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Abstract Roads can have drastic impacts on wild-

life populations. Although there is wide recognition of

the negative impacts caused by roads and a wealth of

practical studies, there is a lack of theoretical work

that can be used to predict the impact of road networks

or to implement mitigation measures. Here, using

Skellam’s diffusion model, we develop analytic and

numerical approaches to analyze the impact of road

networks on the survival of populations. Our models

show that the viability of a population is determined

not only by road density but also by the size and shape

of patches. Accordingly, we studied the minimum size

of a patch to sustain a population with given diffusion

and growth parameters. We provide simple formulas

to estimate the minimum patch size, and illustrate the

importance of shape with square and rectangular

patches. Our models also allow the estimation of time

to extinction after road construction for a population

in a patch smaller than that of the minimum size.

Finally, using numerical computations we illustrate

how the spatial arrangement of fences strongly affects

both the equilibrium density and the spatial distribu-

tion of populations, and that not all fence layouts are

equally effective. We anticipate that our methods

provide a tool to assess the impact of geometrical

features of road networks on wildlife and that they can

be used to design mitigation measures to prevent the

decline and extinction of populations in an anthropo-

genically disturbed landscape.

Keywords Skellam’s model � Reaction–diffusion

equations � Dispersal � Road mortality � Mitigation

measures � Fences � Spatially explicit model �
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Introduction

Roads, being associated with human well being and

development, tend to occupy a growing percentage of

landscapes worldwide. They now cover an average

density of 1.2 km/km2 in the United States (Forman

2000), over 2 km/km2 in some European countries

(Carr et al. 2002), and one can expect that road

density will increase in developing countries since
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there is an inherent relationship between transporta-

tion infrastructures and socio-economic development

(Wilkie et al. 2000; Laurance et al. 2001).

For the past thirty years many scientists have

addressed the issue of roads and their impact on the

environment within the framework of ‘‘road ecology’’

(for recent reviews, see Forman 1998; Forman and

Alexander 1998; Trombulak and Frissell 2000; Carr

et al. 2002; Goosem 2007; Laurance et al. 2009).

They have concluded that the main negative conse-

quences of roads on the environment are: pollution

(Pratt and Lottermoser 2007), increased human

access (Wilkie et al. 2000), exotic species invasions

(e.g., Prasad et al. 2010), edge effects, such as,

greater wind speed and elevated diurnal ranges of

temperature (Pohlman et al. 2009), increased mortal-

ity (e.g., Kramer-Schadt et al. 2004) and habitat

change, such as, barrier effects, habitat loss and

fragmentation (Seiler 2001; Laurance et al. 2004;

Ford and Fahrig 2008).

Not surprisingly, the increase in road density raises

concerns regarding their impact on biodiversity.

Roads affect several taxa, for example, amphibians

(Fahrig et al. 1995; Vos and Chardon 1998; Carr and

Fahrig 2001), birds (Forman et al. 2002; Laurance

et al. 2004), reptiles (Bonnet et al. 1999; Gibbs and

Shriver 2002) and mammals (Kramer-Shadt et al.

2004; Dodd et al. 2005; Ford and Fahrig 2008; Grilo

et al. 2009). However, most studies remain species

and taxonomic group oriented and focus mainly on

the aftermaths of road construction or on the impacts

of increasing traffic intensity (Fahrig et al. 1995;

Bonnet et al. 1999; Saeki and MacDonald 2004).

There is a void in the development of theoretical

models analyzing the relationship between roads and

populations’ persistence, as several authors have

pointed out (for instance, Carr et al. 2002 and

Spellerberg 1998). One exception is the work by

Jaeger and Fahrig (2004) and Jaeger et al. (2005),

who developed an individual-based spatially explicit

model to study the effect of roads and fences on the

persistence of populations. Two of their findings

served as a starting point for our work. First, Jaeger

and Fahrig (2004) showed how dispersal behavior is a

determining parameter for survival in a habitat

crossed by roads. Specifically, they concluded that,

for a population to survive, its individuals had to

disperse less to minimize the road-induced mortality,

but noticed that such behavioral ‘‘adaptation’’ could

be detrimental since it induces population’ isolation

(Seiler 2001; van der Grift et al. 2003; Ford and

Fahrig 2008) and consequent lack of genetic diversity

(Epps et al. 2005). Second, Jaeger et al. (2005)

studied the impact of different road networks on the

persistence of populations and illustrated that the

probability of survival was higher for a population in

a landscape with perpendicular roads than one with

parallel roads. Specifically, in perpendicular networks

the level of fragmentation is higher, yet the shape of

the patches induces less road encounter hence lower

road mortality.

