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Abstract

Roads and traffic affect animal populations detrimentally in four ways: they decrease habitat amount and quality, enhance
mortality due to collisions with vehicles, preventaccess to resources on the other side of the road, and subdivide animal populations
into smaller and more vulnerable fractions. Roads will affect persistence of animal populations differently depending on (1) road
avoidance behavior of the animals (i.e., noise avoidance, road surface avoidance, and car avoidance); (2) population sensitivity
to the four road effects; (3) road size; and (4) traffic volume. We have created a model based on these population and road
characteristics to study the questions: (1) what types of road avoidance behaviors make populations more vulnerable to roads?;
(2) what types of roads have the greatest impact on population persistence?; and (3) how much does the impact of roads vary
with the relative population sensitivity to the four road effects?

Our results suggest that, in general, the most vulnerable populations are those with high noise and high road surface avoidance,
and secondly, those with high noise avoidance only. Conversely, the least vulnerable populations are those with high car avoidance
only, and secondly, high road surface and high car avoidance. Populations with low overall road avoidance and those with high
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overall road avoidance tend to respond in opposite ways when the sensitivity to the four road effects is varied. The same is
true of populations with high road surface avoidance when compared to those with high car and high noise avoidance. The
model further predicted that traffic volume has a larger effect than road size on the impact of roads on population persis-
tence. One potential application of our model (to run the model on the web or to download itngortglel.carleton.cadr
www.nls.ethz.ch/roadmodel/index.htn contact the first author) is to generate predictions for more structured field studies of
road avoidance behavior and its influence on persistence of wildlife populations.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Avoidance behavior; Barrier effect; Car avoidance; Habitat fragmentation; Habitat loss; Noise avoidance; Roads; Road avoidance;
Road crossings; Road effects; Traffic; Traffic mortality

1. Introduction 1995; Mumme et al., 2000; Hels and Buchwald, 2001,
Gibbs and Shriver, 2002In addition, traffic mortal-
Roads and other types of traffic lines are common ity contributes to population subdivision by reducing
occurrences everywhere humans have settled, and it isthe flow of individuals between subpopulations sepa-
now becoming widely accepted that roads affect many rated by roadswihart and Slade, 1984; Reh and Seitz,
aspects of ecosystem®Xley et al., 1974; Institutifr 1990; Baker, 1998; Gerlach and Musolf, 2000; Keller
Naturschutz und Tiékologie, 1977; Ellenberg et al., and Largiaér, 2003.
1981; Reck and Kaule, 1993; Glitzner et al., 1999; For some species, roads can act as barriers to move-
Trombulak and Frissell, 2000; Holzgang et al., 2000; ment and lead to resource inaccessibility. Individuals
Underhill and Angold, 2000; Carr et al., 2002; Speller- that do not cross roads cannot access resources such as
berg, 2002; Forman et al., 2008or exampleFForman food, mates, and breeding sites on the other side. Re-
(2000)estimates that the system of public roads affects duced access to such complementary or supplementary
ecologically about one-fifth of the United States land resources can lead to lower reproductive and survival
area. Based on results reported in the aforementionedrates, which in turn may reduce population persistence
literature, we infer that roads and their associated ve- (Oxley et al., 1974; Mader, 1984; Mader et al., 1990;
hicular traffic affect persistence of wildlife populations Dunning et al., 1992; Weidemann and Reich, 1995;
in four main ways: (1) habitat loss; (2) traffic mortality; Noss et al., 1996; Vos and Chardon, 1998; Clark et
(3) resource inaccessibility; and (4) population subdi- al., 200). In addition, movement barriers contribute to
vision (Fig. 1). population subdivision by reducing the flow of individ-
Habitat loss can be direct, where habitat is removed uals between subpopulations separated by roads.
to build roads and their verges, or indirect, where habi-  Population subdivision occurs when populations be-
tat quality close to roads is reduced due to emissions come separated into smaller, isolated subpopulations.
from traffic (e.g., noise, light, pollutants). Reproduction As mentioned above, both traffic mortality and resource
is interrupted in areas of habitat destruction; further- inaccessibility contribute to population subdivision.
more, reproductive rates are likely reduced and mor- Populations living in habitat surrounded by roads are
tality rates increased in lower quality habitat close to less likely to receive immigrants from other habitats,
roads, leading to lowered chances of population persis- and thus may suffer from lack of genetic input and in-
tence Brody and Pelton, 1989; Reijnen and Foppen, breeding. Anincrease in genetic defects may lower the
1994; Reijnen et al., 1995, 1996; Ortega and Capen, probability of population persistence. Moreover, small
1999; Forman et al., 2008p. 123-126). populations are known to be particularly vulnerable to
Traffic mortality is due to collisions of individuals  stochasticity: the smaller a population, the greater its
with vehicles onthe road. If a significant proportion ofa chance of going extinct due to a random demographic,
populationis killed on roads, and this increased mortal- genetic, or environmental event/{ssel and Sicker,
ity is not compensated by higher birth rates, population 1991; Boyce, 1992; Remmert, 199Because chances
persistence can be compromisé&dl{er, 1989; Bangs  of recolonization after extinction are reduced in iso-
et al., 1989; Andrews, 1990; Newton et al., 1991; van lated populations, extinct populations are unlikely to
der Zee et al., 1992; Ferreras et al., 1992; Fahrig et al., benefit from the rescue effedd@nski, 1999.
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Fig. 1. Four ways roads and traffic are thought to impact persistence of wildlife populations. Both traffic mortality and inaccessibility contribute
to population subdivision and isolation.

Roads will affect persistence of animal populations roads and of road avoidance behavior, does the im-
differently depending on (1) road avoidance behavior; pact of roads vary with the relative population sensi-
(2) population sensitivity to the four aforementioned tivity to the four road effects?; (3) what types of roads
road effects; (3) size of the road; and (4) traffic vol- have the greatest (or the least) impact on population
ume. We have created a model to predict the impact persistence?
of roads on population persistence based on these pop-
ulation and road characteristics (to run the model on
the web or to download it go taww.glel.carleton.ca/ 2. Methods
or www.nls.ethz.ch/roadmodel/index.htor contact
the first author). In this study, we use the model Very few quantitative data are available on the im-
to address the following questions: (1) what types pact of roads on population persistence. Therefore, our
of road avoidance behaviors make populations more approach in creating this model was to develop relative
(or less) vulnerable to roads?; (2) for given types of rankings that could be used to compare the impact of
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nent of road avoidance behavior depends on the size of
the road, but not on traffic volume. Animals with high
AN At surface avoidance may approach the road, but will be
hesitant to venture onto the road surface, contributing
to resource inaccessibility and habitat loss in the area
\ ) \ 4 of the road itself. Examples of species that avoid the
road surface are small mammalddrriam et al., 1989;
McGregor, 2004 and hedgehogs Efinaceus eu-
ropaeus Reeve, 1994; Mulder, 1999

Car avoidance is also a short-range phenomenon.

