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Efforts to mitigate road effects are now common in new highway construction projects. For effective
mitigation of road effects it is important to identify the species whose populations are reduced by roads,
so that mitigation efforts can be tailored to those species. We conducted a meta-analysis using data from
75 studies that quantified the relationship between roads and/or traffic and population abundance of at
least one species to determine species life history characteristics and behavioral responses to roads and/
or traffic that make species or species groups prone to negative road and/or traffic effects. We found that
larger mammal species with lower reproductive rates, and greater mobilities, were more susceptible to
negative road effects. In addition, more mobile birds were more susceptible to negative road and/or
traffic effects than less mobile birds. Amphibians and reptiles were generally vulnerable to negative road
effects, and anurans (frogs and toads) with lower reproductive rates, smaller body sizes, and younger ages
at sexual maturity were more negatively affected by roads and/or traffic. Species that either do not avoid
roads or are disturbed by traffic were more vulnerable to negative population-level effects of roads than
species that avoid roads and are not disturbed by traffic. In general, our results imply that priority for mit-
igation should be directed towards wide-ranging large mammals with low reproductive rates, birds with
larger territories, all amphibians and reptiles, and species that do not avoid roads or are disturbed by

Keywords:

Landscape fragmentation
Life history traits
Population abundance
Road mitigation
Meta-analysis

Road mortality

traffic.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Roads and traffic reduce populations of a wide variety of species
(Fahrig and Rytwinski, 2009; Benitez-Lopez et al., 2010), and
efforts to mitigate road effects are now common in new highway
construction projects (Beckmann and Hilty, 2010). To ensure effec-
tiveness of such mitigation it is important to identify the species or
species groups whose populations are most likely to be reduced by
roads, so that mitigation efforts can be tailored to those species.

Several hypotheses have been suggested for the types of species
whose populations should be most negatively affected by roads
(summarized in Fig. 2 in Fahrig and Rytwinski, 2009). These
hypotheses fall into two main sets: (i) hypotheses based on species
life history traits and (ii) hypotheses based on species behavioral
responses to roads and traffic. The first set of hypotheses argues
that highly mobile species should be more negatively affected
because they interact with roads more often than do less-mobile
species (Carr and Fahrig, 2001; Gibbs and Shriver, 2002; Forman
et al.,, 2003; Rytwinski and Fahrig, 2011). Similarly, species with
larger territories or home ranges should be more susceptible to
road effects than those with smaller territories or home ranges.
Species with lower reproductive rates, later sexual maturity, and
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longer generation times, should also be more susceptible to road
effects because they will be less able to rebound quickly from pop-
ulation declines (Gibbs and Shriver, 2002; Rytwinski and Fahrig,
2011). Since species with large home ranges and low reproductive
rates naturally occur at low densities, we also expect that species
that naturally occur at low densities should be more susceptible
to road effects than those that occur at high densities. Taken
together, these hypotheses also suggest that, in general, larger
species should be more negatively affected by roads than smaller
species because larger species generally occur naturally at lower
densities, have lower reproductive rates, longer generation times,
and are more mobile than smaller species (Gibbs and Shriver,
2002; Forman et al., 2003). Interestingly, since larger species are
often predators on smaller species, it is also possible that negative
effects of roads on populations of large animals could lead to re-
duced predation on small animals in areas of high road density.
This could indirectly reduce the impact of roads on animals. In fact,
release from predation has been suggested as a possible cause for
the frequently observed positive effects of roads on small mammal
populations (Johnson and Collinge, 2004; Rytwinski and Fahrig,
2007; Bissonette and Rosa, 2009; Fahrig and Rytwinski, 2009).
The second set of hypotheses suggests that species behavioral
responses to roads and traffic moderate the population-level
effects of roads. Jaeger et al. (2005) discussed three avoidance
responses to roads and traffic: (i) avoidance of the road surface,
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(ii) avoidance of traffic disturbance (noise, lights, chemical emis-
sions), and (iii) vehicle avoidance (the ability to move out of the
path of an oncoming vehicle). All of these avoidance behaviors
should make species populations less susceptible to traffic mortal-
ity. However, on the negative side, road and traffic avoidance may
cause populations to become fragmented into smaller, partially
isolated local populations that are more vulnerable to extinction.
This should be particularly the case for species that avoid the road
surface itself because the road will remain a barrier to movement
even when there is no traffic on it. Species that avoid roads at a dis-
tance due to traffic disturbance will suffer an additional loss of
habitat (beyond the road itself) since the habitat near the road be-
comes unusable or of lower quality because of the traffic distur-
bance. On the other hand, species that are able to avoid
oncoming vehicles should have low road mortality and should be
able to cross the road when traffic volumes are not too high. Pop-
ulations of these species should be less negatively affected by roads
than populations of species in the other two avoidance categories.
A fourth possible behavioral response to roads is road attraction.
Some species for example, may be attracted to a road for a resource
such as food (road-killed animals) (e.g. some birds: Haug, 1985;
Watson, 1986; Knight and Kawashima, 1993; Meunier et al.,
2000; Lambertucci et al., 2009), nesting sites (e.g. some turtles:
Haxton, 2000; Aresco, 2005a; Steen et al., 2006) or to thermoregu-
late (e.g. some snakes: Sullivan, 1981; Rosen and Lowe, 1994).
Species that are attracted to roads or that move onto roads irre-
spective of traffic should be strongly susceptible to road mortality
(Forman et al., 2003) unless they are also able to avoid oncoming
vehicles (vehicle avoidance).

The purpose of this study was to conduct a meta-analysis to test
the following predictions arising from the hypotheses above: (1)
the effects of roads and/or traffic on animal population abundance
should be increasingly negative with (i) decreasing reproductive
rate and/or age at sexual maturity, (ii) increasing mobility, and
(iii) increasing body size; (2) species that are attracted to roads
and have vehicle avoidance should be least negatively affected by
roads, while the effect of roads should increase from (i) species
with vehicle avoidance to (ii) species with road surface avoidance
(suffering habitat fragmentation) to (iii) species with traffic distur-
bance avoidance (suffering habitat loss) to (iv) species with no road
or traffic disturbance avoidance (suffering road mortality) to (v)
species that are attracted to roads and have no vehicle avoidance
(suffering high road mortality).

