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A B S T R A C T

Linear infrastructures, one of several forms of land-use, are a major driver of biodiversity loss. Roads impact
populations at many levels, with direct road mortality and barrier effect contributing to decreased population
abundance, higher isolation and subdivision, and therefore to increased extinction risk. In this paper, we
compared the effect of road mortality and of the barrier effect on population isolation, persistence and size, and
assessed the interaction of these effects with dispersal. We used a spatially explicit, process-based model of
population dynamics in landscapes fragmented by varying levels of road density. We modelled a barrier effect
independently from road mortality by varying the probability with which individuals avoid crossing roads. Both
road mortality and the barrier effect caused population isolation. While road mortality alone had stronger ne-
gative effects than the barrier effect without extra mortality, the latter also resulted in decreased population size.
Yet, road avoidance could, in some cases, rescue populations from extinction. Populations with a large dispersal
distance were more negatively affected as road mortality increased. However, when there was no road mortality
they maintained larger sizes than populations with a short dispersal distance. Our results highlight the much
higher relative importance of road mortality than the barrier effect for population size and persistence, and the
importance of assessing relevant species traits for effective long-term transportation planning and conservation
management. Our model can be used in species-specific situations and with real landscape configurations in
applications such as conservation planning.

1. Introduction

The current biodiversity crisis is mainly driven by land-use change
(Pereira et al., 2012; Maxwell et al., 2016). Roads, one of many forms of
land-use, cause major impacts on populations. As the road network is
predicted to strongly increase in the coming years (van der Ree et al.,
2015), it is crucial to assess its impact on populations, in order to apply
suitable mitigation measures, and improve conservation and road
planning.

Roads cause habitat loss and fragmentation, and decrease habitat
quality. Roads also cause direct mortality through wildlife collisions
with vehicles, and act as a barrier to movement (van der Ree et al.,
2015). These direct and indirect impacts of roads can contribute to
population isolation and subdivision, to decreases in population abun-
dance, and therefore can increase population extinction risk (van der

Ree et al., 2015; Ascensão et al., 2016), although there are also positive
effects for some species (e.g., see Rytwinski and Fahrig, 2012, 2013).

Species traits can also influence population-level responses to land-
use change (Pereira and Daily, 2006), and should be considered when
assessing the effects of roads. Specifically, dispersal has been identified
as an important factor but its influence on population persistence is still
not fully understood. For example, while the role of dispersal is bene-
ficial in metapopulation models (e.g., Hanski, 1998), because more
patches can be colonized if dispersal is large, in source-sink models or
reaction-diffusion models (e.g., Skellam, 1951; Pulliam, 1988) dispersal
affects populations negatively, because it can lead to colonization of
habitats where population growth rates are negative (sink habitats)
(Pereira and Borda-de-Água, 2013). Moreover, dispersal can be asso-
ciated with increased mortality risk (e.g., Nathan et al., 2012), with
some studies suggesting there is an optimal intermediate dispersal rate
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for persistence in disturbed habitats (Casagrandi and Gatto, 1999).
The detrimental effect of dispersal in disturbed habitats is supported

by several empirical studies (e.g., fragmented forests: Gibbs, 1998; Van
Houtan et al., 2007). In the specific case of roads, a higher mobility has
been related to negative effects of roads in mammal and bird species
(Rytwinski and Fahrig, 2012). Furthermore, using a theoretical ap-
proach, Borda-de-Água et al. (2011) predicted that the larger the mean
dispersal distance in a population, the larger would be the minimum
area necessary for this population to persist in a landscape fragmented
by roads.

In this paper we focus on dispersal movement as the process
whereby individuals leave their initial location, move across a more or
less suitable environment, and settle in a new location (Clobert et al.,
2012; Matthysen, 2012). Our model does not currently include other
types of movement (such as daily movements).

