensitivity

From the baseline matrix, including parameters specified in Table
1, we altered those to account for the anthropogenic threats egg poaching
for pet trade, road mortality and nest predation pressure. First, we
implemented individual threats at time to explore the consequences in
population growth rate (1) from changing vital rates of the baseline matrix.
For road mortality, we simulated the effect of decreasing the annual
survival of adults based on the estimated per capita road mortality rate. As
we do not have estimates for more than one year, we also used and road
mortality rate of 0.02 to infer the potential of this threat to occur in years
with higher mortality on roads. We simulated the effect of mortality due to
nest predation pressure on the population by decreasing the annual survival
of eggs using know estimates (18% and 98%) (Fagundes et al. 2007a;
Gongalves et al. 2007) and using intermediate levels of 50% and 75%. For
egg poaching, we simulated this effect by removing 90% of the eggs laid
every year from the population size estimate in this stage and looking at
that effect on the entire population. We also set scenarios of simulating
75%, 50% and 25% levels of egg removal. Second, we implemented all
threats in concert to explore the consequences in the population. In this
case, we set a “best scenario” and a “worst scenario”. In the best scenario,
we used the lowest values of each threat and in the worst scenario, we used
the highest values of each threat. The population was considered extirpated
at 10 or less female individuals.

We tested the potential to stabilize or grow the D'Orbigny's slider
population through of reducing nest and adult female mortality and

headstarting juvenile (i.e. captive hatching and rearing of turtles through an



64

early part of their life cycle) (Heppel et al. 1996). Our analysis were
performed using “popbio” package (Stubben & Milligan 2007) in R (R
Core Development Team, 2015) to carry out eigen analysis to estimate
asymptotic A, reproductive value (v) and stable stage distribution (w).
Sensitivity and elasticity were set for all matrix combination generated.
Sensitivities are the direct contributions of each population matrix element
to determining A and elasticities correspond to proportional changes in A
induced by proportional changes in the matrix elements (de Kroon et al.
1986; Crouse et al. 1987; Stevens 2009).

Results
The baseline projection matrix A for D’Orbygni slider turtle
population was:
0 0 3.10
A=<0.42 0276 0 )
0 0.005 0.98
and produced a A = 0.989. From the matrix A we also estimated the

reproductive value (v):
v=(1 235 336.0)
These estimates indicate that in average juvenile will contribute
2.35 times more to future generation as compared to the first stage, and in
average adult stage will contribute 336 times more to future generations as
compared to the first stage. The stable stage distribution (w) indicate that
the population should be composed mostly by individuals from the
egg/hatchling stage with a lower proportion of adult individuals (Figure 1).
Sensitivity was highest for the matrix element that included the

transition between juvenile to adulthood (1.805) followed by annual adult
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survival (0.978). Elasticity for annual adult survival (0.969) was higher
than juvenile survival to adulthood (0.009). Proportional changes in female
adult survival resulted in greater changes in A compared to other vital rates.
The ranks of these values for sensitivity and elasticity did not change when
performing alternative scenarios.

Changing baseline matrix parameters by reducing stage-specific
survival rates due to threats road mortality and nest predation pressure
resulted in lower population growth rates for all scenarios (Table 2).
Among scenarios in which only one threat was simulated at a time,
observed A for nest predation and road mortality showed that even road
mortality with low estimated rates (1 to 2%), has the potential to decrease
the population more rapidly if compared to higher level of nest predation
(Table 2). For the egg poaching, the model showed a sharp decline at levels
of 90% and 75% on the population size (Figure 2). The decline was also
evident at lower levels, but the decay was not as pronounced and the overall
decline was smoother and slower.

When acting in concert, all the threats produced accentuated
declines (Figure 3), notably higher in the worst scenario. By using the
lowest values (best scenario) of each threat, D’Orbygni slider turtle
population would take 170 years to be extirpated. In the worst scenario,
these losses would be anticipated to 72 years.

Increasing the survival rates in the first or second stage separately,
through nest protection or headstarting juveniles, is not enough to produce
a stable population (A =1). However, increasing only female adult survival
in 44% through reducing road kill mortality a stable population is achieved.

A stable population is also obtained by combining a management approach
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that reduce nest depredation, egg poaching and headstarting juveniles. The
most effective combination between the survival rates in the first and
second stage would be 76.2% and 57.9%, respectively, if no mortality on
the adult stage occur. In order to grow the population (A >1), we should

increase survival at higher rates than above specified.

Discussion

Our most noticeable result is that D'Orbigny's slider turtle
population is declining at a rate of about 1% per year (A =.989). By
estimating rates of road mortality, egg poaching and nest predation in this
species, our model provides how these threats affect population growth rate
and allow us to compare the magnitude of their effects. Our simulation
indicate that as other long-lived turtles, this species is more sensitive to
changes in adult mortality than changes in early stages (eggs, hatchlings
and juveniles) (Congdon et al. 1993; Heppell et al. 1996; Enneson &
Litzgus 2008; Crawford et al. 2014). Our simulations also showed that
D'Orbigny's slider turtle population would decrease more rapidly with 2%
of adult mortality than with 98% of nest mortality or 90% of egg removal.

Road kill can be considered one of the main sources of female
mortality for turtle and other reptile species. It was hypothesized to severely
affect populations, but only in recent years, this impact was quantified
using population modelling approaches (Row et al. 2007; Crawford et al.
2014). For instance, diamondback terrapins (Malaclemys terrapim) has a
moderate to high per capita road mortality (0.044-0.164) and Crawford et
al. (2014) showed that about 3% of adult mortality is sufficient to aggravate
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short-term population persistence. In fact, many early studies concerning
long-lived turtles has demonstrated through sensitivity analysis a higher
fragility of the late stages (Crouse et al. 1987; Heppel 1998; Enneson &
Litzgus, 2008). In this study, we demonstrated that even a low per capita
mortality rate (~1%) for D'Orbigny's slider living in areas surrounded by
roads, is sufficient to decrease the population growth rate to a level that
would harm their short-term persistence. As the study area is in a region
with low road density, it is likely that the species suffers with higher road
mortality through its range of distribution mainly in developed areas (i.e.
higher road density). Therefore, many local populations might be at great
risk of extirpation.

The results of our simulations also indicated that egg poaching at
overwhelming intensities (90%) cause population to decline rapidly
(Figure 2). Comparing to the baseline matrix curve, 90% of egg poaching
anticipated in more than 350 years the time to the population be considered
extirpated. The population responds in a different way when threats occur
in early or late stages. When there is an increased loss of adults, the
population has a more abrupt initial decline because there is a high direct
effect on losing adult females that contribute to population growth in the
next generations. When removal of eggs occurs, even if the total decline is
large, there is a delay in the population response that is related to the time
a turtle takes to develop from egg to reach sexual maturity and start
reproducing (Tomillo et al. 2008). In the literature, there is no accurate
records of when D'Orbigny's slider egg poaching has begun in southern
Brazil. The collection of eggs and hatchlings to supply the black market
has been documented since the late 80s (Molina & Rocha 1987; Lema &
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Ferreira 1990), but it is likely that this practice is even older. From 1995 to
2003, many zoos received more than 1200 individuals from people who
bought these animals in pet shops or markets (Voght et al. 2015). The high
rates of D'Orbigny's slider egg poaching in south of Brazil was observed
near urban centers (Fagundes et al. 2007a). Roads in this context can act
causing indirect effects such as promoting increased hunting and poaching
of individuals or in this case, eggs by local people thus facilitating illegal
activities (Laurance et al. 2009; 2014). Many populations of D'Orbigny's
slider live surrounding these man made structures and consequently, this
threat has a potential to be widespread through its range of distribution and
a real driver of extinction.