In this paper, we took one step further in the study

of perpendicular road networks by investigating

which of its characteristics would be compatible with

the persistence of populations. Here, instead of an

individual-based model, we explore an analytical and

computational approach using Skellam (1951) and

Kierstead and Slobodkin (1953) model (hereafter only

Skellam’s model) to predict the impact of a road

network on a population characterized by dispersal

variance, r2, growth rate in its natural habitat, r1, and

survival on roads specified by a (negative) growth

rate, r0. This model has been intensively studied

previously (e.g. Pereira et al. 2004; Cosner 2008). One

of the advantages of adopting an analytical approach

is that it provides a set of simple equations that allows

a first approximation to the assessment of a popula-

tion’s persistence in a landscape fragmented by roads.

Our strategy is to study cases of increasing

complexity (Table 1). Case 1 considers only the

density of roads, without their spatial location, our

main purpose being to show its limitations. Case 2

treats the location of the roads explicitly, but its

analytical solution is only possible when we assume

that animals always die when crossing roads (r0 =

-?) and that their growth in the natural habitat is

exponential. Still, it provides important insights to the

following questions: How does the shape and distance

between roads influence the population’s dynamics,

and how long does it take for a road network to impact

wild populations? Case 3 relaxes the assumption of

infinite r0 and assumes logistic growth on non-road

habitat. The down side of increasing realism is that we

have to resort to numerical approximations of Skel-

lam’s model of partial differential equations. This

numerical approach shows the limitations of case 1

(large dispersal and carrying capacity), replicates the

results obtained with case 2 (lethal roads), and allows
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the study of analytically intractable cases. Finally,

case 4 builds on case 3 to simulate fences, a mitigation

measure widely used due to its low cost and easy

implementation. Here we will pay special attention to

how different fence layouts, when these only cover a

fraction of the roads, affect the survival of a popula-

tion and the resulting density spatial patterns.

The model

Consider a population inhabiting an infinite landscape

consisting of patches surrounded by roads (Fig. 1).

Roads are unfavorable habitats where the population

has a negative growth rate, r0, and patches are natural

habitat where the population has positive growth rate,

r1. The dispersal distance of the population is described

by its dispersal variance, r2. Our starting point is a

reaction–diffusion equation (e.g., Skellam 1951)

describing the population dynamics and dispersal

where N(x,y,t) is the population density on location

(x,y) at time t, and K the carrying capacity; the

symbol r2 stands for ( q 2/ q x2 ? q 2/ q y2). The

first term on the right-hand side of Eq. 1 describes the

changes in time and space of the density of a

population on the basis of its dispersal distance

(assuming it to be Gaussian). The second term on the

top branch corresponds to logistic growth (outside

roads) and in the bottom branch corresponds to

exponential decay (on roads) because r0 \ 0.

Case 1: very large dispersal and carrying capacity

Here we assume exponential growth, K ? ?, so we

ignore the term (1 - N(x,y,t)/K) in the top branch of

Eq. 1, and ignore the spatial location of the roads

(r2 ? ?,), considering only road density, h. In

Supplemental Information we derive a condition for

the critical road density, that is, the maximum road

density above which the population goes extinct,

which is

hcrit ¼
r1

r1 þ r0j j
: ð2Þ

Notice that Eq. 2 assumes that density is calcu-

lated as the ratio of two areas and, hence, it is a

dimensionless quantity.

Equation 2 offers an easy rule of thumb to

estimate the maximum road density on the basis of

the population growth rate and mortality on the roads.