Noise Avoidance Road Surface | Car Avoidance This Component of road avoidance behavior depends
Avoidance on traffic volume, but not on the size of the road. Ani-
mals with high car avoidance will avoid approaching or

Fig. 2. Three components of road avoidance behavitwise avoid- crossing roads when vehicles are passing by, decreas-

ance is avoidance of the road from a long distance according o 3, traffic mortality, but increasing resource inaccessi-
traffic emissions such as noise, light, or smeoad surface avoid-

ance is a short distance avoidance due to lack of cover and to the bility. This obviously corresponds to the way that_ hl'_"
character of embankment and pavement which is different from nat- Mmans behave when they want to cross a road. Wildlife
ural habitat. Car avoidancgincludes perceiving single cars thatare  biologists have reported that black beddsqus ameri-
approaching the location where the animal wants to cross the road. canug are able to learn how to successfully cross roads
. . o _ and avoid cars (R. Serrouya, personal communication).
roads in various combinations of population and road This behavior seems to be very similar to the behavior
characteristics. of humans but so far no systematic studies are available.

2.1. Road avoidance behavior 2.2. Sensitivity to the four road effects

The model considers three components of road  Persistence of different populations will be affected
avoidance behavior: (1) noise avoidance; (2) road sur- differently by habitat loss, traffic mortality, resource
face avoidance; and (3) car avoidan&ég( 2). Each inaccessibility and population subdivision. For exam-
component can be either low or high. ple, populations that can compensate increasing mor-

For our purposes, noise avoidance behavior is as-tality with increasing reproduction will be relatively
sumed to include avoidance of any long-ranging traffic insensitive to traffic mortality (e.g., roe de€dpreo-
emissions such as noise, light and pollutants. This com- lus capreoluf Pielowski and Bresinski, 198#vhite-
ponent of road avoidance depends on traffic volume, tailed deer Qdocoileus virginianus Cheatum and
but not on the size of the road. Animals with high noise Severinghaus, 1930Populations that require different
avoidance will avoid crossing and will stay away from habitat types to complete their life history will be sen-
noisy roads, resulting in resource inaccessibility and sitive to resource inaccessibility (e.g., northern leopard
habitat loss wherever noise from the road is audible. frogs [Rana pipiens Pope et al., 2000 Populations
High noise avoidance spatially extends the road effect that naturally occur at low densities will be sensitive to
zone Forman, 200D For example, many bird species population subdivision (e.g., Eurasian lyhypx lynx,
in The Netherlands exhibit noise avoidance behavior Kramer-Schadt et al., 2004lorida panther Puma
(Reijnen et al., 1995, 1996, 1997 concolor cory], Meegan and Maehr, 20DZFor more

Road surface avoidance (abbreviated as “surface details on which characteristics make a species or pop-
avoidance”) is a short-range phenomenon because itulation vulnerable to specific road effects, see Table 5.3
occurs only at the physical border of the road, or on in Forman et al. (2003p. 121.) This variable sensitiv-
the road itself. It is a tendency to avoid going onto the ity of populations is included in the model by apply-
road because of inhospitable conditions, e.g., lack of ing weights to each road effect, where the sum of all
shelter, pavement, different microclimate conditions, weightsis 100%. For example, to simulate a population
changes in vegetation at the edge, etc. This compo- of a species sensitive to all four road effects equally, a
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weight of 25% would be assigned to each effect. In the (population subdivision will be discussed shortly). For

case of a species that is very sensitive to habitat loss,each of these three road effects, we listed the 32 possi-
but only slightly affected by the other three effects, ble combinations of road avoidance behavior and road
habitat loss could receive a weight of 85%, and traf- type. We then assigned points to each combination ac-
fic mortality, resource inaccessibility, and population cording to the magnitude of the expected road effect

subdivision could each receive a weight of 5%. under this set of conditiongébles 1-3 A high num-
ber of points represented a large negative impact of
2.3. Size of the road the road effect on population persistence. For exam-

ple, the combination low noise avoidance, low surface

In our model, roads can either be small or large. A avoidance, low car avoidance, small road, low traffic
small road has one lane in each direction, whereas areceived one point for habitat loss, while the combi-
large road has two or more lanes in each direction. We nation high noise avoidance, low surface avoidance,

assume all roads are paved. low car avoidance, large road, high traffic received five
points (Table ). The second set of conditions would
2.4. Traffic volume resultin higher habitat loss. The specific rules used for
assigning points are describedAppendix A
Traffic volume can either be low or high. The model As discussed earlier, population subdivision is a re-

considers traffic volume independently of the size of sult of both traffic mortality and barriers to movement.
the road, even though in reality large roads are more Therefore, points for this road effectable 4 were
likely to have high traffic, and vice versa. However, calculated from the points assigned to traffic mortality
large roads with low traffic and small roads with high (Table 2 and resource inaccessibilitfgble 3. See
traffic do exist, and therefore our model includes these Appendix Afor details.

possibilities. We assume that high trafficonasmallroad ~ The model calculates the impact of the road as a
represents the same amount of traffic as high traffic on relative rank value. A high rank represents a large neg-

a large road. ative impact of the road on population persistence. The
relative rank for a specific set of road avoidance and
2.5. Creating relative ranks road type conditions is calculated by first multiplying

the points for each road effect by the weight of that
Our goal when creating the model was to compare effect, and then adding up the weighted points of the
the impact of roads on population persistence when the four effects together. As the range of ranks in the tables
various species and road characteristics were varied. Todiffers for the different effects, the points for each road
build the model, we began by considering habitat loss, effect were rescaled (before multiplying them with the
traffic mortality and resource inaccessibility separately effect weights) to correct for the differences in range.