Direct road mortality introduces an additional source of mortality
besides natural mortality. In addition, roads can also act as a barrier
that does not introduce additional mortality, when the animals do not
cross the roads. This barrier effect can be due to physical structures
(such as fences) or to road avoidance behavior (e.g., Jaeger and Fahrig,
2004; Grilo et al., 2012), and for simplicity in this paper we refer to it
simply as barrier effect. Although this can rescue individuals from road
mortality to some extent, the negative consequences of habitat loss and
fragmentation may be higher when such barrier effect is present, since
road avoidance can lead to population isolation and to higher exposure
to demographic and environmental stochasticity (Rytwinski and Fahrig,
2012; Ascensão et al., 2016). Moreover, the effects of road mortality
and of road avoidance can be confounded and are still to be properly
disentangled. For example, reduced population abundance near roads
may be due to direct road mortality, or due to road avoidance behavior
(e.g., Fahrig et al., 1995).

Although there is evidence that the effects of roads on population
abundance are in general negative (Rytwinski and Fahrig, 2015), the
impact of roads on population persistence has not been so commonly
addressed (but see, for example Borda-de-Água et al., 2014 and Ceia-
Hasse et al., 2017).

The key issue addressed in this paper was to disentangle the influ-
ence of an additional source of mortality (direct road mortality) versus
the influence of a barrier effect to movement that does not introduce
such additional mortality on population isolation, persistence and size,
as well as the influence of dispersal, in fragmented landscapes. We
addressed this using roads. We use a spatially explicit, process-based
model of population dynamics. Our questions were: (1) What is the
importance of road mortality versus isolation, for population persis-
tence and size in landscapes fragmented by roads?; (2) How does dis-
persal influence the size and the persistence of populations under
varying levels of road mortality and of a barrier effect?

2. Materials and methods

We used an individual-based toy model of population dynamics to
perform a theoretical study on the effects of road mortality, barrier
effect and dispersal on population isolation, size and persistence of a
virtual species. Our study is not based on any empirical data and thus is
more appropriately considered under the virtual ecology rationale (e.g.,
Grimm, 1999; Zurell et al., 2010).

2.1. Model description

The model description follows the ODD (Overview, Design concepts,
Details) protocol for describing agent-based models (Grimm et al.,
2006, 2010). The model was implemented as an ANSI C++ program,
which can be downloaded from https://github.com/anaceiahasse/
landsim.

2.1.1. Purpose
The purpose of the model is to simulate population dynamics in

fragmented landscapes. Specifically, in this study, the model simulated
population dynamics in landscapes fragmented by roads, with special
emphasis on the effects of road mortality, of a barrier effect without
mortality, and on the influence of dispersal distance.

2.1.2. Entities, state variables, and scales
The entities of the model are the landscape and the individuals, i.e.,

the model keeps track of the features of the landscape and of the female
population (the model only considers female individuals for simplicity).

The landscape is a two-dimensional grid of N x N square cells with
reflecting boundaries. An alternative approach to deal with edge effects
would have been to consider periodic boundary conditions (i.e., torus
geometry) instead of reflecting boundaries. However, given a dispersal
step size of only one cell and the large size of the grid, both approaches
can lead to similar outcomes. Each cell of the landscape is assigned to
one of n possible types with values varying between 0 and 1. In the
present case, each cell belongs to one of two possible types, "high-
quality" habitat (non-road) or "road", with values of "1″ and "0″, re-
spectively. We generated several landscapes with different proportions
of road cells, where roads were placed perpendicularly to one another
(Fig. 1, Table 1). We used simple hypothetical regular road networks
because our main objective was to disentangle the effects of sink
mortality versus those of a barrier effect that does not introduce addi-
tional mortality. Sink mortality here corresponds to road mortality, and
it is the probability that an individual dies when crossing a road (see
Section 2.1.7.3 below). Our goal was to derive general principles that
can be the basis to understanding and model more specific or complex
cases.

Individuals are characterized by the following state variables: age,
developmental stage (juvenile or adult), position in the landscape; and
by the following attributes: fecundity, age at first breeding, natural
survival probability, home range size, dispersal distance, road mortality
probability, road avoidance probability (Table 1).

