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Abstract: Roads act as barriers to animal movement, thereby reducing the accessibility of resources on the other side

of the road. Roads also increase wildlife mortality due to collisions with vehicles, and reduce the amount and quality of
habitat. The purpose of this study was (1) to determine whether or not the configuration of road networks has an influence on the degree to which roads detrimentally affect wildlife populations and (2) to identify characteristics of road
network configurations that make road networks less detrimental to the persistence of animal populations. To explore
these questions, we used a spatially explicit individual-based stochastic-simulation model of population dynamics.
A measure assumed to reduce the effects of the road network is the bundling of roads and traffic in order to keep
as large areas as possible free from disturbances due to traffic. However, the suitability of this measure may be
questionable because a group of several roads bundled together, or an upgraded road with more traffic on it, creates
a stronger overall barrier effect that may be more detrimental to population persistence than the even distribution of
roads across the landscape. Our modelling results clearly supported the bundling concept. Population persistence was
generally better (and never lower) when all traffic was put on one road than when it was distributed on several roads
across the landscape. If traffic cannot be combined on one road, the model results suggested it is better to bundle the
roads close together than to distribute them evenly across the landscape.
We also were interested in the question of whether the effect of a road network was determined by the number and
size of the pieces (“patches”) that it fragments a landscape into or by the total length of roads in the landscape. We
expected that the effect of a road network would be the more detrimental the more patches it creates. The results
were surprising: The expectation that fragmenting the landscape into more patches would be more harmful to population persistence (while total road length is kept constant) was contradicted by the model results in the case where the
degree of road avoidance by the animals was low. This implies that for animals that do not very strongly avoid roads, it
is more important to preserve core habitats at a sufficient distance from roads than to keep the number of patches low.
Our results are an important step towards a network theory for road ecology and towards the design of lessdetrimental road networks. Empirical studies comparing landscapes with differing road network configurations should
be conducted in the future to validate the predictions and to provide a basis for developing more practical models for
use in planning and designing of highway networks.
Keywords: barrier effect, bundling of roads, core habitat, landscape connectivity, landscape fragmentation, population
viability analysis (PVA), road avoidance, road configuration, roads, spatially explicit population model (SEPM), traffic
mortality.

Introduction
Road construction is a major driving force of landscape change almost everywhere in the world today. However,
the increase of landscape fragmentation due to transportation infrastructure has a number of undesirable effects
on wildlife (Forman et al. 2003). Noss (1993) alleges that roads may be the single most destructive element in the
process of habitat fragmentation and pose a major threat to many species. The ecological effects of roads have been
considered the “sleeping giant of conservation ecology” (Forman and Alexander 1998). Therefore, there is growing
concern about these effects among traffic planners, landscape planners, wildlife biologists, and others involved in the
decision-making process about the construction of new roads (Jaeger 2001, 2002; Forman et al. 2003).
The two main ways roads detrimentally affect wildlife populations are by increasing mortality due to collisions with
vehicles and by acting as barriers to animal movement, thus effectively fragmenting habitat. They also reduce
the amount of habitat and the quality of habitats adjacent to the roads (figure 1). The same amount of traffic can
be accommodated by different road networks. Therefore, we asked whether the configuration of the roads, while
total length of the roads is held constant, is likely to affect the degree to which roads detrimentally affect animal
populations. As the amount of habitat lost due to road construction is relatively small, we focussed on the effects of
traffic mortality and habitat subdivision on population persistence.
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The effects of roads are expected to depend on animal behavior at the roads. Many studies have documented absolute
numbers of animals killed by vehicles (e.g., Stoner 1925, Knutson 1987, Trombulak and Frissell 2000) and several
have estimated the proportion of animals killed in relation to overall mortality (otters Lutra lutra, Hauer et al. 2002;
European badger Meles meles, Clarke et al. 1998; hedgehogs Erinaceus europaeus, Huijser and Bergers 2000; gray
wolves Canis lupus, Paquet et al. 1996, Callaghan 2002). Gibbs and Shriver (2002) showed that road mortality may
contribute significantly to widespread population declines in turtles in the United States. Hebblewhite et al. (2003)
concluded that the black bear population in Banff National Park (Canada) has been declining since 1994; 36 percent
of all mortality was highway mortality. Van der Zee et al. (1992) demonstrated that the increasing number of roads was
most closely related to the decline of the badger in the Netherlands.