Table 1
Predicted relative effect (in ranks of increasing effect from 1 to 5) of reduced habitat amount caused by habitat loss on population persistence
Low noise avoidance High noise avoidance
Low road surface High road surface Low road surface High road surface
avoidance avoidance avoidance avoidance
Low car High car Low car High car Low car High car Low car High car
avoidance  avoidance  avoidance avoidance avoidance avoidance  avoidance  avoidance
Small road/low 1 1 1 1 3 3 3 3
traffic
Small road/high 2 2 2 2 4 4 4 4
traffic
Large road/low 2 2 2 2 4 4 4 4
traffic
Large road/high 3 3 3 3 5 5 5 5

traffic
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Table 2

Predicted relative effect (in ranks of increasing effect from 1 to 12) of enhanced mortality caused by collisions with traffic on population
persistence

Low noise avoidance High noise avoidance
Low road surface High road surface Low road surface High road surface
avoidance avoidance avoidance avoidance
Low car High car Low car High car Low car High car Low car High car
avoidance avoidance avoidance avoidance avoidance avoidance avoidance avoidance
Small road/low traffic 9 6 7 4 7 4 5 2
Small road/high traffic 12 9 10 7 10 7 8 5
Large road/low traffic 8 5 6 3 6 3 4 1
Large road/high traffic 11 8 9 6 9 6 7 4
Table 3
Predicted relative effect (in ranks of increasing effect from 1 to 10) of resource inaccessibility on population persistence
Low noise avoidance High noise avoidance
Low road surface High road surface Low road surface High road surface
avoidance avoidance avoidance avoidance
Low car High car Low car High car Low car High car Low car High car
avoidance avoidance avoidance avoidance avoidance avoidance avoidance avoidance

3 3

Small road/low traffic 1 2 4 4 5 6
Small road/high traffic 4 5 6 7 6 7 8 9
Large road/low traffic 2 3 4 5 4 5 6 7
Large road/high traffic 5 6 7 8 7 8 9 10

The resulting sum of points was then converted into a some of the influences of input variables on population
rank between 1 and 10 in such a way that the small- persistence.

est sums correspond with rank 1 and the largest sums

with rank 10 (the intervals of points corresponding 2.6. Using the model

to each rank are of similar size). A rank system of

1-10was chosen because a finer resolution (i.e., higher  To answer our research questions, we ran the model
number of ranks) would not be reliable given that the 480 times and recorded the impact of the road (rel-
input variables can assume only two values (low or ative rank) for each iteration. Each run had differ-
high), and a lower number of ranks would not reveal ent input parameters. We varied the road avoidance

Table 4

Predicted relative effect (in ranks of increasing effect from 1 to 12) on population persistence of higher demographic and environmental
stochasticity and lack of immigrants caused by population subdivision

Low noise avoidance High noise avoidance
Low road surface High road surface Low road surface High road surface
avoidance avoidance avoidance avoidance
Low car High car Low car High car Low car High car Low car High car
avoidance avoidance avoidance avoidance avoidance avoidance avoidance avoidance
Small road/low traffic 4 1 5 2 5 2 6 3
Small road/high traffic 10 7 11 8 11 8 12 9
Large road/low traffic 4 1 5 2 5 2 6 3
Large road/high traffic 10 7 11 8 11 8 12 9
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behavior among the eight possible combinations, and
the road characteristics among the four possible com-

Effect rank

—-o—high noise avd.

-a—high noise & high surface avd.
—o—high car avd.

—e—high car & high surface avd.

binations. We varied the population sensitivity to the
four road effects using 15 different combinations. In
the first combination, all road effects had equal impor-
tance (25% each). In the next four combinations, three
effects had weights of 31.67% and the remaining effect
had a weight of 5%. In six combinations, two effects
had weights of 45% and two had weights of 5%. In the
last four combinations, one effect had a weight of 85%
and the remaining three effects had weights of 5%.
For each road type separately, we calculated the me- 3

dian rank obtained for each type of road avoidance be- 21
havior across the range of population sensitivities to 1
the four road effects. We also calculated the associated ~ Habitatloss~

Traf. mort. -»|

Res. inaccess.
Subdivision+

(vulnerability to roads)
101

o
5
7
6
5
o

quartile deviation as a measure of rank dispersion about
the medianZar, 1999.

Weights of the four road effects
3. Results

Fig. 3. Avoidance behaviors consistently resulting in more, or less,
Results of all 480 iterations are shown graphically in vulnerable populations: Two types of road avoidance behavior: (1)
Appendix B anda summary of the median rank values high noise avoidance only and (2) high noise and high surface avoid-
. .. ance, consistently result in populations more vulnerable to roads
.for_l_e?')(l:h ;ype of road avoidance behavior is presented (higher relative effect ranks). Conversely, two types of road avoid-
In Table

ance behaviors: (1) high car avoidance and (2) high car and high

Our first objective was to identify behaviors that surface avoidance, consistently result in populations less vulnerable
make populations more or less vulnerable to roads. Our to roads (lower relative effect ranks). This graph shows a small road
model predicted that, in general, the most vulnerable With low traffic as an example; the same pqttern hglds across all road

. . . . . types (seé\ppendix B. 1 is the lowest, 10 is the highest impact on
populations are those with high noise and high surface populations.
avoidance, and secondly, those with high noise avoid-
ance only Fig. 3). Populations with these two behav- high caravoidance, and secondly, high road surface and
iors consistently had the highest and second highesthigh car avoidanceHg. 3). Populations with these two
median ranks across all road typéglfle 5. Con- behavior types consistently had the lowest and second
versely, the least vulnerable populations are those with lowest median ranks across all road typ&able 5.

Table 5
Median ranks produced by different avoidance behaviors across 15 combinations of the weights for the four main road effects (same as in
Figs. 3-5

Low noise avoidance High noise avoidance

Low road surface High road surface Low road surface High road surface

avoidance avoidance avoidance avoidance

Low car High car Low car High car Low car High car Low car High car

avoidance avoidance avoidance avoidance avoidance avoidance avoidance avoidance
Small road/low traffic 3(1) 2 (0.75) 3(0.5) 3(0.5) 5(0.5) 4(0.5) 5(0) 4 (0.75)
Small road/high traffic 7 (0.75) 6 (0.5) 71) 6 (0.5) 8(0.5) 7(0) 8(0.5) 7 (0.5)
Large road/low traffic 4 (0.5) 3(0.5) 4(0) 3(0.5) 5(0.5) 4(1) 6 (0.5) 4 (0.75)
Large road/high traffic 7 (0.5) 6 (0) 8 (0.5) 7 (0.5) 9(0.5) 8(0.5) 9 (0.75) 8(1)

The quartile deviations (i.e., semi-interquartile range (Q3—Q1)/2) describe the dispersion of the ranks around the median rank.