However, as we discuss in Supplemental Information,

Eq. 2 was obtained using a sufficient condition,

therefore it is possible that even when h [ hcrit the

population may persist and, therefore, in some cases

Table 1 Summary of the main features of the four cases analyzed in this study

Case Description Spatial analysis Growth (on natural

patches)/main

parameters

Roads Survival of the

population depends on

1 Very large dispersal

and carrying capacity

Analytical and spatially

implicit

Exponential/r1, r0 Non lethal Road density (h)

2 Road crossing is

always lethal

Analytical and spatially

explicit

Exponential/r1, r2 Lethal (r0 = -?) Min distance between

roads (Lm)

3 Non-lethal roads Numerical and spatially

explicit

Logistic/r1, r0, r2 Non lethal Min distance between

roads (Lm)

4 Road mortality mitigation

using fences

Numerical and spatially

explicit

Logistic/r1, r2 Lethal (r0 = -?) Permeability (f),

layout of fences

r0 and r1 are growth rates, r2 is the dispersal variance

oNðx; y; tÞ
ot

¼
r2

2
r2Nðx; y; tÞ þ r1Nðx; y; tÞ 1� Nðx;y;tÞ

K

� �
if ðx; yÞ 62 road

r2

2
r2Nðx; y; tÞ þ r0Nðx; y; tÞ if ðx; yÞ 2 road

(
; ð1Þ
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hcrit may underestimate the maximum possible road

density for a population to persist. In addition,

anticipating the comparison with the next cases,

notice that Eq. 2 was derived assuming that

r2 = ?, whereas next models show that r2 is an

important parameter for predicting the survival of a

population.

Case 2: road crossing is always lethal

Here we consider the location of the roads explicitly,

assuming their spatial configuration to be that of a

grid, as depicted in Fig. 1, and we explore square and

rectangular shapes. For analytical tractability, we

assume infinite carrying capacity and that all indi-

viduals die when crossing a road, hence r0 = -?.

The analytical solution can be found in Supplemental

Information. Here, the important result is the mini-

mum size of the smallest side of a patch of

rectangular shape (i.e., the smallest distance between

roads), Lm, such that the population remains constant

or increases:

Lm ¼ p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

2r1

1þ 1

a2

� �s
; ð3Þ

where a C 1 is the ratio of the largest to the smallest

side. In the case of a square a = 1, and

Lm ¼ p

ffiffiffiffiffi
r2

r1

s
: ð4Þ

Equations 3 and 4 show two important features.

First, the minimum size Lm required for a population

to survive increases with the dispersal variance, r2,

and, second, Lm decreases with the growth rate, r1.

We can understand the first feature by observing that

individuals of a more mobile species, corresponding

to larger r2, have a higher probability of reaching a

road, hence of dying; Fig. 2a shows the dependence

of Lm on r2, for constant r1, assuming square patches.

We can understand the second feature by realizing

that for two species with the same r2, the one with the

highest growth rate can compensate for higher

mortality on the roads; Fig. 2b shows the dependence

of Lm on r1, for constant r2, assuming square patches.

Notice, however, that both relationships are non-

linear: Lm increases slowly when the dispersal

distance increases (Fig. 2a) and Lm decreases fast

when the growth rate increases (Fig. 2b).

Equations 3 and 4 also show how shape influences

minimum patch size. Specifically, they show that for

the same area a population inhabiting a rectangle

needs to have a smaller ratio r2/r1 than one in a

square. One could argue that this happens because for

the same area a rectangle has a larger perimeter than

a square, hence a larger contact region with roads.

However, one should be careful with an explanation

based on the perimeter-to-area ratio. In general, what

matters is the size of the core area of the patch, with

core area roughly defined as the area at a certain

distance from the border (e.g., Fagan et al. 1999;

Cantrell and Cosner 2003). So, for example, a patch

with a very wriggled boundary, and therefore a large

perimeter-to-area ratio, would have the same r2/r1

threshold as a patch with a smooth boundary, as long

as they have equal core areas (see, for example,

Fig. 1 of Fagan et al. 1999). Using the rough

definition of core area given above, one can see that

the reason why a rectangle requires a smaller r2/r1

Fig. 1 Location of the roads on the landscape, where Lx and Ly

are the distances between roads along the x and y axes,

respectively, with Ly = aLx and a C 1. We assume periodical

boundary conditions, that is, an individual leaving from the left

(right) hand side reenters from the right (left) hand side, and

one leaving from the top (bottom) reenters at the bottom (top).

