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• We used meta-analyses to quantify road
effects on bird richness.
• Bird richness was similar in roadside
and non-roadside habitats.
• Roads affected bird richness more negatively in habitats with denser tree cover.
• Richness differences between habitats
depended on the primary diet of
species.
• Species turnover likely explains some of
the results.
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a b s t r a c t
Roadsides can harbour remarkable biodiversity; thus, they are increasingly considered as habitats with potential
for conservation value. To improve construction and management of roadside habitats with positive effects on
biodiversity, we require a quantitative understanding of important inﬂuential factors that drive both positive
and negative effects of roads. We conducted meta-analyses to assess road effects on bird communities. We speciﬁcally tested how the relationship between roads and bird richness varies when considering road type, habitat
characteristics and feeding guild association. Overall, bird richness was similar in road habitats compared to nonroad habitats, however, the two apparently differ in species composition. Bird richness was lowered by road presence in areas with denser tree cover but did not differ according to road type. Richness differences between habitats with and without roads further depended on primary diet of species, and richness of omnivores was
positively affected by road presence. We conclude that impacts of roads on bird richness are highly contextdependent, and planners should carefully evaluate road habitats on a case by case basis. This emphasizes the
need for further studies that explicitly test for differences in species composition and abundance, to disentangle
contexts where a road will negatively affect bird communities, and where it will not.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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documented that birds can be both negatively and positively affected
by linear infrastructure (Benítez-López et al., 2010; Rytwinski and
Fahrig, 2012; Morelli et al., 2014; Ouédraogo et al., 2020), and they
have been widely studied in most contexts, including road ecology.
The large amount of available data means that birds represent an attractive taxonomic group for investigating different factors that may
inﬂuence biodiversity in road habitats. Since it can be challenging to
summarise and evaluate results across a large body of literature, we
conducted meta-analyses to quantify whether, on average, roads are
negatively or positively associated with bird richness. Further, we
aimed at identifying what the important underlying factors are that
inﬂuence bird richness in road habitats. We focused on species richness as a diversity metric because meta-analyses require a high number of comparable studies, and richness is by far the most common
measure, despite its limitations (Fleishman et al., 2006; Hillebrand
et al., 2018).
We expected an overall negative effect of roads across contexts, not
least because negative factors have been more commonly studied in the
past. We further hypothesised that characteristics of the road and the
surrounding habitat are important in determining road effects on bird
richness. Speciﬁcally, we predicted that larger roads have more negative
effects than smaller roads, that road effects are more detrimental in
pristine habitats, and that road presence positively affects bird richness
in highly modiﬁed landscapes. Finally, we predicted road effects to differ
among avian feeding guilds, with different negative effects on richness
in all dietary groups except predators, scavengers and omnivores,
which we expected to exhibit a positive relationship with roads.