Another important source of mortality on the early stages and
simulated in our study is nest predation. Rates of depredated nests range
from usually 15% (Moll & Ledgler 1971; Fagundes et al. 2007a) and can
attain extremely high values (over 90%) in many species (Congdon et al.
1983; Aresco 2004; Gongalvez et al. 2007). For instance, at rates of 18%
nest predation, D'Orbigny's slider population has a very low short-term
chance of extirpation (Figure 2). At this rate, the population would take
more than 300 years to disappear. However, with increased rates, this
interval would be attained in 201 years. The known estimates of nest
predation for D'Orbigny's slider population is within the range of values
specified above. Usually, low mortality rates occurred in populations living
in areas closer to urban centers with only one predator responsible for the
whole mortality (Salvator merianae). At another extreme, high rates were
found in undisturbed areas where there is high density of nests and diversity

of predators (Gongalves et al. 2007). Researchers and managers need to
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identify what are the predators and what is attracting them to turtle nests in
order to design strategies reduce nest predation. This can be very important,
particularly in areas where populations are declining due to little
recruitment or low survival rates in other stages (Hopkins et al. 1981).
The accuracy of matrix population models to estimate the
population growth rate and consequently to evaluate management
strategies € highly correlated with the demographic parameters estimated.
In turtles, although many life history traits are known, there are knowledge
gaps in some parts of their life cycle, for example, hatchling and juvenile
stage (Congdon et al. 1994; Pike et al. 2008; Enneson & Litzgus 2008).
Fagundes et al. (2007b) provide the only known estimate of juvenile
D’Orbigny’s slider survival in an area of urban marsh and we are aware of
our lack to provide variation in the demographic rates. Lower survival rates
in this particular life cycle could be due to problems related to field
searching or actually, it might reflect the reality (Congdon et al. 1993).
Species with delayed sexual maturity and low fecundity demand high
juvenile survivorship to maintain a stable population (Congdon et al. 1993).
Females of D’Orbigny’s slider can attain sexual maturity earlier (at 5 year
old), and has a higher fecundity if compared to other freshwater species
(Heppel 1998; Enneson & Litzgus 2008). Therefore, the observed juvenile
rate could reflect the current recruitment in this population (Congdon et al.
1993). If this rate were higher than the specified value, this would reduce
the elasticity of the adult stage and potentially would increase the relative
importance of other life stages (Hart 2005; Crawford et al. 2014). However,
this alteration would not change which stage conservation strategies should

be focused. The elasticity still would aim the adult stage as a priority,
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mainly due to its high reproductive value. Sources of juvenile mortality
such as bycatch, even not mentioned in our simulations is possible to affect
D’Orbigny’s slider survival. Many local people depend on the freshwater
ecosystem formed by the large continental lakes found in these regions for
their livelihoods. In the last years, the number of people carrying out this
activity without legal permission has increased (Piedras et al. 2012). Thus,
the use of fishing nets could be an additional factor contributing to juvenile
mortality through its drowning (Crouse et al. 1987; Larocque et al. 2012).

A range of management strategies is available for turtles. Early
studies focused mainly on the nest protection due to the facility to
monitoring losses on nesting sites (Crouse et al. 1987). Despite this facility,
this method would be difficult to implement because nests are extremely
hard to find in the field and mangers should have high nest-related skills to
quantitatively assess its success. As other stages were being identified as a
priority for conservation, other strategies have emerged, for example,
headstarting programs (Heppel et al. 1996). Headstarting turtles thought
their most vulnerable stages (eggs, hatchlings and juveniles) and release
them into the wild, are costly and effective only when early stages are the
most vulnerable (Heppel et al. 1996). Our results indicate that this action
could be an option. However, this would be effective only by increasing
the survival of the first stage in 72.9% (though nest protection or poaching
control) and rearing juveniles to 5 year (until maturity) with a high success
rate. In practice, it seems challenging to protect only early stages and have
to account that other problems be irrelevant (e.g. egg failure, nutritional

deficiency from confined hatchlings maintenance).
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Adults are the main stage which management strategies should be
focused as pointed out by our elasticity analysis in all scenarios. Road kill
is the main source of D’Orbigny’s slider adult female mortality in south of
Brazil (Bager et al. 2007). The most widespread strategies to reduce
mortality of reptiles and highly effective include fences and wildlife
crossing structures (Dood et al. 2004; Aresco 2005; Andrews et al. 2015).
As the species has a wide mortality within its range of distribution
(Hengemiihle & Cademartori 2008; Bager & Fontoura 2013), it is
challenging to think that these management actions would be employed as
the most preferable. Turtles in special have higher mortality risk linked to
specific annual periods (i.e. hot-moments) (Beaudry et al. 2010; Costa et al.
2015). This occurs during the reproductive season (October-January) when
they usually move longer distances between permanent and seasonal
wetlands to find suitable nesting areas. Target strategies to reduce mortality
during this season, for example, could include periodic road closures,
exclusionary fencing and volunteers to patrol roadside areas. These
strategies could be designed in many high-risk roads within species
distribution (Beaudry et al. 2008). Road closures are applied for many
snake and turtle species in United States (Shepard et al. 2008) and could be
an option only if alternate route for drivers are available (Andrews et al.
2015).

As we demonstrated, road mortality, nest predation and egg
poaching pressures will affect turtle survival and consequently, their
persistence. Strategic actions for this species ought to include protection in
adult stage to guarantee that failing into accounting to any level of the threat

do not harm the efficacy of the whole protection plan.
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List of Tables

Table 1: Parameters used in the baseline deterministic matrix of
D'Orbigny's slider turtle at the ESEC Taim, Brazil.

Parameter Value Sources

Nest survival 0.02-0.82 Gongalves et al. 2007,
Fagundes et al. 2007

Juvenile survival 0.276 Fagundes et al 2007,

Supporting Information

Adult survival 0.98 Lucas and Bager 2016b
Female age at first breeding 5 Lucas and Bager 2016Db
Mean clutch size 10.3 Lucas and Bager 2016a
Mean clutch frequency 1.44 Bager et al. 2007

Table 2: D’Orbygni slider turtle population growth rate (1) response to
simulations based on the threats road mortality and nest predation pressure.

Scenario represents the percentage of the threat levels.

Threat Scenario A

Nest predation 98 0.980
75 0.982
50 0.984
18 0.987

Road mortality 1 0.979

2 0.969
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Figure 1: Proportion of D’Orbygni slider turtle individuals in each stage in
a stable distribution.
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Figure 2: The effect of different threats and levels of a) road mortality, b) nest predation and ¢) egg poaching on

the population size of D’Orbygni slider turtle in Brazil. Baseline is the deterministic matrix projection.
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Supporting Information

Estimating per capita road mortality rate

Annual road mortality rates of D'Orbigny's slider turtle vary
between 0.496 - 0.615 ind./km/yr (Costa et al. 2015). In order to estimate a
per capita road mortality rate we considered the individuals road killed in
al4 km road stretch (total length monitored near ESEC Taim) in 2005
based on the database provided by A. Bager. To estimate per capita
mortality rate we needed data on the road killed animals and population
size estimates. We found 22 female individuals road killed, and we used
data on population size estimate provided by Lucas and Bager (2016b).
D'Orbigny's slider turtle population size was estimated in 1588 individuals
in two square kilometers (or 794 individuals/km?) in ESEC Taim with a
sex ratio of 1:1 (Silveira 2013). As we are dealing with a female matrix and
road mortality affect most adult females in this species, we considered here
an adult female population size consisted of 133 individuals/km?. This
number was estimated based on the stable stage distribution (dominant
eigenvector) of the deterministic matrix population, i.e. the distribution of
individuals among the stages (see figure 1).

As we have turtle mortality on roads measured in a length unit
(kilometers), we should convert this to a mortality rate per capita per area.
Based on D'Orbigny's slider turtle female nest movements Bager et al.
(2012) estimated a mean displacement of 500 m in a year. Considering this
distance, in both roadsides, we established that in an area of 14 km?would
occur 1862 adult females (i.e. 133 ind./km?14 km?). After that, per capita
road mortality rate was computed as:

RM = Nilted/Nsize
where, Niled IS the number of females killed on roads and Nz is the
number of estimated adult females in the total area (14 km?).
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Estimating juvenile annual survival rate

To our knowledge, only Fagundes et al. (2007b) provided juvenile
survival rate. However, their estimates were set as weekly survival rate,
based on a sampling done every week from January to December in 2006.
We used the same database (provided by A. Bager) to perform analysis
based on capture and recapture data of D'Orbigny's slider turtle in the
program MARK (Coock & White 2013). We grouped encounter histories
(1 as recaptured individuals and O as not recaptured, see Cook & White
2013) in a monthly-unit effort, instead of using the weekly-unit effort as
Fagundes et al. (2007D).