2.1.3. Process overview and scheduling
Each simulation time step consists of the following sequential events

(Fig. 2, Table 1): reproduction; natural mortality; dispersal of juveniles;
juvenile density-dependent mortality. Section 2.1.7 describes the sub-
models implementing these processes. Juveniles that establish a home
range are inserted into the adult population at the end of each simu-
lation time step, thereby updating population size and landscape cell
availability for the following time step. At the beginning of each si-
mulation time step, the age of each individual is updated (increased by
1), and the sequential steps listed above ensue.

2.1.4. Design concepts
2.1.4.1. Basic principles. Roads can contribute to population isolation,
decreased size and increased extinction risk through direct mortality
and barrier effects (e.g., van der Ree et al., 2015; Ascensão et al., 2016).
Dispersal can also influence how roads impact populations (e.g., Borda-
de-Água et al., 2011; Rytwinski and Fahrig, 2012). The model allows
assessing the relative importance of these factors for population
isolation, persistence and size, which is not yet fully understood.

2.1.4.2. Emergence. Population dynamics emerges from the model (i.e.
from the set of rules defined, parameter values used and landscape
configuration).

2.1.4.3. Adaptation. Juveniles choose the direction in which they
disperse according to cell type (road versus high-quality habitat cell)
and occupancy (they may avoid dispersing into road cells with a given
probability and they do not disperse to occupied cells, respectively).
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2.1.4.4. Sensing. During dispersal, juveniles evaluate cell type (road
versus non-road cell) and occupancy.

2.1.4.5. Interaction. Juveniles do not disperse through cells that are
already occupied.

2.1.4.6. Stochasticity. Stochasticity was incorporated in several
processes (reproduction, natural mortality, dispersal of juveniles); see
Section 2.1.7 for details.

2.1.4.7. Observation. For each model run, we recorded population size
at the end of each simulation and averaged population size across
replicates. We calculated the probability of extinction as the proportion
of replicates in which populations went extinct before the end of the
simulation.

2.1.5. Initialization
The model starts by settling an initial population of females at

breeding age in the landscape. After the initial population is created,
each simulation time step consists of the events described in Section
2.1.7 (Submodels). In all simulations, the initial population size was 10
individuals, set at random in the landscape. See Table 1 for the

remaining parameter values used in the simulations and Fig. 3 for a
representation of the settlement of the initial population in the land-
scape and of the colonization of the landscape.

2.1.6. Input data
The model does not import data of driving environmental variables.

2.1.7. Submodels
2.1.7.1. Reproduction. Females reproduce after one year and once they
have established their home range. The number of female juveniles that
a breeding female produces follows a Poisson distribution with mean
equal to its fecundity bi.

2.1.7.2. Natural mortality. Adults and juveniles die with probability (1 -
s). When an individual dies it is removed from the population and its
home range cell is made available for dispersing individuals.

2.1.7.3. Dispersal of juveniles. In our model adults do not move, and do
not get killed by direct road mortality. Only juveniles disperse. Each
juvenile disperses a fixed number of cells from its mother cell. A
dispersal step is always to one of the four neighboring cells (von
Neumann neighborhood), and is composed of the following events
(Fig. 2b): (1) the individual evaluates whether its four neighboring cells
are occupied or free, and does not disperse to occupied cells; (2) the
individual evaluates whether the free neighboring cells correspond to
roads or not, and can avoid dispersing through road cells with
probability pRA; (3) if the individual disperses through a road cell,
sink dispersal mortality (road mortality) is applied with probability
mRM. The dispersal process is not stopped when the individual finds a
first suitable empty cell; instead it continues until the individual either
dies (due to road mortality), or disperses over his dispersal distance, d.
An individual is allowed to move back to a cell it has previously visited.
Therefore, two neighboring unoccupied cells are sufficient for an
individual to survive over any number of dispersal steps. Moreover,
each juvenile disperses from its mother cell, but given natural mortality
that cell may be freed, and in that case it can be occupied by a juvenile.
The default probability of dispersing to any neighboring cell is 1.
However, if all four neighboring cells are occupied, and since

Fig. 1. Landscape configurations used in simulations. Each landscape is a grid of 200× 200 cells composed of high-quality habitat cells, and road cells. Numbers on top of each panel
indicate the proportion of road cells in each landscape.