1. Introduction
The worldwide development of road networks and related road impacts are a major driver of current biodiversity loss (Forman et al., 2003;
van der Ree et al., 2015). Road development is also a direct contributor
to biotic homogenization, i.e. increase in genetic, taxonomic and functional similarity of different locations over a speciﬁed time interval
(McKinney and Lockwood, 2001; Olden et al., 2004; Olden and
Rooney, 2006). At the species level, this homogenization process generally implies a decrease in abundance of more susceptible species, leading to an increase of extinction risk, while a few tolerant species
increase in abundance (Olden and Rooney, 2006). The mechanisms
through which infrastructure development, particularly roads, can contribute to this process and negatively impact biodiversity include habitat loss, trafﬁc collisions, edge and barrier effects, as well as increased
human access (Trombulak and Frissell, 2000; Forman et al., 2003;
Cofﬁn, 2007).
However, it is becoming increasingly evident that roads can also
have positive effects on biodiversity (Meunier et al., 1999; Rotholz and
Mandelik, 2013; Morelli et al., 2014; Vasconcelos et al., 2014; Reck
and van der Ree, 2015), and even save threatened species in
intensely-anthropized landscapes (Noordijk et al., 2009). Positive effects of roads have been attributed to various factors and may be due
to roadsides providing suitable habitat with foraging opportunities (including scavenging for roadkill; Lambertucci et al., 2009; Morgan et al.,
2010; but see Barrientos and Bolonio, 2009), availability of
overwintering and nesting sites (Schaffers et al., 2012), a heat source
to help with conserving metabolic energy (Whitford, 1985), and reduced predation pressure (Rytwinski and Fahrig, 2007, 2013). Also,
while roads are barriers for some species, they may constitute
stepping-stones and dispersal corridors for other species (Deckers
et al., 2005; Cofﬁn, 2007) and can increase habitat heterogeneity at a
local scale (Meunier et al., 1999). In order to construct and manage
road habitats in a way that mitigates negative effects on biodiversity
and takes advantage of the potential beneﬁts, understanding of how different factors inﬂuence different species and ecological processes is required.
One factor that can be important in determining species-speciﬁc
success in roadside habitats is the size of the road. Larger roads may
have more negative effects on some species because they cause increased disturbance, thereby counteracting potential positive effects.
Large roads typically also have higher trafﬁc volumes than small
roads. Intensiﬁcation of trafﬁc may lead to an increase in wildlifevehicle collisions, with the caveat that some animals are discouraged
from attempting road crossings when trafﬁc is above a certain threshold
(e.g. Clarke et al., 1998). Another factor that may play an important role
in how the road environment affects species is the type of habitat
through which the road is built. In more homogenous landscapes, for
example, landscapes with intense agriculture or with forest managed
for timber (i.e. landscapes that have been highly human-modiﬁed),
roads may have a positive effect on species by increasing habitat heterogeneity (Meunier et al., 1999; Helldin and Seiler, 2003). In more pristine
habitats (i.e. with little anthropogenic impact), however, the disturbance introduced by roads likely outweighs potential positive effects.
In addition, effects are dependent on species-speciﬁc requirements
and behaviours. For example, raptors and other scavenging birds often
have higher densities close to roads due to feeding opportunities, including roadkill and other sources related to human activities (Knight
and Kawashima, 1993; Dean and Milton, 2003; Lambertucci et al.,
2009). Mammalian predators, however, tend to avoid roads (Fahrig
and Rytwinski, 2009; Grilo et al., 2015).
Birds constitute an important component of most ecosystems of all
biomes; they contribute to many ecosystem services (Millennium
Ecosystem Assessment, 2003; Whelan et al., 2008), and can be useful indicators of habitat quality and biodiversity (Blair, 1999; Kati et al., 2004;
Orme et al., 2005; Frederick et al., 2009; Fraixedas et al., 2020). It is well

2. Methods
2.1. Search strategy and selection of articles
The source for our data was a large literature search implemented in
the context of the EPICROADS project: a scientiﬁc collaboration between
different European institutions from 2017 to 2021, funded through the
Conference of European Directors of Roads (CEDR). EPICROADS was
built on a systematic review from a Swedish MISTRA EviEM project
(Bernes et al., 2017), which covered the years before 2017, to which it
added updated searches for the period 2017–2020. Searches for the
EPICROADS database targeted articles on biodiversity in different relationships with roads i.e. species, communities, species diversity, functional groups and ecosystem function; articles where impacts of roads
and road-related factors on species and ecological processes were unknown were excluded. EPICROADS used the same broad search string
and terms as the MISTRA systematic review (n.b. an asterisk * serves
as a wildcard, representing any group of characters, including no
characters):
Population roadside*, ‘road side*’, (road* AND (verge* OR edge*)), roundabout*, ‘trafﬁc island*’, ‘median strip*’, ‘central reservation*’, boulevard*, parkway*,
(avenue* AND tree*)
Outcomes *diversity, dispers*, species, abundance, vegetation