336 J.A.G. Jaeger et al. / Ecological Modelling 185 (2005) 329-348

Table 6

Examples of road avoidance behavior leading to high, medium, or low vulnerability to roads

Vulnerability to roads Type of road avoidance behavior (specific conditions, if any)
High High noise avoidance and high surface avoidance

High noise avoidance

High noise avoidance and high car avoidance (when high sensitivity to habitat loss)

Low overall avoidance (when high sensitivity to traffic mortality)

High overall avoidance (when high sensitivity to habitat loss and resource inaccessibility)
High overall avoidance (when high sensitivity to resource inaccessibility)

Medium High noise avoidance and high car avoidance (when sensitivity to all four road effects is equal)
High road surface avoidance (when high sensitivity to habitat loss and population subdivision)
High road surface avoidance (when low sensitivity to traffic mortality)

Low High car avoidance
High surface avoidance and high car avoidance
High road surface avoidance (when high sensitivity to habitat loss)
Low overall avoidance (when high sensitivity to resource inaccessibility)
Low overall avoidance (when high sensitivity to habitat loss)
Low overall avoidance (when high sensitivity to habitat loss and resource inaccessibility)
High overall avoidance (when high sensitivity to traffic mortality)

When sensitivity to road effects is specified, the vulnerability rating is valid only under these conditions. The patterns are consistent across road
types.

Fig. 3shows this distinction between behaviors result- surface avoidance + low car avoidance) or high overall
ing in high and low vulnerability to roads. However, as avoidance generally show highly variable responses to
will be discussed below, classification of road avoid- roads as sensitivity values are changed. Therefore, itis
ance behavior types as “most vulnerable” or “least vul- very difficult to predict the impact of a road on such
nerable” can depend on the sensitivity of the population populations if their sensitivities to the four road effects
to the four road effectslable 6lists examples of road  are notknown. Responses to roads for populations with
avoidance behaviors resulting in high, medium and low low and high overall avoidance tended to show opposite
vulnerability to roads. These patterns were consistent trends as sensitivity values were vari€ay. 4a). Sim-
across road types. ilarly, populations with high surface avoidance tended
Our second objective was to determine whether the to show opposite trends to species with high noise and
impact of roads varied with population sensitivity tothe high car avoidanceHg. 4b). Finally, the variability
four road effects, given a certain road type and avoid- in response to roads tended to increase as population
ance behavior. The quartile deviationsTable 5indi- sensitivity values were increasingly dominated by one
cate how much the rank values varied as we varied the road effect Fig. 4a and b).
degree of sensitivity of the population to the four road Our third objective was to identify road character-
effects. The quartile deviations vary with road type and istics that make populations more or less vulnerable to
avoidance behavior. For example, on a small road with roads. The model suggested that traffic volume has the
low traffic, populations with high overall avoidance greatest effect on the magnitude of the road impact. A
(i.e., of noise, surface, and cars) showed high variabil- small or large road with high traffic nearly always re-
ity in their responses to roads (quartile deviation =0.75, sulted in higher relative ranks than a small or large road
Table 5. On the same type of road, populations with with low traffic, across all behaviors and population
high noise and high surface avoidance showed very lit- sensitivity values. The size of the road also influences
tle variation in their responses to roads (quartile devia- the response to the road; large roads nearly always re-
tion =0, Table 5. We detected no pattern in variability  sulted in higher relative ranks than small roads. How-
across road types, with the exception that populations ever, the magnitude of this effect was much smaller
with low overall avoidance (low noise avoidance +low than that of traffic volumeHig. 5).
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Effect rank (vulnerability to roads)

" (a) —e—low overall avoidance " (b) —&— high noise & high car avd.

° —o— high overall avoidance % —&— high surface avd.

81 8

71 7

61 6

51 5

4 4

31 3

21 24

1
Habitat loss—»

Traf. mort.=

Res. inacc.—»

Subdivision—+

Weights of the four road effects Weights of the four road effects

Fig. 4. Avoidance behaviors resulting in opposing trends of vulnerability: Two pairs of road avoidance behaviors: (a) low overall avoidance and
high overall avoidance and (b) high surface avoidance and high noise and high car avoidance, show opposing trends as sensitivities of the four
road effects are varied. Also notice the increasing variability of relative ranks when species become more and more sensitive to a single road
effect. These graphs show a small road with low traffic as an example; the same patterns hold across all road Ampesn@ieed. 1 is the

lowest, 10 is the highest impact on populations.

4. Discussion in response to roads tends to increase as populations
become increasingly sensitive to a single road effect
Our results suggest that populations with high noise (Fig. 4a and b). For such populations, good information
and high surface avoidance, and populations with high about avoidance behavior and the road characteristics
noise avoidance only are most vulnerable to roads. We are needed to predict the impact of roads.
also predict that populations with high car avoidance,  Populations with low overall avoidance and those
and populations with high surface and high car avoid- with high overall avoidance tend to respond in oppo-
ance are least vulnerable to roads. These patterns aresite ways when the importance of the four road effects
consistent across road types and most combinations ofis varied Fig. 4a). The same is true of populations with
population sensitivity to the four road effectsq. 3). high surface avoidance when compared to those with
Therefore, our model suggests that it is possible to pre- high car and high noise avoidandeid. 4b). This is
dict the impact of roads on these populations, even because of the trade-off between avoiding a road and
when information about the road characteristics or the therefore limiting the problem of traffic mortality, and
sensitivity to the four road effects is not available. How- crossing the road and therefore limiting the problems
ever, for populations exhibiting other types of avoid- of resource inaccessibility and population subdivision.
ance behaviors, road avoidance behavior alone is notFor populations that are sensitive to traffic mortality,
sufficient to predict the road impact; information about high overall avoidance or high noise and high car avoid-
the sensitivities to the four road effects must be ob- ance increase persistence by reducing traffic mortal-
tained. The model results also suggest that variability ity. In contrast, for populations that are sensitive to
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~large road with high traffic 1989 in the sense that it focuses on the most impor-

~-small road with high traffic .

+large road with low traffic tant components and connections that are relevant for a
Effect rank --small road with low traffic

k certain research question but does not consider species-
(vulnerability to roads)

specific or site-specific details that would be included in

. high risk amore complex simulation model. A conceptual model
\/\ i may serve as a first stage in developing more detailed
/ models if more details are required to be included de-