Table 1
Model parameters and values used in the simulations.

Parameter Value

1st set of simulations 2nd set of simulations

Landscape size (N x N) 200× 200 cells
Initial population size 10 individuals
Number of replicates 100
Number of time steps 1000
Fecundity (bi) 2
Survival probability (s) 0.4
Dispersal distance (d) 5 or 50 cells
Road mortality, Road

avoidance (mRM, pRA)
(0.0, 0.0); (0.0, 1.0);
(1.0, 0.0)

varied from 0 to 1 in
steps of 0.1

Proportion of road cells in the
landscape

0.02, 0.03, 0.07, 0.18,
0.35

0.07, 0.35
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individuals do not disperse to occupied cells, then the individual cannot
move and dispersal is unsuccessful. If the cell in which the individual is
at the end of dispersal is a road, dispersal is also unsuccessful. If
dispersal is successful, the individual can settle a home range. In this

study, we set the home range size to one cell and only one individual
can establish its home range in each cell.

2.1.7.4. Juvenile density-dependent mortality. Following unsuccessful

Fig. 2. Scheme of the model. (a) Schematic representation of the complete model simulation steps. (b) Schematic representation of juvenile dispersal. The x in (b) indicate that the
individual does not disperse to occupied cells, and that it will disperse to a good habitat cell over a road cell.

Fig. 3. Representation of the colonization of the landscape by a population under different combinations of values of road mortality probability (mRM) and of road avoidance probability
(pRA), in different time steps (ts) of a model run. In the example shown, the dispersal distance is set to 50 cells (i.e. large dispersal) and the proportion of road cells in the landscape is 0.03.
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dispersal, juveniles that did not establish their home range are removed
from the population.

2.2. Simulations

We created five landscapes of 200× 200 cells with perpendicular
roads, each with a different proportion of road cells (Fig. 1, Table 1).
We used two dispersal distances: short (5 cells), and large (50 cells), the
latter of which we deemed reasonable considering the total size of the
grid (40,000 cells). We modelled a barrier effect independently from
sink mortality by varying the probability with which individuals do not
cross roads while dispersing.

We performed two sets of simulations. In the first set of simulations,
we assessed the effect of different extreme scenarios of road mortality
and of road avoidance in landscapes with different proportions of road
cells: (i) road mortality probability was one and there was no road
avoidance; (ii) road avoidance probability was one and there was no
road mortality; (iii) road mortality and road avoidance probabilities
were both zero, for each dispersal distance and each road density. To
assess the combined effects of road mortality and of road avoidance, in
the second set of simulations we varied road mortality and road
avoidance probabilities both at the same time independently from 0 to
1 in steps of 0.1 (i.e., using all combinations possible), for each dis-
persal distance (Table 1).

In all simulations, we used fixed values of the remaining parameters
(Table 1), simulating the dynamics of hypothetical animal populations
in hypothetical landscapes, because our main objective was to obtain
general predictions on the differential effects of road mortality versus a
barrier effect that did not introduce additional mortality (due to road
avoidance behavior or physical structures such as fences), under dif-
ferent levels of dispersal.

We ran each simulation for 1000 time steps, to ensure that popu-
lation size did not vary by more than 10% between consecutive simu-
lation time steps, for at least the last 10 simulation time steps, and ran
100 replicates for each combination of values of parameters (Table 1).

Our computer program was extensively debugged, thus we are
confident that the program is reproducing accurately the intended
model. Being an individual-based model computer simulation, we
performed our simulations under a set of assumptions that we deemed
reasonable, and we tested them for a wide range of parameter values,
obtaining the expected results.

Our model takes as input the model parameters and a two-dimen-
sional matrix with the landscape. It produces a file containing the lo-
cation of the home range of each adult in the landscape at each time
step, and the population age structure at each time step. To apply the
model to other species and landscape configurations, users can choose
the values of the parameters specific to the species or population of
interest, and a matrix with the desired landscape configuration.