The terms within the categories ‘Population’ and ‘Outcomes’ were
combined using the Boolean operator ‘OR’, and the two categories
were combined using the operator ‘AND'. EPICROADS also used the
same search engines and publication databases than the MISTRA project, with the caveat that the most recent search (2019–2020) only
used Google Scholar and Web of Science as search engine and publication database, respectively.
For the meta-analyses on bird richness in relation to roads, we carefully screened titles and abstracts for all articles found through the
EPICROADS and MISTRA literature searches (see ﬂow diagram in
Fig. S1, Supporting information), published in all years up until May
2020. We adopted a conservative approach, where articles were
retained if relevance was unclear at ﬁrst. We only included papers in
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Footprint Release; Venter et al., 2016), mean annual temperature (°C)
and annual precipitation (mm; WorldClim database; Fick and
Hijmans, 2017), tree cover (30 m pixel percent tree cover; Landsat
data; Hansen et al., 2003), MODIS net primary productivity (NPP;
g/m2/year; Running et al., 2004) and biome category (Olson et al.,
2001). We further stored data on the country and the years during
which the study was carried out, type of predictor for road (categorical
‘road presence vs. absence’ or the continuous predictor ‘distance’), sampling methods (split into ﬁve categories: point counts, transects, territory mapping, area search methods or capture mark-recapture studies,
i.e. mist-netting), and study design (i.e. control-impact, before-after or
before-after-control-impact).
To explore differences of road impacts on species richness among
subgroups of birds belonging to different feeding guilds, we attempted
to source raw data for each study. Due to variation in classiﬁcation systems among studies, we grouped birds according to the EltonTraits database (Wilman et al., 2014), which assigns species to one of ﬁve diet
categories, namely ‘plant or seed eaters’, ‘omnivores’, ‘nectar or fruit
feeders’, ‘insectivores’ and ‘meat eaters’ (carnivores, piscivores or scavengers), depending on their primary food source. For each study, we
then calculated means and standard deviations for species richness
within each diet category. To ensure that a given feeding guild was adequately represented, we only used data for a category if there were at
least ten observations of individuals belonging to that respective category across all road and non-road habitat surveys. Thus, two individuals
belonging to the same species were counted as two, and two individuals
belonging to two different species were also counted as two.
We ended up with two separate related data sets in our analyses, a
‘full data set’ and a ‘diet data set’. In both data sets, standardized mean
difference (SMD) effect sizes were derived for all responses using
Hedges' g statistic. They were calculated as the difference between the
mean bird richness in road habitats and the mean bird richness in
non-road habitats, divided by the pooled standard deviation. Thus, positive effect sizes indicate that bird richness is higher in road habitats
than non-road habitats and vice versa. Effect size estimates were
weighted by the inverse of their variances, which gives more weight
to studies with higher sample sizes if distributions are similar
(Borenstein et al., 2009).
Values for effect sizes and variances, details about variables, information regarding means and standard deviations for each data point,
sample sizes, habitat descriptions and coordinates used for each study
site, can be found in Tables S1 and S2 (Supporting information). Collinearity among continuous explanatory variables was examined in Fig. S2
(Supporting information). We also examined spatial turnover of species
for studies that had available raw data (Fig. S3).

English and excluded grey literature, because it often contains insufﬁcient detail to perform meta-analyses. Articles identiﬁed as potentially
relevant during the title and abstract screening, i.e. the topic indicated
a potential association between roads and bird communities, were
then examined on full text. During this stage we retained articles
based on a pre-deﬁned set of inclusion criteria:
• Relevant study objects: Any bird communities, irrespective of geographical location, as most basic responses to roads are likely to be
similar across the globe.
• Relevant types of exposure: Road presence or proximity to roads (i.e.
road habitats compared to non-road habitats, a dichotomous classiﬁcation; or close to the road compared to distant from the road, a continuous measure).
• Relevant types of comparator: Non-road habitats or furthest recorded
distance from a road (in the case of studies that recorded bird richness
at different distances from roads).
• Relevant types of outcome: Bird richness in road habitats compared to
non-road habitats.
Articles that did not match these criteria and/or that did not provide
the necessary statistical detail (see following section) to conduct metaanalyses were excluded at this point (Fig. S1; Supporting information).
2.2. Data extraction
For each article, we extracted sample means for bird richness in road
and non-road habitats (n.b. in the case of studies measuring bird richness at different distances from the road, we focused on means for the
closest and furthest recorded distances, respectively), sample sizes,
and a measure of variance (usually standard errors or standard deviations, depending on the study) to calculate an effect size. If a study reported separate summary statistics for different years, we combined
means and standard errors for those years. If an article had collected
data in different habitats or road types, and reported bird richness separately for these data sets, we extracted multiple data points from that
article and treated each as a separate study. For example, the same article may have compared bird richness in road versus non-road habitats
for highways and carried out the same comparison in a separate data
set focusing on smaller roads. In such an example, our approach extracted two pairwise comparisons.
If summary statistics were not provided by a study, we either calculated them from raw data (if they were available as supplementary material or provided by the authors when requested), or, if possible,
extracted them from graphical images (using Engauge Digitizer). We
considered each surveyed site as one sampling unit, thus, if there were
multiple surveys for the same site (e.g. different seasons or times of
day), we took the sum of the total number of species found in that site
across surveys, and calculated sample means across all road and nonroad sites, respectively.
We recorded information related to road type and habitat characteristics, and classiﬁed roads into three categories: ‘large paved roads’ (typically highways/roads with 3 < lanes), ‘small paved roads’ (typically 1–2
lanes) and ‘unpaved roads’. Studies were further assigned to one of
three habitat categories, namely ‘woodland’, ‘arable land’ or ‘open habitat’ (e.g. grass- or shrubland), based on site descriptions given in the
studies. In addition to the habitat category, we created an alternate
dichotomous variable, which classiﬁed habitats as being either
highly or less human-modiﬁed/managed (‘high’ vs. ‘low’), in order to
differentiate between for example plantations used for wood production (i.e. high modiﬁcation) and relatively pristine forests (i.e. low modiﬁcation; Tables S1–2; Supporting information).
We recorded coordinates for each study to extract variables related
to climate and other environmental conditions from various online databases and explore them as sources of heterogeneity. Variables extracted this way included cumulative human pressure (2009 Human