We used Cormack-Jolly Seber models to estimate apparent annual
survival (¢) and recapture probabilities (p). Four models were fitted to the
data: a fully time-dependent model (¢tpt) and reduced models [(dtp(.);
é(.)pt;(.)p()], where t means time dependent and (.) means constant
survival or recapture through time. Models were compared by AIC
(Burnham & White 2002) and then the parameter estimates were generated.
The estimate of the best model for the monthly-survival probability was
0.901 (ranging from 0.830 to 0.963). However, we needed the annual
survival, so Cook and White (2013) derived a simple equation to
extrapolate to the expected annual survival as e", where e is the monthly-
survival estimate and n is the number of months included in the encounter
history. Thus, we get the annual survival as 0.901%2,
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Abstract: Habitat loss and fragmentation imposes negative effects on
global biodiversity. Roads are an important source of impact of habitat
fragmentation and this is especially an alarming issue to turtles because of
their particular life history traits. We integrated a multispecies approach in
a global scale to evaluate turtle species response to road density based on
life history, demographic, species distribution, road mortality data and road
infrastructure information. This assessment is based on a demographic
model that takes into account population growth rates in suitable and
human-modified habitats and dispersal distance. This approach give us
estimates of critical values of road density and patch size in which species
are expected to go extinct, allow us to rank more vulnerable species and
map within their distribution, where they are most impacted. We identified
16 species to be affected by roads. These species belong to the families
Emydidae, Kinosternidae, Geoemydidae, Chelidae and Tryonichidae. Most
of the species are categorized as Vulnerable, Endangered and Critically
Endangered regarding IUCN and only 18.7% of the species in the 5th
percentile have roads related as one of the major threats. The species
Hardella thurji, Heosemys anandalli with distribution in Asia and
Pseudemys alabamensis occurring in North America pointed out by our
model are expected to be in danger in 80 % of their distribution range. The
highest number of species affected by roads per grid cell is observed in
Asia (up to four species) and North America (up to three species). Further
studies ought to extend our approach to other turtle species, because more
than half of the described species are not even listed in the IUCN. Many of

these species may already be in their thresholds of road threat. In addition,
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there is the need to promote reassessments of the major threats to various

turtle species worldwide.

Keywords: global assessment, long-lived animals, road effect, planning,

conservation

INTRODUCTION

In the current scenario habitat loss and fragmentation impose
expressive negative effects on the biota (Fahrig 2003, Pereira et al. 2010)
and consequently land-use change are one of the main drivers of global
biodiversity change (Pereira et al. 2012, Newbold et al. 2015). Roads and
other linear clearings are an important source of habitat fragmentation
(Goosem 2007, Laurence et al. 2001, 2009, 2014). Road density is linked
to this process through the road network expansion that cause an increased
loss of natural areas (Lee et al. 2004, Goosem 2007) and moreover, reduce
suitable patch sizes for species persistence (Jaeger & Holderegger 2005,
Jaeger et al. 2005, Jaeger 2015).

A great amount of species, including turtle are declining on a global
scale (Gibbons et al 2000, Irwin & Irwin 2005, Todd et al 2010), mostly
induced by terrestrial and wetland habitat reduction and alteration (Gibbons
et al 2000). The precise mechanisms of these declines still remain unknown
but are presumably related to a general degradation of habit quality from
anthropogenic land conversion (Todd et al 2010), via indirect effects on
long-term survival and reproduction. Roads can affect wildlife populations

by different local-scale mechanisms (Forman & Alexander 1998),
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especially turtles with particular life history traits it is unlikely that some
populations can recover even with low adult mortality rates (Congdon et al
1993, Crawford et al 2014a). For instance, there is some evidence that
adults, mainly females are more susceptible to road mortality (Aresco
2005a, Gibbs & Steen 2005) because females often move over land in
search of suitable nesting sites, thus possibly being exposed to roads
(Aresco 2005a, Bager et al. 2007). Biased populations could be an indirect
indicative that roads can affect local population persistence (Aresco 2005a;
Dorland et al 2014). In particular, sex ratio skewness in low-density
populations can reduce population growth rates by demographic
stochasticity (Stephens et al. 1999).

Concerning road density, few studies that were carried on a single
or few-species and local to regional scales level (Mech et al. 1988, Gibbs
& Shiver, 2002, Beaudry et al. 2008) can give us some perceptions about
the problems. The increased land-use intensity by this feature was
associated with decreased genetic diversity (Reid & Peery 2014), changes
in population structure (Steen & Gibbs, 2004, Reid & Perry 2014) and
distribution of female body sizes (i.e. females with large carapace length in
landscapes where road density is high) (Hamer et al. 2016). However, its
direct effects on population persistence it is poorly understood yet (Jaeger
2015, Harmer et al. 2016). In a broader scale, understand how the density
and configuration of the road network affect the functional relationships
within and between ecosystems (Heilman et al. 2002) and population
persistence (Ceia-Hasse et al. 2016) are priority to better support road
planning and transportation strategies (Forman and Deblinger 1998, van
der Grift 2005, van der Ree et al. 2011, Jaeger, 2015). Further, there is the
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need to integrate different approaches, for example, models based on life
history and habitat parameters (Pereira et al 2004, Pereira & Daily 2006)
to better address the problem.

In this study, we integrated a multispecies approach in a global scale
to evaluate species response to road density within their distribution and to
rank the wvulnerability of that ones who are most jeopardized. This
assessment is based on a demographic model (Skellam 1951, Borda-da-
Agua et al 2012) that takes into account population growth rates in suitable
and human-modified habitats as well dispersal distance measures. We
intended to determine, i) the maximum road density above which turtle
populations are not expected to survive, ii) the minimal patch size
surrounded by roads below which populations are not expected to survive,
iii) to rank the turtle species most vulnerable to theses threats and iv) to
specify where within their distribution species are most affected and

constructing new roads should be avoided.

MATERIAL AND METHODS
Turtle data

Many studies have demonstrated that turtle taxonomy is very
confuse (Fujita et al. 2004, Bickham et al. 2007, Guillon et al. 2012).
Accordingly, there is always the need for revision due to an inconsistent
consensus in the scientific community (Bickham et al. 2007, Ihlow et al.
2012). As this is still discussed, we herein decided to follow the last
checklist of taxonomy adopted by the Turtle Taxonomy Working Group
that comprises 335 species (Van Dijk et al. 2014). In this assessment, we

only included turtle species that met the following criteria: i) to be listed in
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the IUCN red list, ii) to be associated with terrestrial systems and, iii) to
present available map about its range distribution. After these steps, we
included 156 turtle species listed in the IUCN distributed throughout the
world (Figure 1).

Determining critical values of road density and patch size

Maximum road density (RDmx) and minimal patch size PAmm in
which turtle populations are not expected to survive were estimated based
on the equations derived by Borda-de-Agua et al. (2012) that took in
account the model proposed by Skellam (1951) (see Supporting
Information; SI).

RDmx =r1/ (r1 + |ro|)
and
PAmm = 7%(c%/r1)

where r1 is the population growth rate in a suitable habitat, ro is the

population growth rate in a unsuitable habitat and ¢?is dispersal variance.

Life history and demographic data

Before computing the critical values, we first calculated two
parameters of the demographic model (r1 and ro) for each freshwater turtle
species. We estimated the population growth rate, ry, in a suitable habitat
using a modified version of the Euler equation as in Pereira & Daily (2006).
We used this equation because it makes some simpler assumptions 1)
constant mortality rate, x, between age-classes; 2) fecundity equals the

number of female offspring (50% of the clutch size ), b, at regular birth
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pulses intervals after the breeding age, £, and 3) birth pulse intervals are
spaced by the mean interval between clutches, 4, as follow.
bx c\f gd(x- yD- b)e'(r“")xdx:l
y=0

where &X) is the birth pulse function, which has a value of 1/T for x
between 0 and T and O elsewhere. Mortality rate (1) was computed as the
inverse of mean life span. We are aware about the limitations of the
assumptions of constant mortality. In turtles, it is usual to observe high
mortality during the first stages (Tinkle et al 1981; Congdon 1994) but low
adult mortality (Pike et al 2008). As they are long-lived animals, reliable
life table studies from long-term monitoring of the population are scarse
(Congdon 1994; Congdon et al. 1993) and we do not have enough data to
estimate survival in all age classes, so we tried to identify the “best
scenario” for survival (Pereira et al. 2004).