To guarantee that all patches have the same size when

connected, the ones on the border have widths Lx/2 and Ly/2
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than a square of the same area is because the former

has a smaller core area.

With the present model we can also determine the

time to extinction of a population in a nonviable

patch, that is, one with area, A, smaller than that of

the minimum patch size, Am. However, instead of

using the total time to extinction, we will use the

relaxation time, trel, defined as the time a population

takes to reach 1/e of its original size, because it

obviates the need to define the density threshold

below which the population is extinct, which can be

different for different populations. Counting from the

moment roads were built, t = 0, the time the

population takes to reach 1/e of its original abun-

dance is (see Supplemental Information)

trel ¼
1

r2

2
k2 � r1

; ð5Þ

where k2 = p2/L2 ? p2/(aL)2. trel is shown in Fig. 3

for different values of L \ Lm assuming a square

patch.

As expected, the larger the size of the plot the

longer it takes for the population to reach 1/e of its

initial size. We will return to the relaxation time

when r0 = -? in case 3.

Case 3: Non-lethal roads

We now combine (i) explicit spatial location of the

roads, (ii) mortality different from 100% on roads, and

(iii) logistic growth outside roads. Under these

assumptions the analytical solution of the model is no

longer possible, thus we use a numerical approach to

obtain its equilibrium solution by transforming

the differential equations into difference equations

using Euler’s explicit method (see Supplemental

Information).

We now consider the population density in a finite

number of cells in a two dimensional grid. It is worth

presenting Eq. 1 in the difference equations form

under the new assumptions because it will give us

further insights on the processes that it describes. We

have
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Fig. 2 Minimum distance

between roads, Lm, that

allows a population to

persist, as a function of the

dispersal distance, r2/2, plot

(a), and as a function of the

growth rate, r1, plot (b), for

square patches, a = 1. Plot

(a) was obtained with

r1 = 0.01, plot (b) with r2/

2 = 0.02; arbitrary units

Fig. 3 Relaxation time, trel, for nonviable populations as a

function of the patch size, L \ Lm, on the basis of Eq. 5,

continuous line, and numerical calculations using Eq. 6

assuming exponential and logistic growth. The parameters

used were r1 = 0.01, r0 = 0.01 and r2/2 = 0.18; arbitrary

units
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where ni,j,t is the density of the population in cell (i,

j) at time t, with i = 1,…,I, j = 1,…,J, and t =

1,…,T. Equation 6 can be interpreted as follows (and

see Fig. 4 for a schematic representation): The

density at time t ? 1, ni,j,t?1, is equal to the density

at time t, ni,j,t, plus the term r2

2
ðni�1;j;t þ niþ1;j;tþ

ni;j�1;t þ ni;jþ1;tÞ, which is the contribution from the

four adjacent cells (since the population has the same

dispersal variance independently of the cell, r2

2
is the

same for all), minus the term 4r2

2
ni;j;t, which is the

fraction lost to the four adjacent cells, plus the term

r1ni,j,t(1 - ni,j,t/K), which corresponds to the logistic

growth in the cells, or the term r0ni,j,t, which

corresponds to the mortality on roads.

The computation region consists of a grid with

I 9 J cells with the road configuration of Fig. 1. We

assume periodic boundary conditions; hence, to

ensure that all patches have the same shape and size

in the (infinite) periodic landscape, the roads are

located at � and � of the sides of the plot. For the

population density initial condition we choose it to be

uniformly distributed on the grid; in the majority of

the cases we used ni,j,0 = 1, but when studying time

to extinction we used ni,j,0 = K, the carrying capac-

ity. In Supplemental Information we discuss the

domain of stability of the solutions of Eq. 6.