The number of animals killed by traffic depends not only on how often animals encounter roads, but also on their
behavior at the roads. How often roads are encountered depends on the configuration of the landscape and on the
movement behavior of the species. We characterize the behavior of animals at roads by the degree to which an animal
that encounters a road does not attempt to cross it (e.g., Oxley 1974; Wilkins 1982; Mader 1984; Clarke et al. 1998).
We call this behavior “road avoidance” (figure 2). If the animals avoid the road entirely, there is no traffic mortality,
but the population is entirely separated into smaller subpopulations, each of which will have a higher extinction risk.
Recolonization of local extinctions will not be possible, ultimately leading to extinction of the whole population. In
some situations, this effect of road avoidance may be even more harmful than the mortality due to vehicle collisions.
Therefore, if the animals strongly avoid the roads, traffic mortality is expected to be low and the effect of habitat
fragmentation is expected to be more important (Jaeger and Fahrig 2004a, Jaeger et al. 2005).
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Figure 1. The four impacts of roads and traffic on the persistence of wildlife populations. Both traffic mortality
and road avoidance contribute to population subdivision and isolation (modified after Jaeger et al. 2005).
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Figure 2. Illustration of road avoidance (AVOID) and the probability of animals killed on the road (KILL). The two
variables are specified independently of each other; their ranges are from 0 to 1. Barrier strength, B, comprises
both effects, B = 1 – SUCCESS = 1 – (1 – AVOID)(1 – KILL).

The purpose of this study was (1) to determine whether or not the configuration of road networks has an influence on
the degree to which roads detrimentally affect wildlife populations and (2) to identify characteristics of road-network
configurations that make road networks less detrimental to the persistence of animal populations. To investigate these
questions, we used a spatially explicit individual-based simulation model of population dynamics.
One approach to reduce traffic impacts is to keep as large areas as possible free from disturbances due to traffic. The
combination of traffic rather than spreading it out across the entire landscape can be done in two ways: (1) avoiding
the construction of new roads by upgrading of existing roads (“Ausbau vor Neubau”) and (2) placing unavoidable new
roads as close as possible to existing infrastructure, e.g., other roads, railways, canals (“Verkehrsbündelung”).
Accordingly, traffic planners and nature conservationists in Germany and Switzerland have proposed and used these
two ideas as principles to guide road construction since the 1970s. However, the suitability of this approach may be
questionable because a group of several roads bundled together or an upgraded road with more traffic on it creates a
stronger overall barrier effect that may be even more harmful to population persistence than the even distribution of
roads across the landscape. The effectiveness of the two principles for population persistence has never been tested
and there is no direct empirical evidence so far that supports these principles or their criticism.
We also were interested in the question of whether the effect of a road network is determined rather by the number
and size of the pieces (“patches”) that it fragments a landscape into or by the total length of roads in the landscape.
We expected that the effect of a road network generally is that the more patches it creates, the more detrimental the
road network is (while total road length is kept constant).
We therefore compared two groups of networks: (1) roads that were evenly distributed across the landscape versus
roads that were bundled together in one part of the landscape (close to each other or combining all traffic on one
larger road) and (2) a parallel pattern of roads versus a gridded pattern (where the patches or “meshes” form a
checkerboard). We recorded persistence probability, times to extinction, and critical road densities, i.e., the density of
roads where the probability of population persistence is reduced to 0.5. We discuss our results in the context of road
planning decisions and potential mitigation measures.