To calculate fecundity, clutch size was assumed to be the number
of eggs per year. We calculated this by multiplying the number of eggs per
clutch by the number of clutches per year because many turtle species can
divide their reproductive output reproducing more than once during the
reproductive season (Iverson 1992). While noting a high potential number
of eggs laid per year, its outbreak is not entirely successful. It is common
to observe high nest predation rates, for example, between 80 % and 98%
for some species (Ernst and Lovich, 2009; Flitz & Mullin 2006, Jones 2006,
Gongalvez et al. 2007). We estimated a mean rate of predation based on
previous literature (Table Al; SlI), and we used this rate as a reduction in

fecundity for each species in order to calculate population growth rates.
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Other features as egg infertility, embryonic mortality and developmental
abnormalities that also cause egg failure (Peters et al 1994) were not
assumed due to the difficulty of obtaining accurate estimates. Birth pulse
interval was assumed to be of one-year interval because great amount of
female turtles within populations can reproduce in consecutive years
(Bager et al 2007, Litzigus et al 2008).

We estimated the population growth rate, ro, on roads as Ceia-Hasse
et al. (2016 in press) from studies published on turtle road mortality (Table
A2; Sl):

ro= N«/N
where N is the number of individuals road killed per km?* yr' and N is
the population density measured in individuals/km?2. For species with
missing data, we used ro median values.

We used life history data (Table A3; SI) and body size data to
compute the model parameters for each species. Missing data ranged from
5% for body size to 93% for dispersal. For body size, age breeding and
clutch frequency, where data was lacking, we computed the mean of the
genus (in most cases) or the family. For clutch size and mortality rates,
allometric relationships (Table A5; SI) family-based were established, and
then used to estimate the life history parameters for other species. In these
cases, for non-significant relationships mean of the genus or family was
also used. For dispersal variance, we applied an allometric relationship with
body size using all data grouped.

In order to determine dispersal variance, we converted mean

dispersal distances d based in 11 turtle and tortoise species data (Table A3,
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Kazmaier et al. 2002, Roe et al. 2009) assuming a Gaussian dispersal
(Pereira et al 2004) using:

o = d¥(2/m)
measured in square kilometers per life span. This give us a lifetime
dispersal in units of km?/generation. To convert this to annual dispersal

(km?/year), we divided lifetime dispersal by mean life span, 1/p.

Determining observed road density and patch size

We used turtle distribution maps available from the IUCN and road
network maps from the Open Street Map (OSM). We intersected the maps
for each species to compute the observed road density (RDob) and patch
size (PAob) inside their ranges. We included road categories from OSM as
highways, roads and unpaved roads. We calculated the observed road
density (RDob) and the observed patch size (PAob) that are the patches

surrounded by roads inside each species range distribution.

Ranking and mapping species

We computed the 5th and 25th percentiles as criteria to include the
species most affected by road density and patch size based on the following
index: RDm«/RDop that is the ratio between the maximum road densities to
the observed road density; P(PAow>PAmn) that is the proportion of patches
delimited by roads observed within the species range with area (PAop)
larger than the minimal patch size (PAmn). We also indicated for the above
species, where within their range RDqp is higher than RDmx and/or
PAow>PAmn using grid cell of 100 x 100km in ArcGis v.10.1. We used

equal-area world Mollweide projection given that different road density
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measures should represent similar areas independent of their latitudinal
position (Safi et al. 2011).

RESULTS

From the 156 turtle species assessed, we observed sixteen species
to be most affected by roads ranked by the 5th percentile (Table 1, Figure
2, Figure 3). These species belong to the families Emydidae (five species,
corresponding to 12% of the species analyzed in this family), Kinosternidae
(one species, 5%), Geoemydidae (six species, 14%), Chelidae (one species,
4%) and Tryonichidae (three species, 33%).

Most of the species we identified for road effect are categorized as
Vulnerable, Endangered and Critically Endangered by IUCN. Only 18.7%
of the species in the 5th percentile have roads related as one of the major
threats (Figure 2). Of the species categorized as Vulnerable and
Endangered, Hardella thurji, Heosemys anandalli and Pseudemys
alabamensis pointed out by our model are expected to be in danger in 80
% of their distribution range (Table 1). The above mentioned species have
distributions throughout Asia and United States, and is within these IUCN
status mainly due to over exploitation to commercial issues and habitat loss.
Threats related to roads had never been reported before.

Within the 25th percentile coefficient, we identified more 55
species that we expected to be affected by roads. They belong to the
families Emydidae (17 species), Geoemydae (13 species), Chelidae (seven
species), Kinosternidae (five species), Tryonichidae (five species),
Podocnemidae (five species) and Chelydridae (two species) (Table A4).

They are distributed overall in all continents, with most of species in
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representative regions such as North and South America and Asia. Of these
species, only a low percentage (23.6%) are stated for road threat by IUCN,
besides the species already identified at the 5th percentile (Table 1, Figure
2).

Species most affected identified by the 5th percentile and mapped
have distributions in Asia (56.3% of the species), North America (37.5%)
and Oceania (6.2%), (Figure 4). Species in Asia, for example, Rafetus
eupraticus, Hardella thurjii, Dogania subplana and Amyda cartilaginea
show a strong effect of roads throughout its range. The highest number of
species affected by roads per grid cell is observed in Asia (up to four

species) and North America (up to three species) (Figure 4).

DISCUSSION

Through directly using life history data, demographic estimates,
road mortality, infrastructure information and turtle species distribution in
a spatially explicit model, our study provided an approach to predict species
that are expected to be affected by roads, ranking species vulnerability and
show where these effects are observed. The results of our study show
support to the current scenario that roads in general is one of the major
threats to turtle species persistence (Gibbs and Shriver 2002; Beaudry et al.
2008; Crawford et al. 2014a; Tuma et al. 2016).

North America has a very remarkable turtle biodiversity, followed
by Latin America and Asia (Mittermeier et al. 2015). In many of these
places, besides road impact, turtles are facing other threats in
overwhelming numbers such as harvest for food, pet trade and traditional
medicine, disease and bycatch (Gibbons et al. 2000; Rhodin et al. 2011).
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The great turtle biodiversity and high number of priority areas for
conservation (Mittermeier et al. 2015) in many of these regions overlap
with high road density areas, for instance, in North America. United States
is one of the countries with highest road density (Forman and Alexander
1998, Forman 2000) and is the country where we found the highest number
of species affected by roads (see Figure 3). Furthermore, we identified
many species expected to be affected in the 25 percentile (Table A4; SI)
distributed in regions where the road number and extent are projected to
expand severely. These places are mainly developing nations such as
China, India and Brazil (mainly areas in Amazon) (Laurance et al. 2009;
Dulac 2013, Barber et al. 2014). Therefore, other species assessed and not
anticipated in the 5thpercentile rank of vulnerability might be compromised
in a short-term due to road expansion. This is particularly alarming,
because a huge turtle biodiversity is found in these areas.

Our estimates are conservative but not without uncertainties. For
example, the RDmx equation proposals an easy rule of thumb to estimate
the maximum road density based on population growth rate (r1) and
mortality on the roads (Borda-de-Agua et al. 2012), but it assumes that the
population in the suitable habitat has an exponential growth, that may not
be the case in many populations (Pereira & Daily 2006). In addition, we
also assumed that turtles always die when find a road, but this cannot be
always true, i.e. drivers can avoid turtles (Gibbs and Shriver 2002) (but also
can roadkill them intentionally, see Ashley et al. 2007). Only a low
proportion of individuals can cross safely (about 5%; see Aresco 2004),
and roads play an important role acting as a barrier to turtle movement in

general (Beaudry et al. 2008).This is mainly due to its pauser behavior
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when crossing roads. Turtles usually stop when face a danger, in this case,
vehicles on roads that ends with high mortality rates (Smith and Dood-Jr
2003; Aresco 2005b; Andrews et al. 2015; Jacobson et al. 2016). In some
cases, road density alone seems not to be the best predictor of population
declines (Beaudry et al. 2008). Other features such as road traffic volume
and the landscape location of the road network in connection to suitable
habitat (Gibbs and Shriver, 2002; Beaudry et al. 2008) can act in concert
with road density increasing chances of population extinctions (van
Langevelde and Jaarsma 2009). However, little is known at present about
these subjects to model them together in a global scale.