pending on the purposes of the modé&ay (1973)
called this type of conceptual model ‘strategic’ in the
~Jow risk sense of being general, simple and parameter sparse
and leading to general insight, as opposed to ‘tactical’
models which are specific, complex, detailed and have
many parameterd/rboom et al., 1993
The situation that expert knowledge is characterised
as being incomplete, sparse and non-formalised is
rather common in ecology. Qualitative reasoning lead-
Fig. 5. Relative effect of road characteristics: roads with high traf- Ing t‘? qu_a“tatlve (not quanptatlve), or fuzzy, models is
fic (small or large) have a greater impact on population persistence @Pplied in data-poor situations to capture such knowl-
(higher relative ranks) than roads with low traffic. The relative ranks edge provided by expertd/¢intosh, 2003; Salles et
presented here are for low qverall avoidar_lce;the patternis consistenta|_7 2003; Adriaenssens et al., 2()0|41 this sense, our
ﬁ::rﬁ::tai\:ﬂltys;so(;f road Ia\:_()ldance behavior. 1is the lowest, 10is the 1, qqel can be regarded as being a rule-based expert
g P popuiations. system Puppe, 1993; Metternicht, 20DIThe input to
the model is based mainly on “expert opinion” which
resource inaccessibility and habitat subdivision, high is different from an empirically-based model. To a cer-
overall avoidance or high noise and high car avoidance tain degree our model is similar, for example, to the
reduce persistence by exacerbating habitat inaccessi-expert systenTestex which helps choose statistical
bility and population subdivision. tests White, 1995. The main part of this system is a
The model predicts that traffic volume has a larger test selection procedure, which operates by asking the
effect than road size on the impact of the road on popu- user questions about the data and the experimental de-
lation persistenceH(g. 5. This is mainly because road sign and builds up a picture of the problem until it is
size alone (with no associated increase in traffic) does able to advise the use of a particular statistical proce-
not affect traffic mortality. In addition, road size only dure. The system was intended for use by medical and
affects resource inaccessibility and population subdi- dental postgraduates and academic staff who could be
vision for populations that avoid the road surface itself. assumed to have some knowledge of the application
Various classifications have been proposed in the of statistics within their medical discipline without be-
literature to distinguish different types of models (e.g., ing very sure about exactly how to go about selecting
Verboom et al., 1993; Jgrgensen and Bendoricchio, the appropriate tests. However, our model differs from
2001; Mclintosh, 2003; Seppelt, 200&ccording to White’s model in that it does not include a decision tree
the terminology used bygrgensen and Bendoricchio but combines the four impacts of roads according to a
(2001) our model can be characterized as being deter- set of causal rules to predict the risk that roads pose to
ministic (i.e., the response of the model is completely animal populations (a second difference is that White’s
determined by a knowledge of the inputs), static (hot modelwas not developed under the condition of incom-
dependent on time), causal, or mechanistic (i.e., the in- plete knowledge). With respect to this logical structure,
puts, the states and the outputs are interrelated by usingour model is a new model. We us8dience Direcand
causal relationships) and fuzzy (i.e., observations are ISI Web of Scienc® search for similar models but did
indicated as ranges or classes, e.g., high, medium andnot find any structurally similar model.
low). Our model can also be called a conceptual model  The most important feature of our model is the use
(Jergensen and Bendoricchio, 20@1 211ff; Wissel, of rules that represent the causal relationships between
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Weights of the four road effects
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the various road avoidance behaviors and road effects.recognize, or have difficulty learning about, the danger

The purpose of our modelling exercise was to cre-

posed by vehicles. In a similar studgapouchis et al.

ate a series of hypotheses. The hypotheses we havg2001)found that bighorn sheep in Utah fled at least
proposed based on the model results still need to bethree times more often from hikers than from vehicles.
tested. We suggest that models similar to ours are very Whittington et al. (2004xoncluded that wildlife dis-

useful to capture and handle expert knowledge in or- proportionately avoid humans for three reasons. First,
der to develop hypotheses in data-poor situations andhikers are less predictable than vehicles and often di-

for qualitative impact assessmentée(boom et al.,
1993; Metternicht, 2001; Adriaenssens et al., 2004
We see a huge potential for this type of model to
be applied more often in ecology and environmental
science.

5. Conclusion and speculation

rectly approach animals. Second, vehicles appear rela-
tively static compared to the body motions associated
with animal and human movement. Consequently, it
may be difficult for animals to gauge the speed of ve-
hicles. Third, vehicles do not have organic scent and
may, therefore, not deter animals as strongly as peo-
ple. Merriam et al. (1989jound that the white-footed
mouse Peromyscus leucoppsavoids crossing roads,
independently of traffic volume, indicating that they

Studies on road avoidance behavior are scarce.avoid the surface of the road itself. Flying squirrels
Some studies document a reduction in density of (Glaucomys volansalso show evidence of road avoid-

species in habitat near roadsh{el, 1985; Mech et

ance behavior that is related to road size; they do not

al., 1988; McLellan and Shackleton, 1988; Belden and cross very wide roads, probably because they cannot

Hagedorn, 1993; Mace et al., 1996; Mladenoff et al.,
1999; Robitaille and Aubry, 2000; Nellemann et al.,

2003. Such information is ambiguous because the re-

glide far enough to reach the other si@&@narczuk et
al., submitted for publicatign HedgehogsHKrinaceus
europaeushave been shown to avoid crossing roads,

duced density can either be a result of avoidance be-with avoidance increasing in proportion to road width

havior or a reduction in population size due to traf-
fic mortality (Fahrig et al., 1996 Many bird species

(Rondinini and Doncaster, 20p2Results byReeve
(1994) and Mulder (1999)suggest that reluctance of

of The Netherlands show evidence of noise avoidance hedgehogs to cross roads may reflect an aversion to the

(Reijnen et al., 1995, 1996, 199 Taribou in northern
Alberta (Rangifer tarandushave been shown to avoid
habitat up to 250 m on either side of roaddyér et
al., 200). In contrast, caribou in Alaska do not seem
to reduce their use of habitat in proximity to roads
(Cronin et al., 1998; Yost and Wright, 200probably
due to lower traffic volume. Therefore, the avoidance
observed in northern Alberta is likely related to traffic

synthetic surface of the road, i.e., road surface avoid-
ance.Falk et al. (1978pnrgue that mortality of white-
tailed deer Qdocoileus virginiandswas high when
highways were first opened to public use but later, when
traffic volume increased drastically, deer “no longer
presented a significant hazard”, because “traffic itself,
when continuously heavy, prevented deer from ventur-
ing onto highways”. This tentative observation could be

noise, not road surface avoidance. According to a study explained by either noise avoidance or car avoidance

by Whittington et al. (2004)wolves crossed all roads,

if deer, even though they may not be very successful

trails, and a railway line about 10% less often than ex- in avoiding single cars, avoid continuous flows of ve-
pected, but avoided crossing high-use roads more thanhicles.

low-use trails. Wolf path tortuosity increased near high-

use trails and within areas of high-trail and road den-

The model does not include the effect of increased
human access to a species’ habitat due to roads because

sity. The results suggest that although roads and trailsthese effects do not depend on the road avoidance be-

in this study were not absolute barriers to wolf move-

ment, they altered wolf movements across their territo-

havior of the animals and the road characteristics. Ex-
amples of species in North America that are affected

ries. However, wolves equally avoided trails and roads by increased road access, leading to overharvest are
even though roads received well over 100 times the elk (Cervus elaphyspronghorn antelopétilocapra

daily traffic of trails and presented wolves with a risk

americand, bighorn sheepdvis canadens)sto over-

of mortality. Wolves, therefore, appeared to either not trapping are wolverineGulo gulg, lynx (Felis lynx,
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fisher Martes pennanji and marten Nlartes amer-
icanad); to poaching are grizzly beatJ(sus arcto$,
wolf (Canis lupu, woodland caribouRangifer taran-
dus cariboy; and to increased collection for pet mer-
chants include most reptile speci&aley et al., 1986;
Knight et al., 1988; Horejsi, 1989; Leptich and

Zager, 1991; Unsworth et al., 1993; Hodgman et al.,

1994; Hayes et al., 2002For these species, this ef-

fect could be accounted for in using the model by

giving traffic mortality a higher relative weight, i.e.,
high sensitivity of the species to additional mortality
due to collisions with traffic. This effect can be re-

duced only when humans refrain from hunting these

species.