Methods
We used a stochastic, spatially explicit, individual-based model of population dynamics (Fahrig 1997), which we
extended to include roads (Jaeger and Fahrig 2004a, 2004b). The model included three subroutines (for movement,
reproduction, and mortality) applied in random order to each individual in each time step. Animals moved on a grid
of habitat cells with a given probability: in a straight line to a distance between 0 and a maximum and with an angle
between 0 and 360º, chosen randomly. The number of offspring was randomly selected from a Poisson distribution.
Mortality was a simple probability. The model was density independent, with the exception that there was a maximum
number of individuals permitted per cell. When this maximum was exceeded, the cell population size was reduced to
the maximum by random killing of individuals. The model did not include environmental stochasticity or genetic effects.
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We used two variables to describe road avoidance and traffic mortality: AVOID for the degree of road avoidance (i.e.,
the probability of an animal avoiding the road when encountering it) and KILL for the probability of an animal being
killed on the road, given that it attempted to cross (figure 2). Both variables ranged from 0 to 1. Barrier strength (i.e.,
the combination of these effects), BARRIER, also ranged from 0 to 1: BARRIER = 1 – (1 – AVOID)(1 – KILL).
If, on encountering a road, an individual decided not to attempt to cross the road, it moved a second step away from
the road for the remainder of its movement distance, with an angle corresponding to a reflection of its path at the road
(figure 3). Animals that encountered the edge of the grid were reflected back onto it.
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Figure 3. Illustration of the four types of movement of the individuals in the spatially explicit individual-based
stochastic-simulation model (for a grid of 4 x 4 cells).

The values of the other parameters used in the simulations are given in Table 1. The demographic parameters were
chosen to represent a species with no extinction risk when there was only one road present regardless of the values of
AVOID and KILL , because we were interested in the full range of road effects.
Table 1. Parameter values used in the simulation experiments.
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��� After each model run, we recorded the number of individuals
We conducted 500 runs for each parameter combination.

remaining and the time to extinction if the population went extinct. We calculated persistence probability as the proportion of the 500 populations that survived for 1,000 time steps.
In the first set of simulations, we increased the number of roads and the number of patches using two different series
of road patterns (figure 4). In the first series, all roads were equidistant and parallel to each other (patch number
increased proportional to the number of roads); in the second, the roads formed a grid pattern and patch number
increased as n = (L/2 + 1)2 where L is the number of roads. The roads were assumed to be between the cells of the
grid and did not lead to habitat loss, i.e., all cells were habitat cells for all road patterns. We varied both road avoidance, AVOID, and traffic mortality, KILL, independently between 0 and 1. We recorded the probability of population
persistence for these series. We then compared persistence probability of patterns with the same road length but
different numbers of patches, and also of patterns with the same number of patches but different road length.
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Figure 4. Comparison of two road network configurations (gridded pattern vs. parallel configuration of the roads).
The roads (black lines) are between the cells of the model (cells are indicated by the grey lines). (A) Comparing
configurations with the same number of roads (L = 4) and a smaller number of patches; (B) comparing configurations with the same number of patches (n = 9) and an increased number of roads.
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In the second set of simulation runs, we used three different road configurations where total traffic volume was the
same (figure 5): evenly distributed versus close together versus all traffic combined on one road. Consequently, the
number and size of the habitat patches differed among the three configurations.
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Figure 5: Comparison of three road network configurations (bundled versus evenly distributed). The roads (black
lines) are between the cells of the model (cells are indicated by the grey lines). Total traffic amount is the same
in all three situations shown. (A) Comparing configurations with two evenly distributed roads and all traffic on one
large road and (B) comparing configurations with two evenly distributed roads and two roads located close to
each other.

Results
Both extinctions and recolonizations of empty patches by individuals moving across a road occurred in the simulations
when AVOID < 1. Road configuration clearly had an influence on population persistence.