Furthermore, higher road density facilitate more human access,
hunting and poaching, introduction and establishment of exotic
species (Forman and Alexander 1998; Laurance et al 2009), reduces size
of suitable patches (Jaeger 2015) and in a landscape perspective, increases
annual mortality rates (Gibbs and Shriver 2002). For instance, regions with
road density higher than 1km/km? and traffic volume higher than 100
vehicles/ lane/day is sufficient to contribute excessively to the annual adult
mortality rates of turtles reducing viability and increasing the probability
of population extinctions (Gibbs and Shriver, 2002).

By indicating where species are most affected within their ranges,
our results can assist many fields of research, identify areas for
conservation strategies, where implementing mitigation measures and
support decision-makers, for example, during the strategic planning of
roads. Many road mitigation measures are currently being applied to turtle
conservation (Aresco 2004; 2005b; Dood-Jr et al. 2004), and to

successfully implement these measures for multiple taxa the biology and
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behavior of the target species should be taken in account (Baxter-Gilbert et
al. 2015). For example, crossing structures and fencing constructed
prioritizing non-herptile species are rarely effective (Bager and Fontoura,
2013; Baxter-Gilbert et al. 2015). In spite of being one of the most effective
measures for reducing mortality and restoring connectivity (Aresco 2004;
Andrews et al. 2015) they need to be carefully planned for this taxa (Woltz
et al. 2008; Andrews et al. 2008; Clevenger and Huijser, 2011;
D’ Anunciagdo et al. 2013). Furthermore, turtles in most cases show road
mortality peaks at specific periods (i.e. hot-moments) usually related to the
beginning of the nesting season (Beaudry et al. 2010; Cureton Il and
Deaton, 2012; Crawford et al. 2014b; Costa et al. 2015). In addition,
temporary mitigation measures such as traffic management, warning road
signage and public participation if well planned can be employed with
some success in the conservation of turtles (Beaudry et al. 2008; 2010;
Andrews et al. 2015).

In summary, our approach demonstrated what species are more
prone to be affected by roads and where within their range, they are most
affected. Further studies ought to extend our approach to other turtle and
herpetile species, because more than half of the recognized species are not
even listed in the IUCN. Many of these species may already be in their
thresholds of road threat. In addition, novel approaches that include other
sources of information, for example, traffic intensity and/or network
configuration could be developed in order to assess species response to
other road threats. In addition, this study is good start to promote

reassessments about the major threats to various turtle species worldwide.
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Table 1: Turtle species most affected by minimal patch size. P [PAq«> PAmn] are the lowest values inside the 5th
percentile. IUCN Red List status are CR: Critically Endangered, EN: Endangered, LC: Least Concern and VU:

Vulnerable.

P[PAobs > % range IUCN
Species Common name Family PAcrit] affected status
Hardella thurjii Crowned River Turtle Geoe. 0.03 80 VU
Batagur borneoensis Painted Terrapin Geoe. 0.06 42 CR
Batagur baska Common Batagur Geoe. 0.07 58 CR
Rafetus eupraticus Euphrates Softshell Turtle Tryo. 0.07 75 EN
Dogania subplana Malayan Soft-shelled Turtle Tryo. 0.12 50 LC
Pseudemys alabamensis Alabama Red-bellied Cooter Emyd. 0.13 80 EN
Heosemys annandalii Yellow-headed Temple Turtle Geoe. 0.14 80 EN
Amyda cartilaginea Asiatic Softshell Turtle Tryo. 0.18 63 VU
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Figure 1: Number of species assessed classified by IUCN status and their
distribution within regions worldwide.
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road density values for all the species within the 25th percentile. LC = least
concern, EN = endangered, CR = critically endangered, NT = near
threatened status in IUCN.
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Figure 3: Turtle species most affected by patch size within the 5th
percentile. Hardella thurjii is among the 5% species with lower
P[PAow>PAmn]. In contrast, Trachemys scripta has high P[PAx>PAmn].
Fewer patches larger than PAmin (areas shaded in grey) reveal a high

vulnerability for H. thurjii.
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Appendix A. Supporting Information
Skellam Model

This model describes population dynamic in a landscape with

two types of habitat: patches of suitable habitat which population
growth rate is positive (ry), roads as unsuitable habitat in which
population growth rate is negative (ro) and the dispersal variance
modeled by individual dispersal distances (¢?) (Pereira et al. 2004,
Pereira & Daily 2006; Borda-de-Agua et al 2012). The dynamics are
given by:

5% s CN(xyt) ,
dN(X, y,t) _ 7V N(X’ y,'[)+l’1N(X1 y!t)[l K j if (X, y) & road
at 52
?VZN(X' 1) +N(x yt) if (x,y) e road

Where N(X, y, t) is the population density at location (X, y) at time t, K
is the carrying capacity, and V2 is (d?/dx? + d?/dy?). The first term on
the right hand side of the equations (top and bottom branches) describes
the changes in population density in space and time on the basis of the
dispersal distance, which is assumed to follow a Gaussian distribution.
The second term describes the logistic growth outside roads (top
branch), and the population decay (since ro is assumed to be negative)
on roads (bottom branch) (Borda-de-Agua et al. 2012).
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Table Al: Estimates of nest mortality rates (NMR) based on available
literature.

Species NMR (%) Reference

Chelydra serpentina 77 Congdon et al. 1994
Chrysemys picta 30 Spencer and Jensen, 2010
Clemmys guttata 32 Litzgus and Mousseau, 2006
Emydoidea blandingii 74 Congdon et al. 1993

Emys orbicularis 75 Zuffi, 2000

Glyptemys insculpta 31 Walde et al. 2007

Graptemys ernsti 90 Ernst and Lovich 2009
Graptemys flavimaculata 89 Horne et al. 2003

Graptemys oculifera 86 Jones, 2006

Kinosternon subrubrum 84 Burke et al. 1998

Kinosternon flavescens 79 Iverson, 1991

Malaclemys terrapim 46-69 Burger, 1977; Butler et al. 2004
Podocnemis expansa 5.31 Salera-Jr. et al. 2009
Podocnemis unifilis 37 Pignati et al. 2013

Stenotherus odoratus 78 Ernst and Lovich 2009
Terrapene carolina 87.5 Flitz and Mullin, 2006
Trachemys scripta 84-98 Burke et al. 1998; Aresco, 2004
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Table A2: References used to estimate population growth rate on unsuitable habitat (rO) based on road kill mortality data.

Road kill average rate (RAR) as individual/km/year.

Species RAR Reference

Apalone ferox 3.33  Smith and Dood Jr. 2003; Aresco 2005

Apalone spinifera 0.01  McCallum 2011

Acanthochelys spixii 0.04  Coelho et al. 2008

Clemmys guttata 0.63  Ashley and Robinson 1996; MacKinnon et al. 2005

Chelydra serpentina 3.07  Ashley and Robinson 1996; Smith and Dood Jr 2003, Aresco 2005; MacKinnon et
al 2005; Glista et al 2008; Glista & Devault 2008;Shepard et al. 2008; McCallum
2011

Chrysemys picta 0.48  Ashley and Robinson 1996; MacKinnon et al. 2005; Glista et al. 2008; Glista and
Devault 2008; Shepard et al. 2008

Emydoidea blandingii 2.28  Ashley and Robinson 1996; MacKinnon et al. 2005

Emys orbicularis 0.12 Toketal. 2011; Kambourova-lvanova et al. 2012

Graptemys geographica 0.62  Ashley and Robinson 1996; MacKinnon et al. 2005; Glista et al. 2008

Kinosternon bauri 12.34  Smith and Dood Jr 2003; Dood Ir et al. 2004

Kinosternon subrubrum 5.92  Smith and Dood Jr 2003; Aresco 2005

Malaclemys terrapin 20.79 Wood and Herlands 1997; Szerlag and McRobert 2006; Crawford et al. 2014b;

Pseudemys concinna 0.07  Cureton Il and Deaton 2012

Pseudemys nelsoni 0.62  Smith and Dood Jr 2003; Dood Ir et al. 2004

Sternotherus odoratus 5.22  Smithand Dood Jr 2003; Aresco 2005; MacKinnon et al. 2005; Shepard et al. 2008

Terrapene carolina 0.25  Smith and Dood Jr 2003; Aresco 2005; Glista et al. 2007; Shepard et al. 2008;
McCallum 2011

Terrapene ornata 0.007  Shepard et al. 2008

Trachemys scripta 11.9  Smith and Dood Jr 2003; Aresco 2005; Glista et al. 2008; Shepard et al. 2008
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Table A3: Life history data for turtle species. We indicate carapace length
(CL) (mm), age at first breeding (yr), clutch size, clutch frequency, EPY =
eggs per year, Disp = mean dispersal (km), LF = life span (yr) and IUCN Red
List Status. Families are truncated to the first five letters and are:
Carettochelydae, Chelidae, Chelydridae, Emydidae, Geoemydidae,
Kinosternidae, Pelomedusidae, Platysternidae, Podocnemidae, Staurotypidae
and Tryonichidae.