In addition to direct habitat loss and habitat loss due
to traffic emissions, habitat loss may also be caused

ranging animals require analysis over larger areas,
whereas species with more limited movement ranges
require modeling applications over smaller spatial
extents.

One potential application of our model is to generate
predictions for more structured field studies of road
avoidance behavior and its influence on persistence of
wildlife populations. For exampl&able 7shows types
of avoidance behaviors predicted to result in high or
low vulnerability to roads for species very sensitive to
only one road effect. The following predictions can be
made:

1. A population very sensitive to habitat loss will be
most vulnerable to roads if the individuals tend to
avoid noise.

by the road allowing establishment of invasive plants, 2. A population very sensitive to traffic mortality (or

distributing livestock that may cause habitat loss from
overgrazing, and increasing frequency of man-made
fires (Lonsdale and Lane, 1994; Milberg and Lamont,

any form of additional mortality) will be most vul-
nerable to roads if individuals do not avoid crossing
roads.

1995; Angold, 1997; Gelbard and Belnap, 2003; Gel- 3. A population very sensitive to resource inaccessi-

bard and Harrison, 2003These effects could be ac-

counted for in using the model by giving habitat loss

a higher relative weight, i.e., high sensitivity of the
species to additional habitat loss.

The spatial extent of model application needs to be
matched well with the spatial extent of the species’

population. Application of the model over millions of

hectares may dilute local effects of roads on small

bility will be most vulnerable to roads if both noise
and surface avoidance are high.

4. A population very sensitive to population subdivi-
sion will be most vulnerable to roads if car avoid-
ance is low and either noise or surface avoidance
are high.

These predictions can be tested in the field. For in-

species with restricted movements. By contrast, ap- stance, one could compare two populations known to
plication of the model over only a few hectares be very sensitive to habitat loss, using one population
would be misleading for wide-ranging species whose that shows noise avoidance and another that does not.
persistence depends on cumulative management ofOur model predicts that the noise avoiders should see
road effects over expansive areas. Therefore, wider- their persistence reduced by roads (prediction 1 above).

Table 7

Types of avoidance behaviors predicted to result in high or low vulnerability to roads for species very sensitive to only one road effect (listed in

the very left column)

Low noise avoidance

High noise avoidance

Low road surface High road surface Low road surface High road surface
avoidance avoidance avoidance avoidance
Low car High car Low car High car Low car High car Low car High car
avoidance avoidance avoidance avoidance avoidance avoidance avoidance avoidance
Habitat loss O O O [ J ([ J [ J [ J
Traffic mortality [ ) O O
Resource inaccessibility O O [ J [ J
Population subdivision O [ J [ J [

High vulnerability @); low vulnerability (O).
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This model could also be used to formulate other A.1l. Habitat loss
types of predictions to be tested in the field, or to
predict the impact of roads under a particular set of  We start with the situation where the road has the
conditions, e.g., managers of wildlife populations can lowest impact (rank 1) and add points to get the rank-
download the model and put their own susceptibil- ings. We assume the effects of the various factors are
ity values in @ppendix G to run the model on the  additive.
web or to download it go tevww.glel.carleton.cabr
www.nls.ethz.ch/roadmodel/index.htar contact the  A.1.1. Road size

first author). Building large roads removes more habitat than
Our model results indicate that the type of road pyilding small roads due to wider embankments,
avoidance behavior may be of major importance for proader trenches, and larger radii of the curves (large
understanding the effects of roads on animal popula- road: +1 over small roads). This is valid for both low
tions and for identifying groups of species that are par- and high noise avoidance as noise avoidance leads to
ticularly vulnerable to roads. Therefore, we want to 3 reduction of the density of the individuals whereas

stimulate empirical studies on the road avoidance be- bu||d|ng a road removes the habitat entire|y (See be-
havior of species and to encourage the use of the modelgy).

to create more systematic hypotheses.

A.1.2. Traffic amount

Habitat loss depends on traffic amount only via the
behavior of the animals (see below) but not on traffic
volume per se (+0).
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A.1.3. Road surface avoidance
Road surface avoidance does not change the amount
of habitat lost (+0).

A.1.5. Noise avoidance
Noise avoidance results in an additional loss of habi-
Appendix A. Rules for assigning points to get tat because the animals have reduced densities in the
relative ranks and for combining the four tables road noise zone. Therefore, noise avoidance adds a
band of less hospitable area on either side of the road.
For each of the four road effects, we listed the 32 The effect of noise avoidance strongly depends on the
possible combinations of road avoidance behavior and amount of traffic but not on the size of the road. High
road type. A high number of points represent a large noise avoidance (at low traffic) has a bigger effect than
negative impact of the road on population persistence. high traffic (at low noise avoidance) when the animal
The rules for assigning points for the three effects habi- chooses its habitat: We assume that a species avoiding
tat loss, traffic mortality, and resource inaccessibility noise would not live in a place with even a little traffic
are created separatelJaples 1-3 and the points for ~ whereas of a species that only slightly avoids noise a
population subdivisionTable 4 were calculated from  higher proportion of the animals would breed at a simi-
the points assigned to traffic mortalitfgble 2 and lar distance from the road (low noise avoidance: +1 for
resource inaccessibilityfable 3 as population subdi-  high traffic over low traffic; high noise avoidance: +2
vision is a result of both traffic mortality and resource over low noise avoidance in case of low traffic and +3
inaccessibility. in case of high traffic).


http://www.glel.carleton.ca/
http://www.nls.ethz.ch/roadmodel/index.htm

342 J.A.G. Jaeger et al. / Ecological Modelling 185 (2005) 329-348

We start with the situation that has the lowest level of inhospitable cover type (low road surface avoid-
of habitat loss giving it a rank of 1. This is the situation ance:—1 for large roads over small roads; high road
of a small road with low traffic and low noise avoidance surface avoidance:-2 over low road surface avoid-
(car avoidance and road surface avoidance do not haveance in case of a small road an@® in case of a large
an influence here). road).