We now use numerical solutions of Eq. 6 to

replicate the previous results and extend the analyses

to situations where analytic results are unattainable.

We start by comparing the critical road density, hcrit,

obtained with Eq. 2 and numerical calculations when

we change the road mortality, r0. Figure 5 shows

examples of good and poor agreement between the

results of numerical calculations and those of Eq. 2,

the former occurring for larger r2 and the latter for

smaller r2, revealing that when individuals are not

very mobile, not only road density is important but

Fig. 4 The plot on the top

right of the figure shows the

landscape from where 5

cells were highlighted to

illustrate the geometrical

interpretation of Eq. 6. This

scheme represents the

dynamics of the population

in the cell (i,j) for each time

step. The part of Eq. 6

representing the temporal

dynamics depends on

whether the cell is a road

(r0nt,i,j) or not (r1nt,i,j(1 -

nt,i,j/K))

ni;j;tþ1 ¼
ni;j;t þ r2

2
ðni�1;j;t þ niþ1;j;t þ ni;j�1;t þ ni;jþ1;tÞ � 4r2

2
ni;j;t þ r1ni;j;tð1� ni;j;t=KÞ if ði; jÞ 62 road

ni;j;t þ r2

2
ðni�1;j;t þ niþ1;j;t þ ni;j�1;t þ ni;jþ1;tÞ � 4r2

2
ni;j;t þ r0ni;j;t if ði; jÞ 2 road

(

ð6Þ
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also their layout. Our conclusion is that, although

Eq. 2 provides an easy rule of thumb to assess the

viability of a population on the basis of growth rates

and road density, it is only a first approximation (see

also the ‘‘Discussion’’ section and Supplemental

Information).

Figure 5 also illustrates two important aspects

determining the persistence of a population. First, a

decrease in the mean dispersal distance leads to an

increase in critical road density, because contact with

roads is reduced, as discussed previously. Second, as

expected, when road mortality increases (r0

decreases) the critical road density decreases, that

is, for a population to survive an increase in road

mortality requires a decrease in the road area.

Comparing now the results for non-lethal roads

with those of lethal roads (case 2), we return to the

question of the minimum patch size. Figure 2 shows,

in addition to full mortality, r0 = -?, the results

obtained for finite r0, which are not possible with case

2. The curves obtained with numerical calculations

are stepwise because of the discrete nature of the

possible values of Lm. Nevertheless, there is an

excellent agreement between the results of the

calculations when r0 = -? and the predictions of

Eq. 4. The results obtained with numerical solutions

for finite r0 show, as expected, that a decrease in the

mortality on the roads (smaller |r0|) reduces the value

of the minimum patch size, Lm.

Continuing the comparison with lethal roads, case

2, we consider now the decaying times for non-

viable populations. Starting with exponential decay,

Fig. 3 shows an excellent agreement between the

results of the simulations with those of Eq. 5. When

we consider logistic growth, which is not possible

with case 2, the time it takes to reach 1/e depends

on the original size of the population, contrarily to

what happens to exponential decay. Here we assume

that the population has initial size equal to its

carrying capacity, K. Observe from Fig. 3 that the

relaxation time is now much shorter, as expected,

because logistic growth, being smaller than expo-

nential growth, leads to a faster decay of the

population. Notice that if the original size of the

population had been small, in the regime where

logistic growth (or decay) is almost exponential, the

results would have been similar to those predicted

by Eq. 5.

Before proceeding, we would like to compare the

prediction obtained from cases 2 and 3 with the

estimates for maximum road density for wolves of

Mech et al. (1988), Mladenoff et al. (1999) and

Whittington et al. (2005). These authors estimated

that the critical road density for wolves is between

0.36 and 1 km/km2. We do not have estimates for

r2 or r1 for wolves, so we used the values listed for

coyotes by Pereira and Daily (2006): r2 = 133 km2/

year and r1 = 0.88/year. If we assume square

patches, application of Eq. 4 gives Lm = 38.62 km.