Breed.
Species Family CL Age CS CF _EPY Disp. LF IUCN
Acanthochelys macrocephala Cheli. 162.0 6 6 NT
Acanthochelys pallidipectoris Cheli. 144.0 5 1 5 VU
Acanthochelys radiolata Cheli. 174.0 33 33 NT
Acanthochelys spixii Cheli. 139.8 44 4.4 NT
Actinemys marmorata Emydi.  129.0 3 1 3 1 213 VU
Amyda cartilaginea Tryon. 7000 3 20 376 VU
Apalone ferox Tryon. 339.3 16.14 16.14 262 LC
Apalone mutica Tryon. 2110 9 104 1 104 4 2 LC
Apalone spinifera Tryon. 3725 8 315 3L5 255 LC
Batagur baska Geoem.  488.0 26 50.96 217 CR
Batagur borneoensis Geoem.  466.0 114 22.34 CR
Batagur dhongoka Geoem.  420.0 23 45.08 EN
Batagur kachuga Geoem.  560.0 ey 33.32 CR
Batagur trivittata Geoem. 4835 21.08 EN
Carettochelys insculpta Caret. 4570 14 15 2 30 384 VU
Chelodina mccordi Cheli. 241.0 9.9 1643 CR
Chelodina novaeguineae Cheli. 193.0 10 16.6 LC
Chelodina oblonga Cheli. 2135 6.2 12 1 12 NL
Chelodina parkeri Cheli. 220.0 8 2 16 VU
Chelodina pritchardi Cheli. 2141 11.83 EN
Chelodina reimanni Cheli. 203.0 15 2 30 NT
Chelydra rossignonii Chely. 370.0 30 30 \V]
Chelydra serpentina Chely. 2840 10 285 1 285 47 LC
Chrysemys picta Emydi. 1820 6 133 2 218 61 LC
Claudius angustatus Staur. 1040 4 4 2 8 16.1 NT
Clemmys guttata Emydi. 103.7 7 358 2 7.16 0.60 30 EN
Cuora amboinensis Geoem. 1750 5 : 3 3 38.2 VU
Cuora aurocapitata Geoem.  172.7 7.28 CR
Cuora flavomarginata Geoem. 1520 6 2 2 4 19.1 EN
Cuora galbinifrons Geoem. 180.0 10 3 1 3 CR
Cuora mccordi Geoem. 137.1 15 3 45 CR
Cuora mouhotii Geoem.  160.0 24 518 EN



Cuora pani

Cuora trifasciata

Cuora yunnanensis
Cuora zhoui

Cyclemys dentata
Dogania subplana
Elseya branderhosrsti
Elseya novaeguineae
Elusor macrurus
Emydoidea blandingii
Emydura subglobosa
Emys orbicularis
Erymnochelys madagascariensis
Geoemyda japonica
Geoemyda spengleri
Glyptemys insculpta
Glyptemys muhlenbergii
Graptemys barbouri
Graptemys caglei
Graptemys ernsti
Graptemys flavimaculata
Graptemys geographica
Graptemys gibbonsi
Graptemys nigrinoda
Graptemys oculifera
Graptemys ouachitensis
Graptemys pearlensis
Graptemys pseudogeographica
Graptemys pulchra
Graptemys versa
Hardella thurjii
Heosemys annandalii
Heosemys depressa
Heosemys grandis
Heosemys spinosa
Hydromedusa maximiliani
Kinosternon acutum
Kinosternon alamosae

Kinosternon angustipons

Geoem.
Geoem.
Geoem.
Geoem.

Geoem.

Tryon.
Cheli.
Cheli.
Cheli.
Emydi.
Cheli.
Emydi.

Podoc.

Geoem.

Geoem.

Emydi.
Emydi.
Emydi.
Emydi.
Emydi.
Emydi.
Emydi.
Emydi.
Emydi.
Emydi.
Emydi.
Emydi.
Emydi.
Emydi.

Emydi.

Geoem.
Geoem.
Geoem.
Geoem.

Geoem.

Cheli.
Kinos.
Kinos.

Kinos.

172.7
230.0
175.0
172.7

200.0

317.0
209.0
210.0
109.0
345.0
155.0
101.0

198.3

220.0
213.0
212.0
206.0
226.0
295.0
155.0
148.0
205.0
247.0
225.0
247.0
150.3
610.0
450.0
250.0
295.0
186.0
142.7
120.0
105.0

112.0

15
14

18

14

14

14

10

12
15

14

14

14.1
7.2
5.6
16

15

147
25
13.12
10

39

27.04

56.4

224
16

10
15

4.61

31.8

7

60
40

31.7

354

18
9.3

CR
CR
CR
CR
NT
LC
VU
LC
EN
EN
LC
NT
CR
NT
DD
CR
CR
VU
EN
NT
VU
LC
EN
LC
VU
LC
EN
LC
NT
LC
VU
EN
CR
VU
EN
VU
NT
DD

VU
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Kinosternon arizonense
Kinosternon baurii
Kinosternon chimalhuaca
Kinosternon creaseri
Kinosternon dunni
Kinosternon durangoense
Kinosternon flavescens
Kinosternon herrerai
Kinosternon hirtipes
Kinosternon integrum
Kinosternon oaxacae
Kinosternon sonoriense
Kinosternon subrubrum
Leucocephalon yuwonoi
Lissemys punctata
Lissemys scutata
Macrochelys temminckii
Malaclemys terrapin
Malayemys subtrijuga
Mauremys annamensis
Mauremys japonica
Mauremys mutica
Mauremys nigricans
Mauremys reevesii
Mauremys sinensis
Melanochelys tricarinata
Melanochelys trijuga
Mesoclemmys dahli
Mesoclemmys hogei
Mesoclemmys vanderhaegei
Mesoclemmys zuliae
Morenia ocellata
Morenia petersi
Notochelys platynota
Peltocephalus dumerilianus
Pelusios broadleyi
Pelusios castanoides
Pelusios rhodesianus

Pelusios subniger

Kinos.
Kinos.
Kinos.
Kinos.
Kinos.
Kinos.
Kinos.
Kinos.
Kinos.
Kinos.
Kinos.
Kinos.

Kinos.

Geoem.

Tryon.
Tryon.
Chely.

Emydi.

Geoem.
Geoem.
Geoem.
Geoem.
Geoem.
Geoem.
Geoem.
Geoem.

Geoem.

Cheli.
Cheli.
Cheli.
Cheli.

Geoem.
Geoem.

Geoem.

Podoc.
Pelom.
Pelom.
Pelom.

Pelom.

136.0

107.0
116.0
150.0
1311
102.0
143.1
107.4
149.3
115.0

124.0

240.0
205.0
205.0
400.0
150.0
148.0
285.0
150.0
130.0
257.0
195.0
159.0
150.0
175.0
191.0
269.0
150.0
263.0
230.0
180.0
203.0
324.0
216.5
220.0
230.0

195.0

10

11

15

4.7
2.55

245

6.7

6.4

14.98
15.16
25

25
49.6

40

36.5
40

17.8

47

LC
LC
LC
LC
VU
DD
LC
NT
LC
LC
DD
NT
LC
CR
LC
DD
VU
NT
VU
CR
NT
EN
EN
EN
EN
VU
NT
CR
EN
NT
VU
VU
VU
VU
VU
VU
LC
LC

LC
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Pelusios upembae
Platysternon megacephalum
Podocnemis erythrocephala
Podocnemis expansa
Podocnemis lewyana
Podocnemis sextuberculata
Podocnemis unifilis
Pseudemydura umbrina
Pseudemys alabamensis
Pseudemys concinna
Pseudemys gorzugi
Pseudemys nelsoni
Pseudemys peninsularis
Pseudemys rubriventris
Pseudemys texana

Rafetus euphraticus
Rafetus swinhoei
Rheodytes leukops
Rhinemys rufipes
Rhinoclemmys annulata
Rhinoclemmys areolata
Rhinoclemmys funerea
Rhinoclemmys nasuta
Rhinoclemmys rubida
Siebenrockiella crassicollis
Siebenrockiella leytensis
Staurotypus salvinii
Staurotypus triporcatus
Sternotherus carinatus
Sternotherus depressus
Sternotherus minor
Sternotherus odoratus
Terrapene carolina
Terrapene coahuila
Terrapene nelsoni
Terrapene ornata
Trachemys adiutrix
Trachemys decorata

Trachemys gaigeae

Pelom.
Platy.