2. Materials and methods
2.1. Search and selection of studies for meta-analysis

We conducted a thorough literature search to find all relevant
studies that quantify the relationship between roads and/or traffic
and population abundance of at least one species. Here we use a
broad definition of “population abundance” to include population
size (or relative size), population density (or relative density),
and species presence or absence (as an index of high vs. low abun-
dance). Only studies based on quantitative data were included. We
limited our analyses to include only animals that are terrestrial for
at least part of their life cycle. Studies were excluded if they com-
bined abundance or presence/absence data across species, such
that values for individual species could not be extracted. To be
included in the analysis, studies had to report (a) the test statistic
for the effect of roads and/or traffic on animal abundance, and/or
summary statistics (e.g. mean and variance) from which an effect
size could be calculated and (b) the sample size (or the P value of
the test if a test statistic was reported). In some cases where these
values were not provided, we calculated them using raw data if

they were provided in the paper, could be extracted from graphs
using GetData Graph Digitizer 2.24 (Fedorov, S. (2008), unpublished
internet freeware), or were provided to us by authors. To reduce
publication bias, we attempted a thorough search, including data
available in theses.

2.2. Database and data extraction

We divided the studies into six categories, based on study de-
sign (see Appendix A). This was necessary in order to calculate
comparable sample sizes across studies. “Landscape or region”
studies documented animal abundance within landscapes or
regions that varied in road density, traffic density, or length of
roads. In these studies author(s) measured roads within buffers
around focal species sampling areas, where the buffer size was
usually selected based on the organism’s dispersal distance or
average home range size. The results were usually reported as cor-
relation coefficients or regression coefficients relating animal
abundance to road density, traffic density, or length of roads.
“Home range/territory area” studies compared the mean road den-
sity (or mean traffic density or mean length of roads) within indi-
vidual animals territories to mean road density (or mean traffic
density or mean length of roads) within randomly selected non-
territory areas of equal size (to the territories), or within the entire
study area (including areas both with and without territories). Re-
sults of such studies were usually reported as means and variances
of road density within home range areas and random/study areas.
Although the road density value for an entire study area is not a
mean, for calculation of effect size, we treated this value as a mean
with a standard deviation of zero. “Plot size” studies compared the
mean road density (or mean traffic density or mean length of
roads) within plots centered over species presence locations to
the mean road density (or mean traffic density or mean length of
roads) of random points or areas of equal size where the species
was known to be absent. The results were usually in the form of
means and variances of road density (or length of roads) within
presence plots compared to within random or absence plots. “Dis-
tance from road: multiple distances” studies documented animal
abundance at several distances from a road; the results of such
studies were usually reported as correlation coefficients or regres-
sion coefficients of the relationship between animal abundance
and distance from a road. “Distance from road: near vs. far” studies
documented mean animal abundance at only two distances from a
road: adjacent to the road vs. farther from the road (e.g. forest inte-
rior). The outcomes were usually in the form of means and vari-
ances in the two distance categories. “Road presence/absence”
studies compared mean species abundance in areas where roads
were present to mean species abundance in areas where roads
were absent. The results of these studies were usually reported
as means and variances of species abundance within road present
areas and within road absent areas.

When a single study reported results for more than one species,
we entered each species data as an independent estimate. When a
single study presented data using the same study design in multi-
ple years and/or in two or more habitat types, we averaged esti-
mates across years and/or habitat types; however, if study design
varied across years or habitats, we selected the results from the
year or habitat with the largest sample size. When studies pre-
sented means or correlations of road effects calculated at multiple
spatial scales, we selected the largest estimate, on the assumption
that this scale was closest to the relevant scale for that species.
Road type was included as a moderator variable in the meta-anal-
ysis (see below), and was categorized into four groups: category
1 =4-lane divided highways; category 2 =2-lane paved roads;
category 3 =1-lane paved or gravel/dirt roads; and category
4 = studies which combined multiple road types. In the latter case,
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we included the estimates from each road type, unless one road
type was a subset of another, in which case we selected the road
category that included the most road types.

2.3. Effect size calculations

The first step in the meta-analysis was to convert the various esti-
mates of the effects of roads and traffic on animal population abun-
dance into a common measure, the Pearson correlation coefficient r.
For studies reporting regressions, r was the square root of the regres-
sion R? with the sign of the slope added. Note we could not include
studies reporting partial R? values (Hullett and Levine, 2003).

When the study reported means and variances of two groups
(e.g. mean road density within animal home range areas vs. in ran-
domly selected areas, or mean animal abundance near vs. far from
roads), we first calculated the standardized mean difference;

Xe1 —X

ESqm = 1 — 221 (1)
spooled

where X¢; and X;, are the means of group 1 (G1) and group 2 (G2),

Spooled 1S the pooled standard deviation of the two groups,

ngy — 1)s2, + (ng2 — 1)s?
spoo]ed—\/( a1 = 1)s¢; + (a2 — 1)sg, 2)

(g1 — 1)+ (ng2 — 1)

where s = standard deviation and n = sample size of each group, and
J is a correction term that removes small sample size bias (Gurev-
itch and Hedges, 1993),

3 .
J= {1 - m} where N = total sample size. (3)
We then transformed ESgy, into r (Lipsey and Wilson, 2001),
r= ES+ (4)
(ESsm)” + 515

where p = proportion of the total sample in one of the two groups.
As suggested by Hedges and Olkin (1985), we transformed correla-
tion coefficients using Fisher’s z-transform, ES,; = 0.5log, [+Z].

2.4. Adjustments prior to analysis

After obtaining the z-transformed r value for each effect (ES,;),
the next step was to weight them. This is often done by taking
the inverse variance (w=n — 3 for z-transformed r) (Lipsey and
Wilson, 2001). However, this gives more weight to studies with
larger sample sizes, which would overweight studies such as those
based on individual Global Positioning System (GPS) co-ordinates
compared to those based on number of individuals. For example,
Palma et al. (1999) compared the mean road density within
25-km? grid cells centered over lynx (Lynx pardinus) presence re-
cords (size of grid cell based on known size of annual home ranges
of male lynx) to the mean road density within an equal number of
randomly selected cells of the same size, resulting in a total sample
size of fifty 25-km? grid cells. In contrast, Mace et al. (1996) con-
structed a composite female grizzly bear (Ursus arctos horribilis)
home range by overlaying the home ranges of 14 female grizzly
bears and then obtained the mean road density of 4668 random
1-km? areas within the composite home range. They compared this
to the mean road density from 2447 1-km? areas outside the com-
posite home range, resulting in a total sample size of 7115 1-km?
areas. While both studies provide relevant information on the rela-
tionship between animal density and road density, their different
design and analysis approaches result in different apparent sample
sizes. To adjust the sample sizes, we worked from the assumption
that we should attribute one data point to each spatially-indepen-

dent sample in each data set. We assumed that an independent
sample is equivalent to an independent individual in a spatially
independent location. Where independent individuals were not
known (e.g. where sampling was based on fecal pellets or footprint
tracking stations), sample size was the likely number of individuals
present, using information from the literature on territory sizes.
For each of the six study categories, sample sizes were estimated
as follows.