If we use road density, as it is usually expressed in

km/km2, then we obtain for a portion of the

landscape like that of Fig. 1, 8Lm/(4Lm
2 ) =

0.051 km/km2. This value is much smaller than

the estimates given above, but it is not unexpected,

because Eq. 4 assumes that all animals die on roads,

a clearly unrealistic assumption for wolves. In order

to use the more realistic case 3 (non-lethal roads)

we need a value for r0. Again we use the value

listed in Pereira and Daily (2006) for coyotes in an

entire region of unfavorable habitat, r0 = -0.1/year,

based on natural mortality and zero birth rates. In

roads the assumption of zero birth is reasonable, but

mortality is likely to be much larger, hence we

assume it to be one order of magnitude larger,

r0 = -1.0/year. If we use the values provided by

Pereira and Daily (2006), r2/r1 = 133/0.88 km, then

we obtain Lm = 4 km, or a road density of

*0.36 km/km2. We recognize that our calculations

-0.010 -0.008 -0.006 -0.004 -0.002

0.
4

0.
5

0.
6

0.
7

0.
8

r0

h
c

ri
t

Eq. 2
2 2 = 0.2
2 2 = 0.02

Fig. 5 Comparison of the results obtained with numerical

calculations (case 3) and those predicted by Eq. 2 (case 1).

Notice the reasonable fit for the largest r2/2 = 0.2 and the poor

fit for the smallest r2/2 = 0.02. We used r1 = 0.005; arbitrary

units
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are crude, but their similarity to that of the estimates

on the basis of empirical studies is nevertheless

remarkable.

Case 4: road mortality mitigation using fences

We now use the theoretical results of case 2 (lethal

roads) and the framework provided by case 3 (non-

lethal roads) to explore how fences can allow a

population to survive in an otherwise nonviable

patch.

Equations 1 and 6 were derived under the assump-

tion that individuals have equal probability of moving

in all directions with a specified average speed

(unbiased Brownian motion). The presence of a fence

reduces, or eliminates, movement along one or more

directions, therefore, we have a biased random walk.

Biased movement across a boundary has been studied

by several authors (e.g., Cantrell and Cosner 1999;

Ovaskainen and Cornell 2003; Pereira et al. 2004). If

a fence is permeable, that is, if it allows some animals

to go through, the value of r2 between the road cell

and the habitat cell is reduced by a factor f \ 1,

r2* = (1 - f)r2. In the extreme case of f = 0, the

fences are nonexistent, and in the extreme case of

f = 1 fences completely block access to roads, and

r2* = 0. In addition to varying the permeability of

the fences, we also consider how much of the

perimeter of a patch must be fenced so that a

population can persist. When fences cover only part

of the road we study the effectiveness of different

fence layouts; the inset plots in Fig. 6 show the

different fence layouts studied, that we called ‘‘alter-

nate’’, Fig 6b, and ‘‘geometries 1,2,3, and 4’’, plots

Fig. 6c–f. This choice of different layouts is not

meant to be exhaustive, but simply to illustrate that

they have different consequences for a population’s

persistence.

To study how fences may rescue a population in a

nonviable fragment we calculated, first, the minimum

patch size, Lm, for given values of r2 and r1 using

Eq. 4 (assuming square patches) and, then, we

simulated the presence of fences in patches with

L \ Lm. When fences have permeability, f, different

from 1 we assume that the roads are completely

fenced, and the question is: what is the value of

f above which the population survives? When we

study different layouts, we assume f = 1, that is, no

animals can go through the fences, and the question

is: what percentage of the roads’ perimeter should be

fenced so that the population survives? Not having

the perimeter fully fenced is important for, at least,

two reasons. First, it reduces costs and, second, and

more importantly, it allows the movement of animals

between patches, eventually rescuing the population

in regions where it has become extinct, and, reducing

genetic isolation.

Figures 6 and 7 show the results of the simula-

tions, where the darkest regions correspond to low

densities and the lightest ones to high densities.