Podoc.
Podoc.
Podoc.
Podoc.
Podoc.
Cheli.

Emydi.
Emydi.
Emydi.
Emydi.
Emydi.
Emydi.
Emydi.
Tryon.
Tryon.
Cheli.

Cheli.

Geoem.
Geoem.
Geoem.
Geoem.
Geoem.
Geoem.

Geoem.

Staur.

Staur.

Kinos.
Kinos.
Kinos.
Kinos.
Emydi.
Emydi.
Emydi.
Emydi.
Emydi.
Emydi.

Emydi.

221.0
180.0
251.0
660.0
475.0
436.6
360.2
125.0
375.0
400.0
372.0
298.0
350.0
304.0
300.0
630.0
630.0
249.0
220.0
226.0
166.6
273.0
218.0
220.9
186.0
190.6
180.0
285.0

116.5

11

13

11

14

11

143
15
17
8.5

32

3.2

13

5.36

10.61

33
35
3.4
2.3
2.7
4.7

12
19

15.16

28.44

85.8

32.16
63.66
12

6.8
6.9
5.4
4.7

21
19

27
18

44

25

19.3
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DD
EN
VU
LR/CD
EN
VU
VU
CR
EN
LC
NT
LC
LC
NT
LC
EN
CR
VU
NT
NT
NT
NT
NT
NT
VU
CR
NT
NT
LC
CR
LC
LC
VU
EN
DD
NT
EN
VU

VU



Trachemys ornata
Trachemys scripta
Trachemys stejnegeri
Trachemys taylori
Trachemys terrapen
Trachemys yaquia

Vijayachelys silvatica

Emydi.
Emydi.
Emydi.
Emydi.
Emydi.

Emydi.

Geoem.

2153 4

2400 5

215.3
215.3
215.3
215.3
121.0

20
8.4

25

35
21
21.74
21.74
21.74

21.74

413

VU
LC
NT
EN
VU
VU

EN

125

Table A4: Parameters estimated for each species of turtle. Population growth
rate in suitable habitats (r1: #/yr), population growth rate on roads (ro: #/yr,
median = -0.02), maximum road density (RDmy), the ratio of maximum to
observed road density (RDm«/RDob), dispersal variance (¢%; km?/yr), minimal
patch size (PAmm), proportion of patches whose area is bigger than PAmm
(P[PAb>PAmm]), P25 are the species within the 25th percentile for RDmy/RDop
and/or P[PAxw>PAmm]. We indicated the species status in the IUCN and those
that are identified as threatened by roads.

Species 1 r0  RDm EB::/ o PAmm E’:"n‘:: P IUCN IR%gg‘
threat

Acanthochelys macrocephala 0.15 0.89 142155 0.20 13.78 24.04 NT
Acanthochelys pallidipectoris 0.14 0.88  425.83 0.11 8.20 7477 EN
Acanthochelys radiolata 0.11 0.85 495.70 0.30 26.37 2.72 NT
Acanthochelys spixii 0.13 0.001 096 574.38 0.09 7.47 6.55 NT
Actinemys marmorata 0.11 0.85 222.04 0.02 2.05 866 + VU
Amyda cartilaginea 0.79 0.98 801.65 488.98 6084.66 0.17 VU
Apalone ferox 025 -0.08 0.76 186.07 11.18 438.35 0.79 + LC +
Apalone mutica 0.19 0.91 28293 0.50 26.21 773 + LC
Apalone spinifera 0.33 0.001 0.99 323.50 18.49 557.38 157 + LC +
Batagur baska 0.38 0.95 791.95 86.11 223040 0.07 CR
Batagur borneoensis 0.30 0.94 708.28 68.07 2260.40  0.06 CR
Batagur dhongoka 0.37 0.95 537.72 40.07 107394 1.76 EN
Batagur kachuga 0.34 0.95 51157 173.70 508277 022 + CR
Batagur trivittata 0.32 0.94 1578.09 82.14 256204 022 + EN
Carettochelys insculpta 0.21 0.91 5020.36 34.82 165322 072 + VU
Chelodina mccordi 0.34 0.95 199.43 1.38 40.01 6.25 + CR
Chelodina novaeguineae 0.34 095 56162.01 0.44 12.85 100 LC
Chelodina oblonga 0.30 0.94 294.71 0.74 24.24 597 + NT
Chelodina parkeri 0.34 0.95 133775.72 0.86 25.37 100 VU
Chelodina pritchardi 0.30 0.94 382947 0.75 24.63 50 EN
Chelodina reimanni 0.21 0.91 12528.62 0.57 27.40 100 NT



Chelydra rossignonii
Chelydra serpentina
Chrysemys picta
Claudius angustatus
Clemmys guttata

Cuora amboinensis
Cuora aurocapitata
Cuora flavomarginata
Cuora galbinifrons
Cuora mccordi

Cuora mouhotii

Cuora pani

Cuora trifasciata
Cuora yunnanensis
Cuora zhoui

Cyclemys dentata
Dogania subplana
Elseya branderhosrsti
Elseya novaeguineae
Elusor macrurus
Emydoidea blandingii
Emydura subglobosa
Emys orbicularis
Erymnochelys madagascariensis
Geoemyda japonica
Geoemyda spengleri
Glyptemys insculpta
Glyptemys muhlenbergii
Graptemys barbouri
Graptemys caglei
Graptemys ernsti
Graptemys flavimaculata
Graptemys geographica
Graptemys gibbonsi
Graptemys nigrinoda
Graptemys oculifera
Graptemys ouachitensis
Graptemys pearlensis

Graptemys pseudogeographica

0.15
0.16
0.13

-0.18

-0.11

0.001

-0.06

0.94
0.57
0.97
0.94
0.95
0.91
0.92
0.90
0.84
0.90
0.91
0.92
0.93
0.92
0.92
0.88
0.94
0.91
0.91
0.89
0.63
0.91
0.99
0.89
0.87
0.85
0.91
0.90
0.91
0.89
0.85
0.82
0.77
0.87
0.93
0.84
0.95
0.92
0.95

699.17
172.71
304.00
795.25
164.02
892.98
475.58
302.06
916.96
1316.01
1193.10
1285.91
511.67
354.00
813.08
1224.67
1107.25
149656.0
14867.72
301.77
145.81
14740.74
220.70
7824.89
141.78
660.24
198.51
127.80
281.35
246.88
304.03
359.52
166.56
355.49
410.41
294.52
273.16
302.66

286.04

124.57
0.64
0.64
6.43
0.32
0.78
0.04

277.28

102.24

1.35
0.26
13.90
15.59
15.18
39.68
6.01
12.32
15.55
49.23
15.96
15.55
89.40
434351
33.87
33.87
413.75
16.57

38.33

53.78
118.37
122.84
134.83

19.08
541.70

10.27

20.01

43.56
124.90

0.86
5.28
31.87
17.24
40.30
7.19
5.93
3.13
0.86

23.07

4.85
1.75

0.77
1.84
0.12
100

17.14

12.92
4.19

17.08

9.25

6.11
13.38
40.65

14.34

5.82
8.96
8.19
4.29
17.24
14.85
11.84
7.93

37.93

VU
LC
LC
NT
EN
\4v
CR
EN
CR
CR
EN
CR
CR
CR
CR
NT
LC
\4v
LC
EN
EN
LC
NT
CR
EN
EN
EN
CR
VU
EN
NT
VU
LC
EN
LC
VU
LC
EN

LC
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Graptemys pulchra
Graptemys versa
Hardella thurjii
Heosemys annandalii
Heosemys depressa
Heosemys grandis
Heosemys spinosa
Hydromedusa maximiliani
Kinosternon acutum
Kinosternon alamosae
Kinosternon angustipons
Kinosternon arizonense
Kinosternon baurii
Kinosternon chimalhuaca
Kinosternon creaseri
Kinosternon dunni
Kinosternon durangoense
Kinosternon flavescens
Kinosternon herrerai
Kinosternon hirtipes
Kinosternon integrum
Kinosternon oaxacae
Kinosternon sonoriense
Kinosternon subrubrum
Leucocephalon yuwonoi
Lissemys punctata
Lissemys scutata
Macrochelys temminckii
Malaclemys terrapin
Malayemys subtrijuga
Mauremys annamensis
Mauremys japonica
Mauremys mutica
Mauremys nigricans
Mauremys reevesii
Mauremys sinensis
Melanochelys tricarinata
Melanochelys trijuga