For landscape or region studies we used the number of land-
scapes or regions as the sample size, on the assumption that the
authors selected independent landscapes or regions based on the
biology of the organism. For home range area studies, the sample
size was the number of home ranges, plus one, to account for the
comparison with the non-home-range areas. For the plot size stud-
ies, the sample size was the number of individuals used in the
study, when provided; otherwise it was the number of spatially
independent “presence” plots +1, such that the distance between
presence plots had to be greater than or equal to the linear home
range area. For the distance from road: multiple distances studies,
the sample size depended on the type of abundance measure: (1)
species abundance or fecal density; (2) the number of territories
or nest density; or (3) mean density of GPS locations or mean num-
ber of GPS locations per individual. For species abundance or fecal
density with distance from the road along transects in rows paral-
lel to the road, the sample size was the number of spatially
independent rows (distance intervals) where spatial independence
was determined using the species home range size, multiplied by
the number of roads sampled in the study (or the number of
spatially independent sampling locations if only one road was
sampled). If the number of roads was not stated, we assumed there
was one road when ‘road’ was used in the singular form and two
roads when ‘roads’ was used. For studies that correlated the num-
ber of territories or nest density with distance from the road, the
sample size was the number of rows multiplied by the number
of roads (or the number of sampling locations if only one road sam-
pled), in this case we did not assess spatial independence of rows
because the abundance measure was already equivalent to the
number of individuals. For studies that correlated mean number
of GPS fixes per individual or mean density of GPS locations with
distance from the road, the sample size was the number of collared
individuals. For distance from road: near vs. far studies that com-
pared mean species abundance or mean density at two distances
from a road, the sample size was the number of spatially indepen-
dent sites multiplied by 2 (for near vs. far), or by 1 if the distance
between the near and far sampling locations was too close for spa-
tial independence. For studies that compared abundance in the
presence or absence of a road, the sample size was the number
of locations sampled where a road was present plus one.

After determining the adjusted sample size of each study (n) we
converted it to an inverse variance weight (w =n — 3) (Lipsey and
Wilson, 2001). Studies with w <1 were not included in the meta-
analysis. Refer to Appendix B for study and species lists, effect
sizes, adjusted sample sizes, and study design categories for each
study.

2.5. Data analysis

Our main objective was to determine species characteristics
and behavioral responses to roads and/or traffic that make species
prone to negative road and/or traffic effects. We collected informa-
tion on the following species characteristics from published
papers, dissertations, and species guides/accounts: (1) body mass
(average body mass of the two sexes in grams), (2) body length
(average total body length of the two sexes in centimeters), (3)
reproductive rate (mean number of offspring per litter or clutch
multiplied by the maximum number of litters or clutches per year),
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(4) age at sexual maturity (mean age at sexual maturity of the two
sexes in months), (5) species mobility (see below) and (6) species
behavioral response to roads and/or traffic (see below). Species
mobility information for mammals was indexed as home range
area (ha) (Bowman et al., 2002) and for birds as territory size
(ha) (Bowman, 2003). For amphibians and reptiles, when home
range information was not available we took the reported seasonal
migration distance divided by two to obtain a radius which was
then converted to a circular home range area (ha). Species mobility
was averaged across the two sexes. Life history characteristics
were taken from sources as close to the study region (for each
study) as possible. Where studies reported ranges instead of indi-
vidual values, we used the median of these ranges. Details on spe-
cies values and information sources are in Appendix C.

Information on species behavioral responses to roads and/or
traffic was collected from published papers and dissertations. To
be included in the analysis, studies had to clearly quantitatively
document a species behavioral response to roads and/or traffic.
For example, studies showing distributions of animals with respect
to roads cannot distinguish between mortality (suggesting low
road avoidance) and avoidance of traffic disturbance since animal
numbers may be low near roads either because mortality rate is
high in these areas, which depresses the populations, or because
animals avoid these locations because of traffic disturbance. To dis-
tinguish between these two cases, studies needed to either show
higher mortality rates in roaded areas to support the former, or
analyze movement paths showing deviations away from roads to
support the latter (Fahrig and Rytwinski, 2009). Similarly, a com-
mon issue with past empirical studies of road avoidance is that
studies were conducted across a range of road sizes, where larger
roads were both wider and had higher traffic volumes (e.g. Oxley
et al., 1974; Lovallo and Anderson, 1996; Rondinini and Doncaster,
2002). If animals are less likely to cross larger roads, it is not clear
from these studies whether this is due to road avoidance or to
avoidance of traffic disturbance. Where studies documented lower
crossing frequencies by animals on roads with higher traffic vol-
umes compared to roads with lower traffic volumes, unless there
was quantitative documentation of vehicle avoidance, we assumed
species were avoiding the road (i.e. the opening or clearing created
by the road) (McGregor et al., 2008). Studies could document re-
sponses by either: (1) direct observations, (2) radio-telemetry or
GPS telemetry, and/or (3) other study designs that allowed clear
inference as to the mechanism.

All analyses were conducted in R 2.12.2 (R Development Core
Team, 2011), using the ‘metafor’ package (version 1.5-0)
(Viechtbauer, 2010). A random effects meta-analysis was con-
ducted using the DerSimonian-Laird method to derive a pooled ef-
fect size. Despite our effort to reduce publication bias by including
data available in theses, the results could still be flawed if there
was a bias towards publishing only significant negative effects of
roads/traffic on animal abundance. Therefore, we tested for publi-
cation bias using funnel plots of asymmetry (graphical detection of
publication bias using a scatterplot of effect size vs. sample size). If
no bias is present, the funnel plot should be shaped like an inverted
cone, with a wider spread of effect sizes for studies with small
sample sizes at the bottom (less precision) and decreasing spread
as the sample size increases. In addition, the magnitude of the ef-
fect size should be independent of the sample size (i.e. points
should be symmetrically distributed around the mean for all sam-
ple sizes). Homogeneity of effects sizes was tested based on the
statistic Q to determine whether multiple effect sizes all estimate
the same population mean i.e., the dispersion of the effect sizes
around their mean is no greater than that expected from sampling
error alone (Hedges and Olkin, 1985). A larger Q indicates greater
heterogeneity in effects sizes (i.e., individual effect sizes do not
estimate a common population mean), suggesting there are differ-

ences among effect sizes that have some cause other than sampling
error. For both categorical and continuous data analysis, total het-
erogeneity, Q, can be partitioned into heterogeneity explained by
the model, Qy;, and heterogeneity not explained by the model, Qg
(i.e., Q= Qu + Q). The significance of Qs tested using a y? distribu-
tion (Hedges and Olkin, 1985). To determine whether separate
meta-analyses were needed for different taxonomic classes, we
performed a mixed effects model including taxon (at the class
level). Amphibians and reptiles were combined due to the small
sample size for reptiles. We report the mean effect size (ES;) of
each class, and between groups heterogeneity (Qu).