Comparison of parallel pattern with gridded pattern
For constant degree of road avoidance, the probability of population persistence decreased as a function of increasing traffic mortality (figure 6). For constant traffic mortality, the probability of population persistence increased as a
function of increasing road avoidance, AVOID, at least as long as road avoidance was below 0.9 (figure 7). For very high
values of AVOID (i.e., > 0.9), population persistence decreased (figure 7).
In contradiction to our expectation that increasing the number of patches would always reduce population persistence,
the effect of the crossed road patterns was in most cases less detrimental than the effect of the parallel road patterns
(figures 6 and 7) when AVOID was less than 0.7, even though the number of patches in the crossed road pattern was
higher than in the parallel road pattern. However, the two lines intersected at some degree of road avoidance which
implied that, for higher values of AVOID, the impact of the crossed road pattern was more severe than the impact of the
parallel road pattern (figure 7), which was in correspondence with out expectation.
A parallel road pattern with higher number of roads, while patch number was constant, always resulted in a more
detrimental impact on population persistence than the gridded road pattern (figures 6 and 7).
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Figure 6: Results of the simulations for comparison of a gridded road configuration (with four roads and nine
patches) with a parallel road configuration that has the same number of roads (but fewer patches) and with a
parallel configuration that has the same number of patches (but more roads). All patches are of same size within
each configuration. Road avoidance, AVOID, was kept constant in all simulation runs (= 0.5) while traffic
mortality, KILL , was varied from 0 to 1.
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Figure 7: Results of the simulations for comparison of a gridded road configuration (with four roads and nine
patches) with a parallel road configuration that had the same number of roads (but fewer patches) and with a
parallel configuration that had the same number of patches (but more roads). All patches were of same size
within each configuration. Traffic mortality, KILL , was kept constant in all simulation runs (= 0.4) while road
avoidance, AVOID, was varied from 0 to 1.
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The comparison of the critical road densities, where population persistence is reduced by 50 percent as a function of
increasing road density while traffic mortality, KILL, and road avoidance, AVOID, are kept constant, also demonstrates
that the degree to which roads affect wildlife populations depends on the configuration of the road network (figure 8).
For low values of road avoidance, the parallel road pattern was more detrimental. For high values of road avoidance,
the gridded road pattern was more detrimental. For intermediate values of road avoidance, both road patterns were
equally detrimental to population persistence (figure 8). For more details, see Jaeger et al. (in prep.).
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Figure 8. Results of the simulations for comparison of a gridded road configuration with a parallel road configuration. Traffic mortality, KILL , was kept constant in all simulation runs (= 0.5) while road avoidance, AVOID, was
varied from 0 to 1. The critical road density is the density of roads where population persistence probability is
reduced to 50 percent. For AVOID < 0.4, population persistence was reduced to 50% at lower road densities in
the parallel road pattern than in the gridded road pattern, i.e., the parallel road pattern was more detrimental.
For 0.4 < AVOID < 0.8, both patterns were equally detrimental. For AVOID > 0.8, the gridded road pattern was
more detrimental, i.e., population persistence was reduced to 50 percent at lower road densities in the gridded
road pattern than in the parallel road pattern.

Bundling of roads
We tried several functions for the dependency of KILL and AVOID on traffic volume (for details see Jaeger and Fahrig,
in prep.), starting with data from Seiler (2003) for ungulates. In most cases, putting all traffic on one road was less
detrimental (and never more detrimental) than the other two configurations. Two roads bundled in the center were
almost always less detrimental (and never more detrimental) than the two roads distributed evenly (figure 9).
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Figure 9: Results of the simulations for comparison of three road configurations (figure 5). The same traffic
volume was distributed over two roads distributed evenly or bundled in the center or placed on one large road
leaving larger areas undissected, using Seiler’s (2003) data on AVOID and KILL . Natural mortality was 0.32
(per individual and time step). (These curves are based on only 200 model runs per data point.) For details, see
Jaeger and Fahrig (in prep.).