Mesoclemmys dahli

-0.32

-0.29

0.91
0.94
0.93
0.88
0.79
0.92
0.79
0.77
0.94
0.94
0.91
0.94
0.52
0.92
0.87
0.89
0.93
0.89
0.89
0.95
0.94
0.93
0.93
0.95
0.86
0.93
0.93
0.89
0.54
0.86
0.89
0.94
0.92
0.94
0.93
0.95
0.91
0.93

0.87

346.87
390.43
607.44
421.94
2840.96
474.83
862.74
267.52
803.70
1128.10
731.81
1751.85
124.18
117213
553.92
6879.58
1143.04
471.32
659.84
591.41
680.21
943.44
746.81
242.88
7516.10
479.43
1360.37
288.19
83.21
413.40
1026.22
93.34
360.53
472.74
294.78
303.88
503.48
451.36

630.51

3.69 192.26
0.23 7.31
323.84 12543.54

132.90 9053.34

3.80 504.52
4.85 204.31
0.59 81.17
0.10 16.28
0.05 1.74
0.02 0.68
0.03 171
0.11 3.43
0.01 0.21
0.02 1.01
0.04 321
0.23 15.22
0.09 3.78
0.01 1.02
0.18 11.75
0.02 0.67
0.24 8.33
0.03 1.56
0.001 0.007
0.01 0.26
2.71 221.61
1.26 48.88
1.26 46.03
9.64 574.73
0.001 0.03
0.30 25.51
5.03 315.09
0.28 9.82
0.09 4.50
3.94 126.02
0.71 27.88
0.26 7.62
0.11 6.01
0.25 9.19
0.57 419

3.88
14.87
0.03
0.14
125
3.04
1.90
2.89
13.30
15.70
32.78
3.58
40.46
15.55
13.10
5.55
5.99
25.62
5.16
11.44
5.50
16.35
73.50
41.71
0.28
8.56
3.99

44.07
15.64
1.00

6.18

0.98
3.65
5.49
30.28
14.23

5.44

NT
LC
VU
EN
CR
\4v
EN
\4v
NT
DD
VU
LC
LC
LC
LC
VU
DD
LC
NT
LC
LC
DD
NT
LC
CR
LC
DD
VU
NT
VU
CR
NT
EN
EN
EN
EN
VU
NT

CR
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Mesoclemmys hogei
Mesoclemmys vanderhaegei
Mesoclemmys zuliae
Morenia ocellata

Morenia petersi

Notochelys platynota
Peltocephalus dumerilianus
Pelusios broadleyi

Pelusios castanoides
Pelusios rhodesianus
Pelusios subniger

Pelusios upembae
Platysternon megacephalum
Podocnemis erythrocephala
Podocnemis expansa
Podocnemis lewyana
Podocnemis sextuberculata
Podocnemis unifilis
Pseudemydura umbrina
Pseudemys alabamensis
Pseudemys concinna
Pseudemys gorzugi
Pseudemys nelsoni
Pseudemys peninsularis
Pseudemys rubriventris
Pseudemys texana

Rafetus euphraticus
Rafetus swinhoei

Rheodytes leukops
Rhinemys rufipes
Rhinoclemmys annulata
Rhinoclemmys areolata
Rhinoclemmys funerea
Rhinoclemmys nasuta
Rhinoclemmys rubida
Siebenrockiella crassicollis
Siebenrockiella leytensis
Staurotypus salvinii

Staurotypus triporcatus

0.001

-0.07

0.90
0.89
0.90
0.92
0.86
0.89
0.91
0.95
0.97
0.95
0.92
0.95
0.81
0.91
0.97
0.94
0.94
0.93
0.82
0.92
0.98
0.93
0.86
0.95
0.92
0.92
0.94
0.95
0.91
0.89
0.71
0.64
0.78
0.47
0.74
0.80
0.68
0.96

0.97

323.97
728.42
981.62
1062.03
441.20
114439
12277.83
9965.04
1900.38
1217.90
1566.89
1630.30
527.48
17538.05
8197.37
1086.62
27678.73
6581.94
95.89
220.80
277.52
796.65
170.50
178.25
111.37
329.26
868.92
314.37
1478.24
26873.76
1805.75
484.56
2212.33
957.94
742.35
626.49
1014.54
685.00

817.78

3.27
0.16
2.91
2.18
0.62
1.13
11.01
0.63
0.68

0.42
3.50
344.28
7741
50.34
18.89
0.05
16.43
15.41
15.77
5.79
1373
5.63
5.26
285.77
285.77
1.87
0.99
2.52
0.40
6.60
2.09
2.78
0.81
0.83
0.43
3.59

188.65
9.95
168.15
100.19
52.94
74.09
582.71
16.25
11.23
24.26
15.36
18.05
51.58
171.70
6175.03
2611.83
1511.14
678.81
6.09
732.92
632.56
636.38
133.83
333.12
255.98
221.04
8730.74
7097.38
90.49
64.21
520.53
114.27
927.23
1206.15
505.73
102.89
200.95
8.54

53.88

1.38
12.41

0.92

5.47
1.97
0.29

100
12.43
8.84
14.81
14.89
2.63
0.24
0.18
0.21
0.20

3.84

0.29
6.15

0.07

8.07
0.91
1.63

2.54

CR
NT
VU
\4v
VU
\4v
VU
\4v
LC
LC
LC
DD
EN
VU
LC
CR
VU
\4v
CR
EN
LC
NT
LC
LC
NT
LC
EN
CR
VU
NT
NT
NT
NT
NT
NT
VU
CR
NT
NT
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Sternotherus carinatus 0.33 0.94 272.62 0.04 1.28 243 + LC
Sternotherus depressus 0.18 0.90 264.39 0.01 0.62 266 + CR
Sternotherus minor 0.21 0.92 270.06 0.03 1.45 329 + LC +
Sternotherus odoratus 021 -0.01 0.97 22032 0.004 0.22 475 + LC +
Terrapene carolina 0.10 -0.01 0.93 219.29 0.001 0.15 428 + VU +
Terrapene coahuila 0.11 0.85  1209.82 0.03 2.93 100 EN +
Terrapene nelsoni 0.11 0.85 2177.74 0.10 9.34 8.62 DD
Terrapene ornata 0.09 0.009 0.99 450.01 0.07 8.61 15.6 NT +
Trachemys adiutrix 0.29 0.94 93151 0.15 5.20 2.24 EN
Trachemys decorata 0.40 0.95 229.76 1.86 45.88 271 + VU
Trachemys gaigeae 0.38 0.95 54471 0.47 12.32 3.02 VU
Trachemys ornata 0.54 0.97 859.45 0.69 12.74 2.57 VU
Trachemys scripta 0.37 -0.03 0.92 300.30 0.01 0.49 341 LC +
Trachemys stejnegeri 0.41 0.95 230.53 0.69 16.92 6.08 + NT
Trachemys taylori 0.41 0.95 3372.83 0.69 16.92 5.88 EN +
Trachemys terrapen 0.41 0.95 383.37 0.69 19.92 3.54 VU
Trachemys yaquia 0.41 0.95 1210.39 0.69 16.92 3.2 VU
Vijayachelys silvatica 0.09 0.82 185.85 0.08 9.40 212 + EN

Table A5: Allometic relationship between the following variables with
Carapace Length (mm). N = sample size.

Variable Family Estimate R2 N
Mortality rate (i) Kinosternidae 0.00001%6° 0.76 12
Eggs per year (b) Chelidae 0.0007%77 0.37 19
Eggs per year (b) Emydidade 0.003"58 0.58 36
Eggs per year (b) Geoemydidae 0.007+%7 0.31 43
Eggs per year (b) Tryonichidae 0.010% 0.50 17

Dispersal distance (c2) - 3e-1250° 0.38 11