Notice that, not unexpectedly, the alternate layout,

plot 6 (b), leads to a spatial pattern of the population

density very similar to that of a permeable fence, plot

6 (a). This result was expected because we can

interpret a permeable fence as limiting case of an

alternate layout. The similarities between these two

cases can also be seen in Fig. 7, where the curves for

the fraction of fenced perimeter and the value of the

permeability, f, are almost identical. However, as

plots 6 (a) and 6 (b) show, the alternate layout allows

for much larger population densities.

Observe from Fig. 7 that different layouts require

different fractions of fenced perimeter. Among the

layouts studied the most efficient is the one labeled

‘‘geometry 4’’, plot 6 (f), where fences are located at

equal distance from road intersections. ‘‘Geometry

1’’, plot 6 (c), leads to a spatial pattern similar to that

of ‘‘geometry 3’’, but without population extinction in

some patches. In fact, plot 6 (e), geometry 3, shows

that the population can go extinct in some patches

and survive in others. What happens in this case is

that fences are connected on some corners, forming a

larger contiguous fence for some patches, but not for

others. Recall that this result was obtained assuming

that roads are lethal (r0 = -?). If a percentage of

animals survives when crossing roads, then for some

finite values of r0 the population will be present in all

patches, but with lower density in the patches where

it previously went extinct. What is happening now is

Fig. 6 Population density for different fences’ layouts; the

inset plots show the spatial arrangement of the fences. These

plots correspond to the minimum fences permeability, plot (a),

or minimum perimeter fenced required for a population to

survive in an otherwise square patch of nonviable size L = 16

when Lm *19; the parameters used in the simulation were

r1 = 0.01, r0 = -? and r2/2 = 0.19; arbitrary units. Notice

that the different fences’ geometries lead to very different

densities. Interestingly, one fence layout, plot (e), leads to the

extinction of the population in some patches but not in others

c
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that growth in the previously non-viable patches

compensates for the mortality in the roads, and some

individuals can disperse from the viable to the non-

viable patches.

Discussion

Roads represent a permanent modification of the

landscape that threatens the existing habitat and the

populations depending on it. In this study, we used an

analytical model to assess the impact of a road

network on a population and possible mitigation

measures using fences. Our model is part of a larger

class of models dealing with edge-mediated effects,

where the focus is on how edges alter ecological

processes and not so much on edge related patterns

themselves (Fagan et al. 1999). In our study roads

were the edges, and we were particularly interested in

how roads interact with the dispersal ability of a

population. In our models we assumed that

individuals disperse equally in all directions, except

when we considered fences, which acted as reflecting

boundaries. However, we know, thanks to empirical

studies, that some species exhibit preferential direc-

tions, for example, by avoiding roads (e.g. Shepard

et al. 2008). Incorporation of bias movement, that is,

preferential movement in some directions, at a

boundary, is, in principle, possible using the frame-

work provided by Eq. 6. There have also been

analytic approaches dealing with biased movement

(Cantrell and Cosner 1999; Ovaskainen and Cornell

2003; Pereira et al. 2004) and these can in the future

be incorporated in studies assessing the impact of

roads in populations. One of us, Navarro (unpub-

lished data), performed computer simulations of

biased and non-biased movement in a highly frag-

mented landscape and showed that populations

exhibiting preferential movement towards a better

habitat attain higher population densities. We expect

a similar trend if we apply the same techniques to a

landscape with a road network, but it is outside the

scope of this work.

Table 1 summarizes the 4 variations of the model

studied. Case 1, though simple because it depends

only on road density, without requiring knowledge of

the spatial layout of the roads, gave very different

results from those obtained with the more realistic

case 3. Specifically, we found that case 1 only gave

good results when dispersal variance, r2, was large.

This is not to say that road density is not an important

aspect to take into consideration. For instance, Vos

and Chardon (1998) found a negative correlation

between road density and pond occupancy of a moor

frog (Rana arvalis) population. What our work

highlights is that the spatial arrangement of the roads

and the shape of the patches are also important.