A.2. Traffic mortality A.2.4. Car avoidance
Low car avoidance leads to fewer attempts to cross

Here, we start with the situation of highest impact the road and reduces traffic collisions. It does not sig-
state (because it is easier to identify than the situation Nificantly depend on traffic amount as the animal avoids
with the least impact) and subtract points to get the Cars in both situations (‘low traffic’ and *high traffic’)
rankings. As before, we assume the effects of the var- In & similar manner (+0). High car avoidance leads to
ious factors are additive. In addition, we assume that €ven fewer attempts to cross the road. If there is very

Therefore, we keep the average and the range of thein potential mortality is great in both cases, on high
points the same for each avoidance behavior. traffic roads because there are no crossing attempts at

The highest impact is for a small road with high all and on low traffic roads because the animals will

traffic at low avoidance (low noise avoidance, low road @always find a sufficiently large break in the traffic to
surface avoidance, low car avoidance). Itis lower for a €ross the road safely (high car avoidanee3 over
large road because for a large road as opposed to a smallow car avoidance for low traffic as well as for high
road, the low road surface avoidance already leads to atraffic).

reduction of traffic mortality (see below). ] .
A.2.5. Noise avoidance

The effect of noise avoidance depends on traffic vol-
ume, i.e., noise avoidance leads to a higher reduction
of mortality on roads with high traffic. The effect of
noise avoidance is independent of road size. The pro-
portion of animals that do not try to cross the road is
assumed to be higher for high noise avoidance at low
traffic (because these animals stay farther away) than
. it is for low noise avoidance at high traffic (low noise
A.2.2. Traffic amount avoidance: +1 for low traffic as opposed to high traffic;

The probability of a collision with a vehicle is sig-  hjgh noise avoidance:2 over low noise avoidance in
nificantly lower on a road with low traffic than on a ¢55e of high traffic ane-1 in case of low traffic).

A.2.1. Road size

If traffic amount is the same then the probability of
a collision is assumed to be the same for small and
large roads. Mortality depends on road size only via
the behavior of the animals (see below) but not on road
size per se (+0).

road with high traffic, i.e., the animal will be able to The rank of the highest impact situation is set to

successfully cross the road more often (low traffid). 12 for a small road with high traffic, indicating a high
probability of road mortality. The number of 12 was

A.2.3. Road surface avoidance chosen because it results in a value of 1 for the con-

Low road surface avoidance means that the animal ditions under which road mortality is expected to be
undertakes fewer attempts to cross the road, comparedowest.
to no road surface avoidance. This will slightly re-
duce traffic collisions. This effect is stronger for large A.3. Resource inaccessibility
roads. High road surface avoidance means even fewer
attempts to cross the road. At some point there would  The lowest effect of resource inaccessibility is ex-
be no crossings any more and, therefore, no collisions. pected for a small road with low traffic when all three
We assume that road surface avoidance is stronger fortypes of avoidance behavior are low. There we start
large roads because they represent a greater expanswith a rank of 1 and add points to get the rankings.
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A.3.1. Size of the road and traffic amount which implies that all three can have the same strength
The effect of resource inaccessibility depends on of effect.

road size and traffic amount only via the behavior of

the animals (see below) but not on road size and traffic A.4. Population subdivision

amount per se. Without avoidance behavior the animals

would always try to cross the road (+0). The reduction of the number of successful crossings
is a consequence of reducing both the number of an-
A.3.2. Road surface avoidance imals killed by collisions with traffic and the number

Large roads will be avoided more than small roads. of animals that do not venture onto the ro&dg( 1).
Therefore, the fence effect is higher for large roads. Therefore, points for this road effectgble 4 were
High road surface avoidance at small roads has a big- calculated from the points assigned to traffic mortality
gerfence effectthan low road surface avoidance atlarge (Table 2 and resource inaccessibilitydble 3.
roads. The difference between high and low road sur-  Before the tables can be added they have to have
face avoidance is bigger than the difference between equal weights. Therefore, the two tables are rewritten
a small and a large road (low road surface avoidance: inranks from 1to 60 because 60 is the smallestcommon
+1 for large road over small road; high road surface multiple of 12 (Table 2 and 10 Table 3. Therefore,
avoidance: +3 over low road surface avoidance in case the points inTable 2are multiplied by 5 and the points

of a large road and +2 in case of a small road). in Table 3by 6. Then the points of the two tables were
added and then rearranged into ranks by combining
A.3.3. Car avoidance short series of points that were close together to be in

If the individuals do not try to cross the road when the same rank and by giving those points that were sep-
there are vehicles on the road they will not be killed but arated by gaps different ranks. This procedure resulted
they cannot contribute to the exchange of individuals, in ranks between 1 and 1Zgble 4.
either. This effect does not depend on the size of the
road but it strongly depends on the amount of traffic. A.5. Combining the four tables
High car avoidance at low traffic leads to a similar de-
gree of retaining from crossing as low car avoidance  The relative rank for a specific set of road avoidance
in a high traffic situation. At low traffic the individual ~ and road type conditions is calculated by first multiply-
can cross, at high traffic it will not be able to cross, ing the points for each road effect by the weight of that
i.e., the effect is bigger for high traffic at low car avoid- effect, and then adding up the weighted points of the
ance than for low traffic at high car avoidance (low car four effects together. As the range of ranks in the ta-
avoidance: +2 for high traffic over low traffic; high car bles differs for the different effects, the points for each
avoidance: +3 over low car avoidance in case of high road effect were rescaled to correct for the difference in

traffic and +1 in case of low traffic). range before they were multiplied by the weights. The
ranks for habitat loss were rescaled from a range of 1 to
A.3.4. Noise avoidance 5intoarange of 2to 12, and for resource inaccessibility

The animals do not go close to the road which re- from arange of 1to 10to arange of 1to 12. The result-
duces the number of crossing attempts. This effect doesing sum of points was converted into a rank between 1
not depend on the degree of road surface avoidance. Asand 10 by multiplying by 0.9 and rounding to integer
in Table 3(for road mortality), we assume that the pro- numbers. The smallest sums then correspond with rank
portion of animals that do not try to cross the road is 1 and the largest sums with rank 10 while the intervals
higher for high noise avoidance at low traffic than itis of points corresponding to each rank are of similar size.
for low noise avoidance at high traffic (low noise avoid- Therefore, using the model while assigning a weight of
ance: +1 for high traffic over low traffic; high noise 100% to one road effect and 0% to the other three will
avoidance: +3 over low noise avoidance in case of high resultinthe ranks between 1 and 10 based on the values
traffic and +2 in case of low traffic). given inTables 1-4but rescaled, multiplied by 0.9 and

