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A B S T R A C T

Roads represent barriers to animal movement due to physical obstruction, mortality, or behavioural avoidance.
The population-level consequences of such constraints remain poorly understood, because successful crossings
may be sufficient to counteract negative effects of fragmentation and isolation. Here we examine the individual-
and population-level barrier effects of a motorway on the common genet Genetta genetta, by combining long-term
road mortality, radio tracking and population genetics data. We found 84 genets killed at roads, of which 68%
were subadults, with a peak mortality during the dispersal period. The home ranges of resident adults often
bordered the motorway, and their sizes were similar close to (314 ha, n= 9) and far from (258 ha, n=10) the
motorway. The crossing rate was much higher for dispersing subadults (4.1 crossings/100 nights, n=3) than for
resident adults living near the motorway (0.2 crossings/100 nights, n=9), though the number of tracked
subadults crossing the motorway was low. Genetic kinship analysis revealed seven crossings based on father-
offspring and half-sibling relationships. There was no significant genetic differentiation related to the motorway.
The movement of residents were strongly constrained by the motorway, though gene flow mediated by suc-
cessful crossings, particularly by subadults, likely prevented genetic differentiation. Genet movements across the
motorway were probably facilitated by low traffic flow and the presence of crossing structures. Our study implies
that evaluating mitigation strategies to reduce the barrier effects of roads would benefit from the integration of
mortality, animal behaviour, and population genetics data, to increase effectiveness and avoid wasting scarce
conservation resources.

1. Introduction

The successful movement of animals across heterogeneous land-
scapes is an important driver of ecological, demographic, and evolu-
tionary processes, and is critical for the long-term persistence of species
(Baguette, Blanchet, Legrand, Stevens, & Turlure, 2013; Clobert,
Baguette, Benton, & Bullock, 2012). This type of movement is parti-
cularly relevant in human-dominated landscapes, where anthropogenic
activities lead to the fragmentation of habitat and reductions in

connectivity among habitat fragments (Crooks, Burdett, Theobald,
Rondinini, & Boitani, 2011; Fischer & Lindenmayer, 2007). In this
context, linear elements of transportation infrastructure, such as roads,
may compromise the persistence of animal populations, because they
can significantly impair the movement of individuals due to physical
obstruction, road mortality (Jackson & Fahrig, 2011; van Langevelde &
Jaarsma, 2004), or behavioural avoidance (Beyer, Ung, Murray, &
Fortin, 2013; Riley et al., 2006). Given the worldwide expansion of road
networks (Ceia-Hasse, Borda-de-Água, Grilo, & Pereira, 2017), it is
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increasingly important to understand their barrier effects at the level of
individuals, and how these in turn may affect population-level pro-
cesses such as population dynamics and gene flow (Holderegger & Di
Giulio, 2010; Rytwinski & Fahrig, 2012).

Proper assessment of the barrier effects of roads is not straightfor-
ward, because of the complex interplay between road features, such as
traffic volume, road width, and age (Landguth et al., 2010; van
Langevelde & Jaarsma, 2004), and the life history and behavioural
traits of species mediating responses to such features (Riley et al., 2006;
Rytwinski & Fahrig, 2012). Many studies have surveyed animals killed
due to collisions with vehicles (e.g., Carvalho & Mira, 2011; Clevenger,
Chruszcz, & Gunson, 2003; Grilo, Bissonette, & Santos-Reis, 2009) to
quantify road mortality rates and infer the extent to which roads are
barriers to movement (Jackson & Fahrig, 2011; van Langevelde &
Jaarsma, 2004). These studies have helped identify species most at risk
of mortality and the location of road segments particularly dangerous to
wildlife, but they provide little information on barrier effects, because a
significant number of individuals may be able to cross despite the death
of many others (Fahrig & Rytwinski, 2009; Riley et al., 2014). This
problem is circumvented by telemetry studies, which have often re-
vealed that animals change their behaviour close to roads, and are re-
luctant to cross roads, though there is wide variation in crossing rates
relative to species, season, gender, age class, and road characteristics
(Ascensão et al., 2014; Carvalho, Carvalho, Mira, & Beja, 2016; Poessel
et al., 2014; Riley et al., 2006). Despite their value, these studies pro-
vide limited population-level information, because they do not assess
the functional consequences of individual movements for demography
and gene flow (Riley et al., 2006, 2014). Furthermore, they are gen-
erally short-term and based on relatively small sample sizes, further
hindering robust inferences on barrier effects (Fahrig & Rytwinski,
2009).