3. Results

In our simulations, isolation occurred due to road mortality or to
road avoidance (Fig. 3). With complete road mortality and no avoid-
ance (Fig. 3a), or with complete avoidance and no road mortality
(Fig. 3b), the landscape was only partially occupied. In contrast, when
there was no mortality and no avoidance (Fig. 3c), the whole landscape
was occupied.

When there was no road mortality and no road avoidance, the
probability of extinction was higher and the population size was smaller
at higher road densities, suggesting an effect due to habitat loss (Fig. 4).
Nevertheless, with no road mortality and no road avoidance, the
probability of extinction was zero or close to zero, even with high road
density (Fig. 4a); and the population size was considerably larger than
with either complete road avoidance, or complete road mortality
(Fig. 4b). These results suggest that in such cases there was an effect of
road avoidance or of road mortality, respectively.

The probability of extinction was higher and the population size was
smaller when there was road mortality alone, than when there was road
avoidance alone, except at the highest road density (Fig. 4). However,
population size was much smaller at all road densities when there was
road avoidance than in the case with no road avoidance and no road
mortality (Fig. 4b).

When assessing the combined effects of road mortality and of road
avoidance for different dispersal distances at the highest road density,
the probability of extinction increased and the population size de-
creased with increasing road mortality (horizontal lines in Fig. 5). For a
constant value of road mortality (vertical lines in Fig. 5), probability of
extinction decreased and population size increased with increasing road
avoidance. However, at this road density, the good habitat patches
delimited by roads were small (16 cells), and populations went extinct
when road avoidance was complete, even without road mortality.

The role of dispersal varied with road mortality. The probability of
extinction increased and the population size decreased much faster with
increasing road mortality for the large than for the short dispersal
distance. However, when there was no road mortality, the probability
of extinction was higher (Fig. 5a) and the population size was smaller
(Fig. 5b) for the short dispersal distance.

Similar patterns were observed when assessing these effects at a
lower road density (proportion of road cells in the landscape=0.07;
Fig. S1 in Appendix). However, they were less obvious than in the case
of high road density, especially for the short dispersal distance: the
probability of extinction was low, and the population sizes varied less.
Nevertheless, population size strongly decreased with complete road
avoidance, or with complete road mortality, for both dispersal dis-
tances, as in the case of high road density (Fig. 5).

Note that for the short dispersal distance and also for most of the
large dispersal distance simulations in Fig. S1, while the probability of
population extinction is close to zero, the population size is low, both
when road mortality is one, and when road avoidance is one. This is
because many individuals die on roads (when road mortality is one), or
the population can only occupy part of the landscape (when road
avoidance is one).

4. Discussion

Our results allow to make inferences about the differential effects of
sink mortality versus those of a barrier effect without additional mor-
tality, and the role of dispersal, on population persistence, isolation and
size, which were the goals of this study. While habitat amount was kept
constant when road mortality probability and road avoidance prob-
ability were varied with a same road density, it should nevertheless be
taken into account that by generating landscapes with habitats and
roads as grid cells, and by using a regular road network pattern, land-
scapes with higher road densities have lower total habitat amount and
smaller habitat patches. In this sense, there were three effects present
(i.e., road mortality, road avoidance, and habitat amount change).

4.1. Importance of road mortality versus a barrier effect without mortality
for population persistence and size

Road mortality alone had a stronger negative effect on the prob-
ability of persistence and on population size than road avoidance alone.
Road avoidance could also in some cases rescue populations under low
to moderate road mortality from extinction, as suggested by other au-
thors, since road avoidance decreases the probability that individuals
cross roads, therefore reducing mortality caused by collision with ve-
hicles (Jaeger and Fahrig, 2004; Rytwinski and Fahrig, 2013). Previous
studies also suggest that the genetic effects of road mortality are
stronger than those of the barrier effect without road mortality (e.g.,
Jackson and Fahrig, 2011; Ascensão et al., 2013).