Since the effect of roads and traffic on animal abundance varied
by taxonomic class, we conducted pairwise correlations to assess
independence of the life history characteristics for each class
separately. Since information on life history characteristics was
not always available, and since we expected life history traits to
be inter-correlated, we removed highly redundant traits, while
maximizing the number of complete datasets (Table 1). For exam-
ple, for mammals, reproductive rate and age to sexual maturity
were highly correlated (r=—-0.812, p <0.0001), as expected. Since
age at sexual maturity was more highly correlated to the other life
history characteristics than reproductive rate, and there were few-
er datasets containing information on age at sexual maturity than
reproductive rate, we removed age at sexual maturity as an
explanatory variable from analyses. We performed chi-squared
tests to assess independence of study design and road category.

To test the importance of life history characteristics and/or
study-level moderators in determining the sign and magnitude of
the correlations between road and traffic effects and abundance,
we ran univariate mixed-effects models using the rma.uni function
in the metafor package with restricted maximume-likelihood esti-
mation, for each taxonomic class separately. All continuous life his-
tory variables were log-transformed to meet test assumptions. To
deal with non-independence of life history characteristics, we then
proceeded in one of two ways. If differences among study designs
or road categories did not explain variation in population-level
responses to roads effects, we conducted an AIC-based model
selection procedure using the life history characteristic(s) (if any)
that were found to explain variation in the magnitude of popula-
tion-level responses to roads and/or traffic. Alternatively, if a
study-level moderator(s) were found to explain variation in popu-
lation-level responses to roads and/or traffic for a particular class,
we analyzed the effects of life history characteristics (using AICc)
within the largest subgroup(s) of data (based on the study-level
moderators) separately. In this case we used only the largest sub-
group(s) since most remaining subgroups had sample sizes too
small to allow for meaningful tests of the life history moderators.

We had initially hoped to include species-specific behavioral re-
sponses to roads and/or traffic as a moderator variable in the meta-
analyses. However, there was too little information available for
too few species to do this (see below). Instead, we tabulated the
species in the six behavioral response categories, in order of
increasing predicted negative effects of roads - (i) species that
are attracted to roads and have vehicle avoidance, (ii) species with
vehicle avoidance, (iii) species with road surface avoidance, (iv)
species with traffic disturbance avoidance, (v) species with no road
surface or traffic disturbance avoidance, (vi) species that are
attracted to roads - and conducted a qualitative analysis of the tab-
ulated results. For categories iii-vi, we assumed species had no
vehicle avoidance unless there was quantitative evidence suggest-
ing otherwise. It is also important to note that behavioral
responses to roads and/or traffic are not necessarily mutually
exclusive, in that a particular species could exhibit more than
one response and that different combinations of responses can ex-
ist. In such cases, species were placed in more than one behavioral
response category.
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Table 1

91

Pearson correlations (above diagonals), their p-values (below diagonals) and sample sizes (on diagonals), between life history characteristics for: (a) mammals database, (b) birds
database, (c) amphibians + reptiles database and, (d) anurans (frogs and toads) database. Life history characteristics in gray were removed from mixed-effects meta-analytical
models to reduce highly redundant traits, while trying to maximize the number of complete datasets (i.e., information on certain life history characteristics was not always

available).
Reproductive rate Mobility Body mass Body length Age at sexual maturity
(a)
Reproductive rate 120 —0.737 —-0.763 —0.705 —0.812
Mobility <0.0001 114 0.879 0.901 0.820
Body mass <0.0001 <0.0001 126 0.956 0.834
Body length <0.0001 <0.0001 <0.0001 120 0.782
Age at sexual maturity <0.0001 <0.0001 <0.0001 <0.0001 114
(b)
Reproductive rate 247 —0.286 —0.246 -0.393 -0.316
Mobility <0.0001 171 0.549 0.587 0.506
Body mass <0.0001 <0.0001 252 0.957 0.629
Body length <0.0001 <0.0001 <0.0001 227 0.666
Age at sexual maturity <0.0001 <0.0001 <0.0001 <0.0001 141
(0
Reproductive rate 55 0.133 —0.800 -0.625 —-0.532
Mobility <0.0001 53 0.424 0.354 0.190
Body mass <0.0001 <0.0001 35 0.809 0.828
Body length <0.0001 <0.0001 <0.0001 58 0.549
Age at sexual maturity <0.0001 <0.0001 <0.0001 <0.0001 54
Reproductive rate Mobility Body length Age at sexual maturity
(d)
Reproductive rate 22 0.155 0.689 0.617
Mobility 0.492 22 0.146 -0.297
Body length <0.0001 0.517 22 0.753
Age at sexual maturity 0.002 0.179 <0.0001 22
3. Results * : . .
3.1. Review statistics
Mammals —'—E—
We found 75 studies published during 1979-early 2011 that
met the selection criteria. Studies were predominantly in either
North America (49) or Europe (19), but there were also studies
from Oceania (3), Africa (2), and Asia (2). Thirty-four studies from
twelve countries included 84 mammal species, and 127 road and/ I i3
or traffic effects on mammals were extracted for the meta-analysis.
Sixteen studies from eight countries included 194 bird species, and
270 road and/or traffic effects on birds were extracted. For amphib-
ians, 16 studies from six different countries included 23 species,
resulting in 42 amphibian datasets. For reptiles, nine studies from
three different countries included 11 species, resulting in 16 reptile Amphibians & Reptiles [ ———
datasets (Appendix B).
3.2. Global analysis and publication bias prlli itz = U=
Effect Size (r)

The grand weighted-mean effect size derived from all effect size
values in a random effects meta-analysis indicated that overall,
roads and/or traffic have a weak, negative affect on animal popula-
tion abundance and this mean was significantly different from
zero, as indicated by their 95% confidence intervals (ES, = —0.077
(95% CI: —0.117, —0.036)). The overall heterogeneity of effect sizes
was large (Q=2541.88, p<0.0001, n=455), indicating that the
individual effect sizes in our data did not estimate a common pop-
ulation mean. Plotting effect sizes against sample sizes produced a
typical funnel plot with greater scatter in studies based on smaller
sample sizes and a lack of significant relationship between the
magnitude of effect size and sample size (r=-0.010, p = 0.837,
n =455), patterns consistent with an absence of publication bias
(Appendix D).