Discussion
Our objective was to examine whether the degree to which road networks affect population persistence depends on
the configuration of the road networks and on the interaction of the target species with the roads. This dependency
has important implications for the management of landscapes. For example, our results suggest that even though a
population may show no negative response to a certain number or density of roads, a different configuration of the
road network (with the same total length of roads) may cause the extinction of the population.
One example of an animal population that crossed the extinction threshold is the European badger in the Netherlands
(Van der Zee et al. 1992). Others that are suspected to be across or close to the threshold are turtles in the U.S. (Gibbs
and Shriver 2002), otters in Eastern Germany (Hauer 2002), and badgers in Great Britain (Clarke et al. 1998).
The model results clearly supported the bundling concept. Population persistence was generally higher (and never
lower) when all traffic was put on one road than when it was distributed on several roads across the landscape. If traffic
cannot be combined on one road, the model results suggested it is better to bundle the roads close together than to
distribute them evenly across the landscape.
The results for the gridded versus parallel road pattern were surprising: The expectation that fragmenting the
landscape into more patches would always be more harmful to population persistence (while total road length
is kept constant) was contradicted by the model results when the degree of road avoidance by the animals was low
(figures 7 and 8).
One explanation is that the amount of core habitat is larger in the gridded road pattern (figure 10). Individuals located
in the cells close to a road (‘road effect zone,’ Forman and Deblinger 2000) were more likely to encounter a road
during their next movement and be killed if they exhibited low road avoidance (e.g., amphibians). Individuals located in
the cells far away from any road (i.e., located in core habitat) would survive during their next movement because they
cannot encounter a road. Therefore, there were more cells where individuals were not affected by traffic mortality in
the gridded road pattern. However, when road avoidance was high, then the ‘road effect zone’ became less harmful
and the isolation of the patches became relatively more important. In this case, the gridded pattern was more harmful
because the number of patches was higher.
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Figure 10: Explanation of why the parallel road pattern was observed to be more detrimental to population
persistence than the gridded road pattern when road avoidance is low. Individuals located in the cells close to a
road (‘road effect zone’ indicated by the arrows assumed as extending over five cells) are more likely to encounter a road during their next movement. Individuals located in the cells far away from any road (i.e., located in core
habitat) will survive during their next movement because they cannot encounter a road. The gridded pattern (left)
has more core habitat (784 cells) than the parallel road pattern (right, 384 cells). Therefore, there are more cells
where individuals are not affected by traffic mortality. If road avoidance is high, then the ‘road effect zone’ is less
dangerous for the individuals but the isolation of the patches becomes relatively more important.

Our results indicate that, for animals exhibiting low road avoidance, the effect of the roads is determined by the density
of roads and the shape of the patches rather than by the number of patches. Increasing the number of patches (while
road configuration changed from parallel to crossed) in many cases increased, or did not decrease, population persistence when road density was kept constant. This was counter to our expectation that increasing the number of patches
would always reduce population persistence.
The reason was that the animals encountered the roads less often in the crossed road pattern series because, on
average, the locations of the animals were farther away from the nearest road (figure 10). However, for animals strongly
avoiding roads, the crossed road pattern often became more detrimental. For animals entirely avoiding roads, the
effect of the road network on population persistence is determined by the number (and shape) of the patches rather
than the density of roads.
This implies that for animals that do not strongly avoid roads, it is generally more important to preserve core habitats at
a sufficient distance from roads than to keep the number of patches low (figure 10).
Our results are qualitative, not quantitative. Several factors will influence the degree to which the road network affects
population persistence by affecting the relative susceptibility of the population to additional mortality and population
fragmentation. The most important of these factors are habitat loss and reduction of habitat quality. If the animals
need access to resources on both sides of the road (landscape complementation, e.g., breeding habitat is on one side,
whereas foraging habitat is on the other), crossing the road is mandatory for survival. The effects of both traffic mortality and fragmentation will then be more detrimental.