In our simulations, population isolation occurred both when there
was road mortality, or when there was a barrier effect without
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additional mortality. Populations persisted even when road avoidance
was very high, provided that the road mortality was low to moderate.
Only complete road avoidance led populations to extinction, when road
density was the highest. In those cases, individuals were isolated within
the small patches of good habitat that were bounded by roads, and the
resulting small populations exhibited an increased extinction risk due to
demographic stochasticity (Lande, 1993).

Habitat fragmentation impairs species persistence and ecosystem
functions. Moreover, the several effects of fragmentation are interlinked
and can operate over long time scales (Haddad et al., 2015). In our
analysis, population sizes were negatively affected when road avoid-
ance was complete regardless of the road density, even if there was no
road mortality. Population sizes were much smaller when compared to
the cases with no road avoidance (and no road mortality). This may
influence population persistence in the long-term, especially if other
factors of disturbance come into play. For example, we did not vary
habitat quality (all non-road cells had maximum habitat quality), be-
cause our aim was to obtain general predictions on the differential ef-
fects of road mortality versus those of a barrier effect without mortality.
However, habitat quality can influence how roads affect populations
(e.g., Grilo et al., 2014) and therefore the habitat quality of the non-
road cells could be varied in more detailed studies, for example by
including species-specific information on habitat preferences.

Moreover, although not included explicitly in our analysis, traffic
volume is also important to consider when assessing the effects of roads
on populations and in landscape connectivity studies, since traffic in-
tensity may influence both road mortality and road avoidance, and thus
population persistence (Jaeger et al., 2006; Jaeger, 2007; Charry and
Jones, 2009; van Langevelde and Jaarsma, 2009; van Strien and Grêt-
Regamey, 2016). Several studies suggest that road mortality may be
higher at intermediate traffic volumes than high traffic volumes, be-
cause at higher traffic volumes road avoidance will be higher for many
species (e.g., Seiler 2005; Grilo et al., 2015).

However, the focus of our analysis was on comparing the effects of
road mortality vs. those of a barrier that does not introduce additional
mortality, which can be due to road avoidance behavior but also due to
physical structures such as fences (e.g., Jaeger and Fahrig, 2004; Grilo

et al., 2012). Hence we modeled these directly as the probability of an
individual dying on a road while crossing it, and the probability of an
individual not crossing a road, regardless of the cause (e.g., road surface
avoidance behavior, road avoidance due to traffic, fences), and there-
fore we did not consider traffic volume explicitly.

Additionally, while in our simulations individuals only evaluated
their immediate neighboring cells in each step of dispersal, some spe-
cies avoid roads from a distance (e.g., Jaeger et al., 2005), which may
exacerbate the effects of habitat loss and fragmentation. Including mi-
croevolution in our individual-based model, which is fundamental to
capture the response of organisms to changing conditions (Grimm and
Berger, 2016), would also allow analysing eco-evolutionary responses
to fragmentation (Haddad et al., 2015).

4.2. Influence of dispersal distance on population persistence and size

The role of dispersal distance varied depending on the values of
road mortality. In fragmented landscapes, as was the case in all our
simulations since roads were always present, populations with a larger
dispersal distance showed a lower probability of extinction and main-
tained larger sizes, provided an additional source of mortality due to
roads was not present. However, a large dispersal distance was detri-
mental for population size and persistence as road mortality increased.

We used fixed dispersal distances in our simulations. However,
dispersal distance is usually stochastic (e.g., Nathan et al., 2012), and
therefore it would not only be interesting but also add realism to the
model by implementing dispersal kernels to determine dispersal dis-
tances (e.g., Austerlitz et al., 2004; Chipperfield et al., 2011), instead of
using fixed dispersal distances.

Furthermore, in our simulations, dispersing individuals only eval-
uated their immediate four neighboring cells in each dispersal step,
which can be considered as a biased random walk (e.g., Turchin 1998).
While this has been a common choice to model movement with an
orientation component (e.g., Börger et al., 2008), expanding the per-
ceptive range of dispersing individuals would increase the realism and
facilitate the transferability of the model to concrete situations.