The effects of roads and/or traffic on animal abundance varied
by taxonomic class (heterogeneity of the model Qy =21.64,

Fig. 1. Weighted-mean effect sizes (ES;) for each animal class derived from a mixed
effects meta-analytical model. Error bars indicate 95% confidence intervals.

p <0.0001, n=455 datasets). The weighted-mean effect sizes for
mammals and birds were negative, but weak, and did not differ
significantly from zero, as indicated by their 95% CI (Fig. 1). The
weighted-mean effect size for amphibians + reptiles was negative
and significantly different from zero, and the magnitude of popula-
tion-level responses to roads and/or traffic was larger than that of
either birds or mammals (Fig. 1). There was however large hetero-
geneity of effect sizes within each taxon separately (mammals:
Q=1503.15, p<0.0001, n=127; birds: Q=453.47, p<0.0001,
n=270; amphibians + reptiles: Q=481.87, p<0.0001, n=>58),
suggesting other sources of variation maybe influencing the popu-
lation-level response to road effects.
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Fig. 2. Weighted-mean effect sizes (ES;) from univariate meta-analytical regression models testing the effects of life history traits on species responses to roads and/or traffic
at the population-level for (a) mammals, (b) birds, (c) amphibians + reptiles, (d) amphibians only, and (e) anurans only. Error bars indicate 95% confidence intervals.
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3.3. Analysis of life history attributes

As expected there were high correlations among life history
characteristics, with correlations higher (r > 0.7) for mammals than
for birds and/or amphibians + reptiles (Table 1). After removing the
redundant life history characteristics from each database (i.e., body
mass for amphibians + reptiles, and body length and age at sexual
maturity for birds, and mammals), the number of datasets within
each database was reduced to 108 datasets for mammals, 170 for
birds, and 50 for amphibians + reptiles.

3.3.1. Mammals

Reproductive rate, species mobility, and body mass were re-
lated to population-level effects of roads for mammals in univari-
ate models (Fig. 2a; Appendix E Table E1; Qy =7.90, p = 0.0049;
Qu=10.12, p=0.0015; Qy=11.16, p=0.0008, n=108 respec-
tively). As predicted, species with lower reproductive rates, higher
mobility, and larger body sizes showed more negative responses to
roads and/or traffic (Fig. 2a; Appendix E Table E1). Since the
magnitude of population-level responses to roads effects was not
significantly different among datasets using different study designs
or road categories, we did not subgroup the data by these study-le-
vel moderators (Qu=2.29, p=0.6830; Qv=6.07, p=0.1081,
n =108 respectively; Appendix E Table E1). Based on the multiple
meta-analytical model selection, the most parsimonious model
was that containing only the explanatory variable body mass
(AICc=271.71 compared to 272.60 and 273.37 for reproductive
rate and species mobility respectively; Appendix F Table F1a).
However, all three models had substantial support, with AAICc less
than 2 and models including combinations of two or more of these
traits did not improve model fit (Appendix F Table F1a).

3.3.2. Birds

For birds, the magnitude of population-level responses to road
effects varied according to species taxon as well as species mobility
(Qum = 29.89, p = 0.0009; Qu = 4.24, p = 0.0395, n = 169 respectively;
Appendix E Table E2). As predicted, more mobile birds (larger ter-
ritory sizes) showed a more negative response to roads and/or traf-
fic (Fig. 2b).

The magnitude of population-level effects of roads varied
according to study design and road category for birds (Qy =
39.75, p<0.0001; Qu=66.01, p<0.0001, n=169 respectively;
Appendix E Table E2). Therefore it was necessary to determine
whether the effect of mobility remained significant after control-
ling for these study-level moderators. Study design and road cate-
gory were not independent (Table 2a). We therefore subdivided
the datasets by study design only, and to increase sample size,
we grouped the data into two study design categories: (a) designs
using area based measurements (i.e. home range and plot size
study designs), and (b) designs using distance based measure-
ments (i.e. distance from road (multiple distances) and distance
from road (near vs. far)). The largest group was distance from road
studies (n =106 vs. n=62). We then tested the effect of mobility
within this group, after removing the single dataset from the order
Charadriiformes to control for among-taxon heterogeneity (Appen-
dix E Table E2). After controlling for study-level moderators, there
was no longer a relationship between species mobility and the
population-level effects of roads on birds (Qy=1.12, p = 0.2900,
n=106; Appendix G Table G1).

3.3.3. Amphibians and reptiles (combined)

For amphibians + reptiles, the magnitude of effect sizes did not
vary among taxa (Qu =4.69, p =0.1956, n = 50; Appendix E Table
E3), and none of the life history characteristics were related to
the population-level effects of roads (Fig. 2c; Appendix E Table
E3; reproductive rate: Qy =2.04, p=0.1531; mobility: Qv =2.82,

Table 2

Chi-squared contingency analysis for independence of study-level moderators (study
design and road category) for: (a) bird database and, (b) amphibians + reptiles database.
Road categories: 1 = 4-lane divided highways, 2 = 2-lane paved roads, 3 = 1-lane paved
or gravel/dirt roads, and 4 = all or multiple road types. Study designs (see Appendix A):
1 = landscape or region scale, 2 = home range area scale, 3 = plot size scale, 4 = distance
from road (multiple distances), 5 = distance from road (near vs. far), and 6 = road
presence/absence. Note that there were no landscape or region scale study designs for
birds or distance from road (near vs. far) study designs for amphibians + reptiles.

Road Category Total
1 2 3 4
(a)
Study design
2 0 1 0 2 3
3 12 3 44 0 59
4 0 10 2 2 14
5 35 27 31 0 93
Total 47 41 77 4 169
Pearson chi-square 114.63
Asymp. sig. (2-sided) <0.0001
(b)
Study design
1 0 0 0 13 13
2 1 2 1 5 9
3 0 3 1 14 18
4 1 4 1 1 7
6 0 0 3 0 3
Total 2 9 6 33 50
Pearson chi-square 42.49
Asymp. sig. (2-sided) <0.0001

p=0.0929; body length: Qy = 0.04, p = 0.8420; age at sexual matu-
rity: Qu = 0.37, p = 0.5453, n = 50). However, the magnitude of pop-
ulation-level effects of roads varied according to study design and
road category for amphibians + reptiles (Qy = 18.08, p =0.0012;
Qv =11.89, p=0.0078, n =50 respectively; Appendix E Table E3)
and these two moderators were not independent (Table 2b). Since
the sample sizes in the road category levels were too small to allow
meaningful tests of life history characteristics within sub-groups,
and since study design and road category shared similar informa-
tion, we removed road category from further analyses. For the
study design moderator, we grouped the data into the same two
categories as for the bird analysis (above). For amphibians + rep-
tiles the largest subgroup was area-based studies (n=40 vs.
n=10). After controlling for the effect of study design (i.e., using
area based studies only), there were still no significant relation-
ships between life history characteristics and population-level
responses to roads and/or traffic for amphibians + reptiles (Appen-
dix G Table G2).