Conclusion
Most current studies of population viability do not include the effects of roads; if they have been included then only
incorporated into the overall mortality rate (e.g., Kramer-Schadt et al. 2004) which does not account for the effects of
road avoidance and road configuration. However, the spatial configuration of the road network is potentially an important factor and should be included in viability analyses of animals that are affected by roads.
The degree to which a road network affects wildlife populations depends on the configuration of the road network.
Which configurations are less detrimental than others? Our results indicate that this may depend on the behavior of the
animals at roads. However, some general statements can be made:
1. It is always beneficial (or never harmful) to bundle the traffic.
2. If road avoidance is low, a gridded pattern is less harmful than a parallel pattern of same total road length
because of the amount of core habitat is higher.
3. Core habitat should be maximized if animals are affected by road mortality: Large un-dissected areas should
be protected from road construction.
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4. If road avoidance is high, then the parallel road pattern is less harmful because the number of patches is
lower (i.e., the patches are larger) and traffic mortality is not an issue: The number of patches should be low
if road avoidance is high because the animals are strongly affected by isolation.
If animals avoid roads entirely, it is wise to minimize the number of patches (fragmentation) rather than the number
of roads. If animals do not avoid roads but are often killed by traffic (e.g., amphibians), it is more useful to minimize
the number of roads. When the target species exhibits both road avoidance and traffic mortality (or if their behavior at
roads is unknown) then both the number of roads and the number of patches should be minimized.
Putting up fences along both sides of the roads corresponds to 100-percent road avoidance (AVOID = 1). Fences
separate a population into smaller subpopulations, each of which will have a higher extinction risk. Recolonization of
local extinctions will not be possible, ultimately leading to extinction of the whole population. In some situations, this
effect of fences is even more harmful than some mortality due to vehicle collisions when there is no fence (Carr et al.
2002; Jaeger and Fahrig 2004a). When the number of roads increases (while K and AVOID are constant), fencing may
become a more useful measure.
Road fencing combined with wildlife-crossing structures has decreased vehicle collisions with ungulates by at least 80
percent (Ward 1982; Lavsund and Sandegren 1991; Child 1998; Clevenger et al. 2001). Fenced roads in combination
with crossing structures correspond to roads with AVOID < 1 and KILL = 0. However, it is unlikely that all roads in any
large region will be fenced in combination with crossing structures because of the high costs. Therefore, other measures need to be considered, including the removal of roads. In the case that the animals need access to resources on
both sides of the roads, fencing will never be beneficial, unless accompanied by wildlife-crossing structures.
It may also be possible to influence the interaction of the target species with the roads. For example, clearing roadside
vegetation or adding reflectors or wildlife detection systems will alter animal and driver behavior, which may change
AVOID and KILL . Finally, it is important to remember that traffic mortality and the degree of road avoidance are affected
by traffic volume and speed (e.g., Allen and McCullough 1976; Bertwistle 1999; Hubbard et al. 2000; Seiler 2004,
Seiler 2005).
The effects of other factors, such as movement range of the organism, density-dependence in movement rate or population growth rate, possible density-dependence in AVOID or KILL, environmental stochasticity, and reduced gene flow
(possibly leading to loss of genetic variability) are not straightforward. Further research will be necessary to evaluate
the direction and magnitude of the effects of these factors on our predictions.
Important topics for future research are:
• Road avoidance behavior (empirical data and modeling)
• Relative importance of total road length and road configuration
• Effect of different habitat types (landscape complementation)
• Effect of different matrix types
• Landscape connectivity, e.g., the effects of overpasses and underpasses and the question of where
to place them
The results from this model are an important step towards a network theory for road ecology and towards the design
of less-detrimental road networks. Future research should investigate the behavior of animals at roads in empirical
studies and focus on how traffic mortality and road avoidance depend on traffic volume. Such data will greatly improve
the model predictions.
In addition, empirical studies comparing landscapes with differing road network configurations (while total road length
is constant) should be conducted to validate our model results and provide a basis for developing more practical
models for use in planning and designing of highway networks.
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