Fig. 4. Probability of population extinction (a) and population size (b) for the different proportions of road cells in the landscape, for different combinations of values of road mortality
probability (mRM) and of road avoidance probability (pRA). Results shown are for the large dispersal distance (50 cells). Error bars correspond to the standard error of the mean, whose
values are indicated in brackets (when different from zero).
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4.3. Limitations

The type of movement (juvenile dispersal) considered in our paper
can have a large influence on individual fitness and population struc-
ture (Matthysen, 2012). However, our model does not currently include
other types of movement (such as daily movements), and thus adults do
not get killed due to road mortality. This is a simplification, because in
real contexts animals will encounter roads during other types of
movement as well. Therefore, it would be important to include such
types of movement in the analysis.

Furthermore, in our model each juvenile disperses over a fixed
number of cells, which implies that individuals may end their dispersal
movement on a road (or right of way). This could correspond to si-
tuations where there are no other options for dispersal, e.g., all
neighboring areas already occupied or corresponding to unsuitable
habitat, but it should be considered as a simplification of real cases.

We used two dispersal distances in our simulations because we
wanted to ensure that we were comparing the roles of contrasting
dispersal distances, i.e., a short vs. a large dispersal distance. Including
a wider range of dispersal distances could help further understand the
role of dispersal in these fragmented landscapes, as some studies sug-
gest there is an optimal intermediate dispersal rate for persistence in
disturbed habitats (Casagrandi and Gatto, 1999).

We used a virtual species and simple hypothetical regular road

networks because our main goal was to disentangle the effects of road
mortality versus those of a barrier effect without such mortality.
However, this implies that our results hold for the virtual species in the
regular road network used.

4.4. Conclusions and future research directions

Our results highlight the much higher relative importance of road
mortality than the barrier effect (without road mortality), and of as-
sessing relevant species traits such as dispersal distance. We emphasize
three results of our study: first, that even though population persistence
was not impaired when road avoidance was complete (except when
suitable habitat patches became too small to sustain viable popula-
tions), population size was considerably decreased, which is important
to consider in long-term conservation management; secondly, that a
large dispersal distance is not necessarily always detrimental for po-
pulation size and persistence in fragmented landscapes if mortality in
unsuitable habitats is low, which calls for further investigation; and
thirdly, that population isolation occurred in extreme cases (i.e., com-
plete road mortality or a complete barrier effect without road mor-
tality). These may be especially important for species expected
(Rytwinski and Fahrig, 2013) or observed (e.g., some snakes and tur-
tles; Shepard et al., 2008) to avoid roads, and for species for which road
avoidance increases with increasing traffic volume (e.g., carnivores and

Fig. 5. Probability of population extinction (a) and population size (b) as a function of road mortality and road avoidance, for different dispersal distances (Low mobility= 5 cells; High
mobility= 50 cells) in the landscape with the highest proportion of road cells in the landscape (0.35).
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ungulates; Dyer et al., 2002; Alexander et al., 2005; Leblond et al.,
2013).

Finally, our model can stimulate other studies, either theoretical or
empirical. Our results hold for the virtual species in the regular road
network used, but our model can be applied to species-specific situa-
tions, by using the specific trait values of the species or population of
interest. Information on model parameter values (initial population
size, fecundity, age at first breeding, survival probability, home range
size, dispersal distance, road mortality, or road avoidance) can be ob-
tained from published databases, individual studies, or derived from
related or ecologically similar species, and using allometric relation-
ships (e.g., Jones et al., 2009; Borda-de-Água et al., 2014; Salguero-
Gómez et al., 2016; Ceia-Hasse et al., 2017). For example, data on
population density can be used to determine the initial population size.
Data availability is usually higher for vertebrates and within these for
mammals, followed by birds. This is also true for data on road mor-
tality, and especially on road avoidance behavior, for which species-
specific information is lacking for many species (Rytwinski and Fahrig,
2012).

Furthermore, although we used only simple hypothetical regular
road networks in our simulations, the modelled landscape can represent
real landscapes with real road configurations, and can hence also be
used to evaluate the impact of different mitigation options for in-
creasing population persistence, in environmental impact assessments,
and for conservation planning.
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