3.3.4. Amphibians

In a separate analysis for amphibians only (sample size for rep-
tiles was too small to allow a separate analysis), reproductive rate
was related to the magnitude of the population-level effects of
roads: amphibians with lower reproductive rates showed more
negative responses to roads and/or traffic (Fig. 2d; Appendix E
Table E4; Qv = 4.15, p = 0.0416, n = 35). While both amphibian or-
ders showed substantial negative responses to roads and/or traffic,
the population-level response to roads was larger for the order
Caudata compared to anurans (ES;=-0.441 (95% CI: —0.609,
—0.235) and ES, = -0.193 (95% CI: —0.336, —0.041) respectively;
Appendix E Table E4). Differences in study design or road category
did not explain variation in the magnitude of population-level ef-
fects of roads for amphibians (Qy =6.28, p=0.1791; Qv =3.90,
p=0.2723, n = 35 respectively; Appendix E Table E4). For anurans
only (anurans was the larger subgroup), reproductive rate, body
length, and age at sexual maturity all explained variation in the
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Table 3

Species for which quantitative information exists on both (i) population-level responses to roads and/or traffic and (ii) behavioural responses to roads and/or traffic. Possible
responses to roads are listed in order of increasing predicted negative effect of roads and/or traffic at the population level, i.e., increasing predicted effect sizes. References for
documented behavioural responses are given. Note that one species may have more than one behavioural response and therefore may appear more than once in the table. Effect
sizes in bold are weighted average effect sizes for each response category (or the actual effect size if only one species in a category). Effect sizes for species within categories
(regular font) are weighted average effect sizes for a species (or the actual effect size if only one dataset for a species). Asterisks identify species that have been documented not to

avoid areas adjacent to roads.

Behavioural response References Effect size
(1)
i. Attracted to roads and vehicle avoidance nja
no data
ii. Vehicle avoidance -0.293
Rangifer tarandus (woodland caribou) Curatolo and Murphy (1986) -0.293
iii. Road surface avoidance —-0.032
*Peromyscus leucopus (white-footed mouse) McGregor et al. (2008) 0.145
*Tamias striatus (eastern chipmunk) Ford and Fahrig (2008), McGregor et al. (2008) —0.005
Erinaceus europaeus (hedgehog) Rondinini and Doncaster (2002) -0.167
Lynx rufus (bobcat) Lovallo and Anderson (1996), Riley et al. (2006) -0.016
*Canis lupus (Gray wolf) Whittington et al. (2004) 0.022
*Puma concolor (cougar) Dickson et al. (2005) —0.066
*Ursus americanus (black bear) Brody and Pelton (1989), Beringer et al. (1990), Brandenburg (1996), McCoy (2005) -0.207
Crotalus horridus (timber rattlesnake) Andrews and Gibbons (2005) -0.225
Heterodon platirhinos (eastern hog-nosed Andrews and Gibbons (2005) —0.032
snake)
Sistrurus catenatus (eastern massasauga Andrews and Gibbons (2005) -0.076
rattlesnake)
iv. Traffic disturbance avoidance —-0.180
Rangifer tarandus (woodland caribou) James and Stuart-Smith (2000), Dyer et al. (2001), Schindler et al. (2006) —0.293
Cervus elaphus (elk) Rowland et al. (2000), Gagnon et al. (2007), Dodd et al. (2007), Stewart et al. (2010) —0.568
Alces alces (moose) Laurian et al. (2008) 0.247
Ursus arctos (grizzly bear) McLellan and Shackleton (1988), Mace et al. (1996), Gibeau (2000), Chruszcz et al. (2003), Waller and  —0.230
Servheen (2005)
v. No road/traffic avoidance -0.189
Rana pipiens (northern leopard frog) Bouchard et al. (2009) -0.189
vi. Attracted to roads 0.015
Corvus corax (common raven) Knight and Kawashima (1993) —0.042
Milvus migrans (black kite) Meunier et al. (2000) 0.073

magnitude of population-level effects of roads in univariate models
(Fig. 2e; Appendix E Table E5; Qy=5.71, p=0.0169; Qv =4.34,
p=0.0371; Qu=4.72, p = 0.0297, n = 22 respectively;). Anuran spe-
cies with lower reproductive rates, smaller body sizes, and younger
ages at sexual maturity were more negatively affected by roads
and/or traffic than species with higher reproductive rates, larger
body size, and older ages at sexual maturity (Fig. 2e; Appendix E
Table E5). Since the magnitude of the population-level response
to roads effects did not vary with study design or road category
for anurans, we did not subgroup the data by these study level
moderators (Qy =1.40, p=0.7062; Qu=0.15 p=0.6977, n=22
respectively; Appendix E Table E5). Based on multiple meta-
analytical regression models, the most parsimonious model was
that containing only the explanatory variable age at sexual matu-
rity, with earlier-maturing species showing more negative effects
of roads and/or traffic (AlCc=—0.60 compared to 1.72 and 1.80
for body length and reproductive rate respectively) (Appendix F
Table F1b). Models including combinations of 2 or more traits
did not improve model fit (Appendix F Table F1b; see Table 1d
for correlations between anuran traits).

3.4. Analysis of behavioral responses to roads

We found 17 species for which data on both population-level
responses to roads and/or traffic and behavioral responses to roads
existed (11 mammals, 2 birds, 3 reptiles, and 1 amphibian) (Table
3). Qualitatively, results did not follow our predictions that the
negative effects of roads on animal abundance will increase with
increasing order of behavioral response categories (i — vi). Species
that exhibit road surface avoidance and species that are attracted

to roads (with no evidence of vehicle avoidance) showed overall
weak population-level responses to roads/traffic, whereas species
that avoid roads from a distance due to traffic disturbance or have
no road and/or traffic avoidance, showed the most negative popu-
lation-level responses to roads/traffic (Table 3). While the vehicle
avoidance response category showed the strongest negative effect
of roads/traffic on animal abundance, there was only one species,
woodland caribou (Rangifer tarandus) which was reported to show
this behavior, and this same species was also documented to avoid
roads from a distance due to traffic disturbance.

4. Discussion
4.1. Mammals and life history attributes

Our results support the prediction that mammal species with
lower reproductive rates, greater mobilities, and larger body sizes,
are most negatively affected by roads and/or traffic. Of these three
traits, body mass was the main explanatory variable for popula-
tion-level responses to road effects, but all three models were
essentially indistinguishable in terms of model support, due to
the high correlations among the life history variables (Table 1a;
Appendix F Table F1a).