Note that we again have used the same averages andounded. For example, when habitat loss has a weight
ranges of the points for all three avoidance behaviors of 100%, the result for low noise avoidance, low sur-



344

Effect rank
10 7

9

8

1. Small road with low traffic

—o— high noise avd

—a—high noise & high surface avd|
—o— high car avd

—e—high car & high surface avd

—+—low overall avoidance
—o—high overall avoidance
—a—high noise & high car avd
—&—high surface avd

Fig. 6. (a) Full results for small road: predicted overall effect severity (effect ranks) for the eight types of avoidance behaviors of the animals for

low and high traffic on a small road. The weights of the four road effects are varied from 25% each to 5% for one effect and equal weights for

the other three, to 5% for two effects and 45% for each of the other two, and to 85% for one effect and 5% for each of the other three. 1 is the
lowest, 10 is the highest impact on populationsAfipendix B. (b) Full results for large road: predicted overall effect severity (effect ranks)

for the eight types of avoidance behaviors of the animals for low and high traffic on a large road. The weights of the four road effects are varied
from 25% each to 5% for one effect and equal weights for the other three, to 5% for two effects and 45% for each of the other two, and to 85%
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2. Small road with high traffic

—o—high noise avd
—a—high noise & high surface avd
—o—high car avd

—e—high car & high surface avd

—+—low overall avoidancs
——high overall aveidance
—a—high noise & high car avd
—u—high surface avd

Weights of the El Habitat loss

four road effects O Mortality due to collisions with traffic
on x-axis: H Resource inaccessibility due to fence effect
W Population subdivision

for one effect and 5% for each of the other three. 1 is the lowest, 10 is the highest impact on populafppe(tdix B.
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3. Large road with low traffic
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—e— high car & high surface avd
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4. Large road with high traffic

—o-high noise avd
—m—high noise & high surface avd
—o-—high car avd
—e—high car & high surface avd
T T

10 10
——low overall avoidance
9 —o—high overall avoidance 9
—a— high noise & high car avd
8 —&— high surface avd 8
7 71
6 6
5 5
4 4
3 34 —+— low overall avoidance
—o— high overall avoidance
2 —a— high noise & high car avd
g gl
—a— high surface avd
1 1

Weights of the @ Habitat loss
four road effects O Mortality due to collisions with traffic

on x-axis: H Resource inaccessibility due to fence effect
W Population subdivision

Fig. 6. Continuegd.
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face avoidance, and low car avoidance at a small road Andrews, A., 1990. Fragmentation of habitat by roads and utility
with low traffic volume is an effect rank of 1; while it corridors: a review. Aust. Zool. 26, 130-141.

is 10 for high noise avoidance, high surface avoidance, An9°ld. P.G., 1997. The impact of a road upon adjacent heathland

and high car avoidance at a Iarge road with high traffic vegetation: effects on plant species composition. J. Appl. Ecol.
34, 409-417.

volume. Bailey, T.N., Bangs, E.E., Portner, M.F., Malloy, J.C., McAvinchey,
R.J., 1986. An apparent overexploited lynx population on
the Kenai Peninsula, Alaska. J. Wildl. Manage. 50, 279-
290.

Appendix B. Full results Baker, R.H., 1998. Are man-made barriers influencing mammalian
speciations? J. Mammal. 79, 370-371.

Fig 6shows the effect ranks for all combinations of Bangs, E.E., Bailey, T.N., Portner, M.F., 1989. Survival rates of adult
’ female moose on the Kenai Peninsula, Alaska. J. Wildl. Manage.

road type and animal behavior using 15 different com- 53 557_563

pinationsforthe weights of.thefour.road effef:ts. Selec- Bednarczuk, E.M., Judge, K.A., Nudds, T.D., submitted for pub-
tions of these are shown KFigs. 3-5in the main body lication. Road effects on southern flying squirre@lgucomys
of the paper. For all types of roads, two types of road  volang Biol. Conserv.

avoidance behavior: (1) h|gh noise avoidance Only and Belden, R.C., Hagedorn, B.W., 1993. Feasibility of trans-locating
panthers into northern Florida. J. Wildl. Manage. 57, 388-397.

(2) hlg_h noise an.d high surface avoidance, ConS|S.tent|y Boyce, M.S., 1992. Population viability analysis. Annu. Rev. Ecol.
result in populations more vulnerable to roads (higher  “syst. 23, 481-506.

relative ranks), and two types of road avoidance behav- Brody, A.J., Pelton, M.R., 1989. Effects of roads on black bear move-
ior: (1) high car avoidance and (2) high carand highsur- ~ ments in western North Carolina. Wildl. Soc. Bull. 17, 5-10.
face avoidance, consistently result in populations less Carr, L.W.,, Fahrig, L., Pope, S.E., 2002. Impacts of landscape trans-

Inerable to roads (lower relative ranks: er 1o formation by roads. In: Gutzwiller, K.J. (Ed.), Applying Land-
vu r s (low v S, upper row scape Ecology in Biological Conservation. Springer-Verlag, New

of diagrams). In addition, two pairs of road avoidance York, pp. 225-243.

behaviors: (1) low overall avoidance and high over- Cheatum, E.L., Severinghaus, C.W., 1950. Variations in fertility of
all avoidance and (2) high surface avoidance and high white-tailed deer related to range conditions. Trans. North Am.
noise and high car avoidance, consistently show op- _ Wild- Conf. 15, 170-189.

osing trends as sensitivities of the four road effects are Clark, BXK., Clark, B.S., Johnson, L.A., Haynie, M.T., 2001. Infiu-
p 9 ence of roads on movements of small mammals. Southwest. Nat.

varied (lower row of diagrams). Also notice the increas- 46, 338-344.
ing variability of relative ranks when species become Cronin, M.A., Amstrup, S.C., Durner, G.M., Noel, L.E., McDonald,
more and more sensitive to a single road effect. Roads  T.L. Ballard, W.B., 1998. Caribou distribution during the post-

with high traffic (small or large; second and fourth col- calving period in relation to infrastructure in the Prudhoe Bay oil
' field, Alaska. Arctic 51, 85-93.

umn_Of dlagrams) have a greater impact on pOpl_Jlatlon Dunning, J.B., Danielson, B.J., Pulliam, H.R., 1992. Ecological pro-
persistence (higher relative ranks) than roads with Iow  cesses that affect populations in complex landscapes. Oikos 65,
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Dyer, S.J., O'Neill, J.P., Wasel, S.M., Boutin, S., 2001. Avoidance of
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S lementary data associated with this article auf Okosysteme deutscher Landschaften. I@kologie
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