In recent years, genetic approaches have been increasingly used to
further understand barrier effects of roads (e.g., Balkenhol & Waits,
2009; Frantz, Pope, Etherington, Wilson, & Burke, 2010; Frantz et al.,
2012; Sawaya, Kalinowski, & Clevenger, 2014). Typically, individuals
sampled from opposite sides of roads are genotyped for several poly-
morphic loci, and then patterns of genetic differentiation and gene flow
are used to infer the extent of effective dispersal across roads
(Balkenhol & Waits, 2009; Holderegger & Di Giulio, 2010). These stu-
dies are not without limitations, however, because they may confound
current and past genetic patterns when data collected prior to road
construction is unavailable (Landguth et al., 2010; Roedenbeck et al.,
2007). Also, they may have limited power to detect moderate barrier
effects potentially affecting species persistence, because the effective
dispersal of just a few individuals may homogenise genetic structure
(Jackson & Fahrig, 2011; Lowe & Allendorf, 2010). Finally, the me-
chanisms shaping genetic patterns are often difficult to identify without
individual-level movement information (Finnegan et al., 2012; Keeley,
Beier, Keeley, & Fagan, 2017; Riley et al., 2006). This is neatly shown
by Riley et al. (2006) using radio tracking and molecular methods to
evaluate barrier effects of a motorway on bobcats (Lynx rufus) and
coyotes (Canis latrans). They found strong genetic differentiation de-
spite the movement of individuals across the road, possibly because
territory pile-up along the motorway made it difficult for crossing in-
dividuals to reproduce successfully. Combining different sources of data
may thus be needed to enhance our understanding of road barrier ef-
fects (Balkenhol & Waits, 2009; Finnegan et al., 2012; Habel et al.,
2015; Keeley et al., 2017), though there are relatively few cases studies
of such a multidisciplinary approach (but see Litvaitis et al., 2015; Riley
et al., 2006).

This study combines field-based and genetic approaches to examine
the barrier effects of a motorway on a Mediterranean forest carnivore,
the common genet (Genetta genetta, Linnaeus 1758). Focusing on
mammalian carnivores is relevant, because they seem to be particularly
vulnerable to habitat fragmentation due for instance to their low po-
pulation densities and large area requirements (Ceia-Hasse et al., 2017;

Crooks et al., 2011; Rytwinski & Fahrig, 2012). Also, predicting the
impact of roads on carnivores is challenging, as behavioural responses
to roads are often conditional on individual’s traits such as age, gender,
and social status (Ascensão et al., 2014; Poessel et al., 2014; Riley et al.,
2006). The genet was selected because previous studies have shown
that many individuals are killed by vehicles (Grilo et al., 2009), and
that their movements and habitat use are constrained by roads (e.g.,
Carvalho, Carvalho, Mira, & Beja, 2014; Carvalho et al., 2016;
Galantinho & Mira, 2009). However, whether roads actually represent
significant barriers at the population level remains uncertain, because
subadults of many carnivore species are known to easily negotiate ob-
stacles such as roads during dispersal (Gastón et al., 2016), though their
contribution to gene flow may be hindered by territorial behaviour
(Riley et al., 2006). We evaluated these ideas by investigating: (1) the
size and spatial distribution of genet home ranges in relation to mo-
torway proximity; (2) the road crossing patterns of both adults and
subadults using data from radio tracking, road mortality, and kinship
analysis; and (3) potential population-level genetic differentiation and
gene flow between the two sides of the motorway.

2. Materials and methods

2.1. Study area

The study was conducted in an area covering 4600 km2 in southern
Portugal (38°21′39″ to 39°01′36″N, 08°24′22″ to 07°34′54″W; Fig. 1),
and it was focused on the barrier effect of a four-lane motorway. This
area was selected because it has been the focus of long-term studies on
the interactions between vertebrates and roads in rural habitats (e.g.,
Galantinho et al., 2017; Santos, Carvalho, & Mira, 2011; Santos et al.,
2016). The road has been operational since 1997, and during the main
study period (2009–2012) it had a mean daily traffic volume of 6166
cars (4240–7886) (IMT, 2012). At night (sunset to sunrise), during the
main activity period of genets (e.g., Santos-Reis et al., 2004; Carvalho
et al., 2014), the mean traffic volume was much lower (977 cars
(330–2494); Grilo et al., 2009). Although the motorway was fenced
along both sides with 1.5-m tall unburied fences, this was unlikely to
represent a major physical obstacle to genets because of the large mesh
size (up to 15×20 cm [width× length]) and because genets are ar-
boreal carnivores with high climbing ability (Carvalho et al., 2014;
Larivière & Calzada, 2001). Also, this motorway has several small (e.g.,
culverts) and large (e.g., viaducts) underpasses that are used as crossing
structures by mammalian carnivores (e.g. Serronha, Mateus, Eaton,
Santos-Reis, & Grilo, 2013). The overall paved road density over the
study area was low (0.32 km/km2), but there were some national (2
paved lanes with paved shoulders) and municipal roads (2 paved lanes
without paved shoulders), most of which unfenced, and where the
mean traffic volume varied between 600 to less than 100 cars per night
(EP., 2005).

Climate in the study area is Mediterranean, with mean daily tem-
peratures ranging from 5.8 °C to 12.8 °C in winter, and from 16.3 °C to
30.2 °C in summer; annual rainfall averages 609.4mm, which is con-
centrated in October–March (IPMA, 2012). Topography is character-
ized by vast undulating plains (150m–430m a.s.l), without any major
river or mountain that might represent obstacles to genet movement
and thus contribute to spatial genetic structuring. The landscape is
dominated by open to closed cork oak (Quercus suber) and holm oak
(Quercus rotundifolia) woodlands (≈43.5%), which are the main genet
habitats, and by agricultural areas (≈45%), comprised mainly of arable
land and pastures, with or without sparse oak trees (Carvalho et al.,
2014, 2016). There are also some intensive olive orchards (8.8%), vi-
neyards, pine (Pinus spp.) and eucalyptus (Eucalyptus spp.) plantations,
dams, and other minor agricultural land uses (≈1.5%). Only 1.2% of
land is covered by urban areas, and human population density is low
(19.9 inhabitants per km2) and largely concentrated in two towns and a
few small villages (PORDATA, 2017).
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