While previous studies, both theoretical and empirical, have
found effects of reproductive rate and species mobility on species
responses to habitat loss for various taxa (With and King, 1999;
Fahrig, 2001; Vance et al., 2003; Holland et al., 2005; Gibbs,
1998; Casagrandi and Gatto, 1999; Flather and Bevers, 2002;
Leon-Cortés et al., 2003; Van Houtan et al., 2007), only one previ-
ous study investigated the effects of species traits on mammal
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responses to roads and/or traffic at the population level. In an
empirical study of 13 mammal species we (Rytwinski and Fahrig,
2011) found that reproductive rate, and body size explained 77%
of the variation in the slope of the relationship between road den-
sity and mammal abundance, with the effect of reproductive rate
clearly the stronger. Our ability to isolate the effect of reproductive
rate in our previous study was due to the relatively low correlation
between reproductive rate and body size (r = —0.521) in that study.
In contrast, the correlations among life history traits were much
higher in the current study (r > 7; Table 1a). Note that the results
for mammals in this meta-analysis do not depend on the inclusion
of the empirical results from our previous study. The number of ef-
fect sizes extracted from that paper only represented 16% of the to-
tal number of effect sizes here, and excluding these effects from the
current analysis does not qualitatively change the conclusions
(Appendix G Table G3). Overall, this meta-analysis provides further
support that mammals with lower reproductive rates, greater
mobilities, and larger body sizes are most vulnerable to the nega-
tive effects of roads and/or traffic.

4.2. Birds and life history attributes

For birds, species mobility was the only life history trait that ex-
plained variability in the magnitude of population-level responses
to roads (Fig. 2b; Appendix E Table E2), indicating that more mo-
bile bird species are more susceptible than less mobile species to
negative road effects. However this result is somewhat equivocal
because the effect of mobility disappeared after we controlled for
differences in study design (Appendix G Table G1). Although this
is the first test of this hypothesis for road effects on birds, there
are analogous results in the habitat loss literature. Van Houtan
et al. (2007) suggest that species with high dispersal rates and long
dispersal distances are more susceptible than less mobile species
to habitat loss due to the higher risk of mortality in the matrix sus-
tained by more mobile species. In the context of this meta-analysis,
increased risk results from increased road mortality rather than
decreased habitat amount. This result also provides indirect sup-
port for the hypothesis that road effects on birds are often due to
mortality rather than noise disturbance as is commonly assumed
(Summers et al., 2011).

The lack of support for predictions on the effect of reproductive
rate and body size, and the weak support for an effect of species
mobility on birds, maybe partly explained by the fact that the major-
ity of population-level bird studies (87%) have been conducted on
passerines. A lack of variation in species life history traits across
passerines could explain this lack of effect (see Appendix H). On
the other hand, there was large heterogeneity in effect sizes within
passerines, suggesting that some other (untested) species trait(s)
may explain variation among road/traffic effects in birds.

4.3. Amphibian and reptiles (combined) and life history attributes

Of the taxonomic classes in this meta-analysis, amphibians and
reptiles (classes combined) were the most negatively affected by
roads and/or traffic (Fig. 1), which is consistent with previous stud-
ies (e.g. Gibbons et al., 2000; Cushman, 2006; Eigenbrod et al.,
2008; Fahrig and Rytwinski, 2009; Patrick and Gibbs, 2010). De-
spite having the highest threat status of all terrestrial vertebrates,
with significantly more species at risk than either mammals or
birds (IUCN, 2010), amphibians and reptiles are among the least
studied taxa (Cushman, 2006; Taylor and Goldingay, 2010; Vetter
et al., 2011). This was also true in our meta-analysis; amphibians
and reptiles were the least represented classes, with a combined
species total of 34 compared to 84 and 194 species for mammals
and birds respectively. All four orders represented in the amphib-
ian + reptile database showed negative mean effect sizes, but sala-

manders (Caudata) and snakes (Squamata) showed the strongest
negative effects (Appendix E Table E3). In general our results
confirm the notion that amphibians and reptiles are particularly
vulnerable to road effects.

4.4. Reptiles and life history attributes

Due to the small number of studies on the effects of roads on
reptile populations, we could not investigate the effects of life
history traits on reptile responses to roads separately. Many tur-
tles and squamate reptiles are long-lived, have high adult sur-
vival, low levels of recruitment and delayed sexual maturity
(Brooks et al.,, 1991; Congdon et al., 1993, 1994). Furthermore,
many turtle species make annual movements overland, moving
between aquatic and terrestrial habitats (Gibbons, 1986) and
many snakes have high movements rates associated with foraging
and mate searching (King and Duvall, 1990). The above character-
istics coupled with their typically slow movements across roads
likely make reptile populations particularly vulnerable to the ef-
fects of road mortality. Moreover, studies have found a higher
proportion of male turtles in populations near roads (Marchand
and Litvaitis, 2004; Aresco, 2005a; Gibbs and Steen, 2005; Patrick
and Gibbs, 2010), likely due to higher road mortality in females,
which make frequent movements associated with nesting activity
and often select highway shoulders and gravel roads for nest sites
(Aresco, 2005b; Steen et al., 2006; pers. obs.). It has been sug-
gested that even small increases in annual mortality rates of adult
females can cause long-term population declines (Brooks et al.,
1991; Congdon et al., 1993; Congdon et al., 1994). While we were
not able to test the effects of life history traits on reptile re-
sponses to roads this meta-analysis and the literature to date sug-
gest that reptiles in general should be a high priority for
mitigation of road effects.

4.5. Amphibians and life history attributes

We did have enough datasets to test the life history predictions
for amphibians separately. Reproductive rate was found to be
related to the magnitude of population-level effects of roads, pro-
viding support for the prediction that species with lower reproduc-
tive rates show more negative responses to roads and/or traffic
(Fig. d; Appendix E Table E4). While both amphibian orders
showed substantial negative responses to roads and/or traffic, cau-
dates showed a stronger and more negative response to roads and/
or traffic than did anurans (Appendix E Table E4). This may be
partly explained by the fact that caudates had lower reproductive
rates (caudates: mean reproductive rate=178.9 (range = 9-421,
n=13 datasets of eight species), anurans: mean reproductive
rate = 2923.3 (range = 650-8000, n = 22 datasets of nine species)).
We did not have enough datasets to test whether reproductive rate
explained variation in effect sizes within the order Caudata. For
anurans, species with lower reproductive rates, smaller body sizes,
and shorter ages at sexual maturity were more negatively affected
by roads and/or traffic (Fig. 2e; Appendix E Table E5). Of the three
species traits, age at sexual maturity showed the strongest model
fit (Appendix F Table F1b) although the traits were strongly
inter-correlated (Table 1d). We suggest that for anurans, the effect
of age at sexual maturity on the negative effect of roads functions
through its correlation with reproductive rate. Species-specific
estimates of reproductive rate and body size in amphibians are
highly variable because growth is indeterminate and reproductive
rate generally increases with body size (e.g. Wilbur, 1977; Kaplan
and Salthe, 1979; Gibbons and McCarthy, 1986; Berven, 1988;
Pupin et al., 2010) and therefore with age (Berven, 2009). Age at
first reproduction is perhaps the best indicator of overall reproduc-
tive rate: species that mature earlier tend to be smaller and have
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lower reproductive rates (Tinkle et al., 1970; Schwarzkopf, 1994).
Therefore, our results support the prediction that the negative ef-
fects of roads on frog population abundance should be stronger
on smaller bodied frogs because they will be less likely to rebound
quickly from population declines due to traffic mortality.