Cases 2 and 3 considered explicitly the spatial

layout of the roads. We emphasize two results from

case 2 (lethal roads). The first is that there is a

negative relationship between diffusion and popula-

tion persistence (Eqs. 3 and 4). This supports Jaeger

and Fahrig (2004)’s simulation results that increased

mobility is detrimental and agrees with empirical

studies that showed that road mortality affects

primarily those species that show the highest mobility

patterns (Bonnet et al. 1999; Carr and Fahrig 2001;

Gibbs and Shriver 2002), or those individuals at life

stages that require larger mobility such as when

dispersing or breeding (Seiler 2001; Clevenger et al.

Fig. 7 Minimum fraction of fenced perimeter or maximum

permeability, f, of the fence such that a population can survive

in a square patch of size L smaller than the minimum viable

size Lm *19 of an unfenced patch (arbitrary units). When

fences are permeable we assume that roads are completely

fenced. The geometries are those depicted in the insets in

Fig. 6. As expected, the smaller the size of the patch, the larger

f or the percentage of fenced perimeter required. Notice,

however, that some geometries require less fenced area for the

same patch size L. The parameters used in the numerical

calculations were r1 = 0.01, r0 = -? and r2/2 = 0.19;

arbitrary units
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2003; Saeki and MacDonald 2004; Dodd et al. 2005;

Grilo et al. 2009). The second result is that the total

patch area is not enough to determine the impact of

roads on the survival of the population: the shape of a

patch also plays an important role. We exemplified

the importance of shape using square and rectangular

patches and showed that the former are to be

preferred. When we extended this analysis to finite

values of r0, we observed that decreasing road

mortality leads to smaller minimum patch sizes,

which, from a practical perspective, means that

taking measures to reduce road-kills, such as, traffic

or speed limitation, can be the first step towards

efficient mitigation strategies (van Langevelde and

Jaarsma 2004).

We expect a time lag between the construction of

roads and observable effects on local populations

(e.g., Findlay and Bourdages 2000; Freitas et al.

2010). Using case 2 (lethal roads) we derived an

expression, Eq. 5, that estimates the relaxation time

for a population in a patch smaller than the required

minimum area for survival.

In case 4 we studied the use of fences. Fences are a

cost-effective mitigation measure provided that the

wild population does not show any systematic road

avoidance behavior and that traffic mortality is high

enough to jeopardize the population’s persistence

(Jaeger and Fahrig 2004). However, the role of fences

may be detrimental because they increase a popula-

tion’s isolation, and we know from the studies by

Casagrandi and Gatto (1999) and Gavinho (2008) that

some dispersal is better than no dispersal in a

metapopulation; notice, however, for the majority of

the parameter space the deterministic disadvantages

of dispersal dominate, and the probability of extinc-

tion increases with dispersal. Therefore, a fully

fenced road network is not the best approach and

we studied the fraction of a patch perimeter that

should be fenced so that the population can persist.

From a practical perspective, probably the most

important result of our models is that some spatial

arrangements of fences are more efficient (measured

by the total fenced perimeter required) at maintaining

a population in an otherwise non-viable patch

(Fig. 6). For example, we found that an alternate

layout for fences is less efficient than a continuous

one (Fig. 7). This result concurs with an empirical

study of spatial patterns of road kills conducted by

Malo et al. (2004) who found that collision rates were

higher when guardrails were intermittent in compar-

ison to areas with continuous guardrails. Importantly,

as well, we found that some fence layouts (geome-

tries 1 and 3, Fig. 6c, e) create regions characterized

by high population densities, and one configuration

(geometry 3, Fig. 6e) may lead to the extinction of the

population in some patches. An important message is

that the layout of the fences, and not only the total of

the fenced perimeter, has implications for the spatial

patterns of the populations.

In this study we considered the use of fences to

rescue populations that, otherwise, would have

become extinct. This is not to say that there are no

negative effects associated with fences, such as, for

example, increased population isolation. There are

also other mitigation measures, such as, underpasses,

tunnels and culverts, that do not lead to the isolation

of populations and that can be used together with, or

instead of, fences. Our model can be extended to

study the implementation of these mitigation mea-

sures, such as their best locations and geometries. We

intend to address these matters in future work.
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