Indeterminate growth in amphibians and reptiles likely contrib-
utes to their susceptibility as a group to road effects. Increased
mortality due to road kill results in a shift in age distribution to-
wards younger individuals. For amphibians and reptiles, this
means a reduction in mean body size, with an associated reduction
in reproductive rate (Hoskin and Goosem, 2010; Karraker and
Gibbs, 2011). Therefore, road mortality on amphibians and reptiles
reduces population abundance not only directly but also indirectly
through reduced mean reproductive rate.

4.6. Behavioral responses to roads

Some of the variation in population-level responses to roads not
explained by life history variables is likely explained by differences
among species in their behavioral responses to roads and traffic
(Jaeger et al., 2005; Fahrig and Rytwinski, 2009). Qualitatively,
our results suggest that species that exhibit traffic disturbance
avoidance (habitat loss) or no road and/or traffic avoidance (road
mortality) are more vulnerable to negative population-level re-
sponses to roads compared to other behavioral responses to roads.
The two species for which the population-level responses to roads
were most negative were elk (Cervus elaphus) and caribou (Rangifer
tarandus) which have been reported to avoid roads from long dis-
tances away, even when these roads are small, lightly used logging
roads (James and Stuart-Smith, 2000; Rowland et al., 2000; Dyer
et al.,, 2001; Gagnon et al., 2007; Schindler et al., 2006; Stewart
et al., 2010). While these ungulates may still suffer from road mor-
tality, since been reported to cross roads, the functional habitat
loss or degradation as a result of avoiding roads from a distance
likely causes their stronger negative responses to roads compared
to other species that avoid crossing roads but do not avoid using
the habitat adjacent to roads (e.g. eastern chipmunk (Tamias stria-
tus), gray wolves (Canis lupus), cougars (Puma concolor), black bears
(Ursus americanus)) (Table 3). We found that the vehicle avoidance
response showed the strongest negative population-level response
to roads out of all behavioral responses which intuitively does not
seem logical. However, because the only species in this category
was the woodland caribou, which as mentioned above, has also
been reported to avoid roads from a distance due to traffic distur-
bance, the observed negative population-level response for caribou
is likely a result of habitat loss associated with avoiding roads from
a distance.

We predicted that species that are attracted to roads but are un-
able to avoid oncoming vehicles (i.e. slow moving) will be most
vulnerable to population-level responses to roads, but overall weak
population-level effects of roads were found for this behavioral re-
sponse category. We assumed that the common raven (Corvus cor-
ax) and the black kite (Milvus migrans), are unable to avoid
oncoming vehicles since there are no quantitative studies docu-
menting vehicle avoidance behavior in these species. However, if
they do show some vehicle avoidance and if they benefit from
the food on roads in the form of road-kill carcasses, roads could
have positive effects on reproduction which could balance or even
outweigh negative effects of road mortality, resulting in overall
weak road effects.

Overall, it is not yet possible to evaluate the effects of behav-
ioral responses on the population-level effects of roads. To do so
would require more studies of the behavioral responses to roads
for more of the species in Appendix C. Such behavioral studies
are particularly needed for: (1) any species that shows strong neg-
ative responses to roads and/or traffic, (2) mammal species that

show strong negative responses to roads and/or traffic and have
higher reproductive rates than species of similar body size (e.g.
Meles meles (European badger), Vulpes vulpes (red fox), Lepus euro-
paeus (European hare), Sus scrofa (wild boar), (3) bird species that
show strong negative responses to roads and/or traffic and have
lower mobility (e.g. water birds (e.g. Vanellus vanellus (northern
lapwing)), Parus major (great tit), Turdus merula (common black-
bird)), and (4) most amphibian and reptiles species with particular
attention to squamates (i.e., snakes) and caudate species (i.e., sala-
manders and newts).

5. Conclusions

Our results support the prediction that mammal species with
lower reproductive rates, greater mobilities, and larger body sizes
are more susceptible to negative road and/or traffic effects at the
population level. We also found weak support for the hypothesis
that more mobile birds are more susceptible to negative road
and/or traffic effects than less mobile bird species. Our results
highlight the vulnerability of amphibians and reptile populations
to negative road and/or traffic effects, and suggest that anuran
species with lower reproductive rates, smaller body sizes, and
younger ages at sexual maturity are more negatively affected by
roads and/or traffic. Also, our results suggest that species that
either do not avoid roads or are disturbed by traffic are more vul-
nerable to negative population-level effects of roads than species
that avoid roads and are not disturbed by traffic. In general, our
results imply that priority for mitigation should be directed to-
wards wide-ranging large mammals with low reproductive rates,
birds with larger territories, all amphibians and reptiles, and spe-
cies that do not avoid roads or are disturbed by traffic. For species
that are mainly affected by roads through road mortality, such as
amphibians (Fahrig et al., 1995; Bouchard et al., 2009), reptiles
(Boarman and Sazaki, 2006; Tanner and Perry, 2007), some birds
(Summers et al., 2011), and some larger mammals (Fuller, 1989;
Ferreras et al., 1992), mitigation should be mainly directed to-
wards preventing animals from moving onto roads. For amphibi-
ans and reptiles this can be done by installing fencing with very
small mesh (e.g., Aresco, 2005b) and/or reconstructing the road
bed with the addition of “barrier walls” that have a lip to keep
animals from climbing onto the road (e.g., Barachivich and Dodd,
2002). In locations where amphibians need to cross the road (e.g.,
to access breeding sites), wildlife crossing structures (ecopassag-
es) can be used to allow safe passage under the road (Clevenger
et al., 2001; Huijser and McGowen, 2010). These are best placed
wherever streams intersect with roads: culverts should be re-
placed by “extended stream crossings” that allow the natural
stream, with wide banks on either side, to flow under the road
(Ruediger, 2001), thus allowing free movement of amphibians
and reptiles. Such underpasses, if large enough, would also allow
movement of larger mammals, but additional, substantial fencing
is required to keep large mammals such as cougars off roads (e.g.,
Smith, 2004). For birds, avoiding road mortality would require
installation of tall structures along roads that encourage or force
birds to fly above the height of traffic. For the larger mammals
that are disturbed by traffic, road effects can be mitigated by
measures aimed at reducing road and traffic density in the land-
scape. In addition, engineering solutions to reducing traffic noise,
e.g., changes to pavement or tires, could partially mitigate the
disturbance effects. However, since many of the species that have
been reported to avoid roads from a distance, have been reported
to nevertheless cross roads in certain locations and thus poten-
tially suffer from road mortality, providing fencing in combina-
tion with wildlife crossing structures in key movement areas
would also be beneficial.
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