2.3. Statistical analyses
To determine whether, overall, roads have a positive or negative impact on bird richness, and to test for differences of road impacts on bird
richness depending on dietary requirements, we carried out randomeffects meta-analyses on the full data set and the diet data set, respectively. We used restricted maximum likelihood (REML) as an estimator
to derive pooled effect sizes. The random-effects model is deemed more
appropriate if there is no strong reason to assume that all studies share a
common effect size, and thus allows for variation among studies
(Hedges and Olkin, 1985). We used the metafor package (Viechtbauer,
2010) in R version 3.6.3 (R Core Team, 2020) to build all models.
Heterogeneity was assessed by examining forest plots and tests of
heterogeneity (Q). Publication bias was assessed through funnel plots
of asymmetry (graphical detection using a scatterplot of effect size
against the sampling error). Subgroup analyses (i.e. mixed-effects
meta-regressions, including study ID as random effect and selected
moderators as ﬁxed effects) were used to test for associations between
effect sizes and candidate predictor variables. Speciﬁcally, to address
our research questions regarding the inﬂuence of road size and habitat
3
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3.2. Effects of road type and habitat attributes

attributes on bird richness, we conducted meta-regressions on the full
data set, while including categorical moderators of either road or habitat
type. We removed the intercept in these models to view estimates for
each predictor level, as opposed to setting one as a reference level. We
also ﬁtted a two-level interaction between road and habitat type to
test whether road impacts on bird richness differ depending on speciﬁc
combinations of those two factors. To further explore factors introducing heterogeneity, we built a series of meta-regression models, each including one of the previously deﬁned explanatory variables related to
environmental conditions (i.e. human pressure, mean annual temperature, annual precipitation, tree cover, NPP and biome) or related to
study design (sampling method, type of predictor for road and distance
to nearest road for non-road sites, if applicable).
During the review process we identiﬁed two articles which had reported that changes in bird richness were mainly driven by the presence
of an aggressive competitor species (noisy miner, Manorina
melanocephala; Hall et al., 2018; Maron and Kennedy, 2007). Since removal of these two articles did not change the overall results of the
models and moderator analyses, they were retained in the full data
set. In the diet data set however, the differences among feeding guilds
became more apparent after these two studies were excluded, even
though the overall signiﬁcance of the moderator did not change. Thus,
the ﬁnal diet data set excluded these studies, as they may be confounding road impacts on bird richness of speciﬁc diet categories. We further
examined Cook's distances to identify studies with a high inﬂuence on
the overall outcome and carried out sensitivity analyses for both the
full and diet data sets.

Road effects on bird richness did not vary according to road type
(QM = 4.39, p = 0.223, N = 10, 7, 9; Fig. 1b), habitat type (QM =
5.15, p = 0.161, N = 16, 4, 6; Fig. 1c) or differences in humanmodiﬁcation/management (QM = 3.65, p = 0.162, N = 12, 14;
Fig. 1d). Effect size estimates for individual studies are included in
more detailed ﬁgures in supporting information (Figs. S7–S9).
However, meta-regression analysis showed that effects of roads
were more negative in environments with higher tree cover (i.e.
dense forest; ESg = −0.02; 95% CI: −0.02, −0.01; N = 21; Fig. 2;
Table 1). There was no association between effects of roads on bird
richness and the other environmental predictor variables in our study
(i.e. human pressure, mean annual temperature, annual precipitation,
NPP and biome), nor the interaction between road type and habitat category (Table 1). Also, sampling method, predictor type, and actual distance to road did not signiﬁcantly affect the association between roads
and bird richness (Table S3; Supporting information).
3.3. Differences between bird feeding guilds
The pooled weighted mean effect size derived from all 46 effect sizes
in the diet data set also showed no association between bird richness in
road habitats compared to non-road habitats (ESg = 0.13; 95% CI:
−0.15, 0.41; N = 46). Again, heterogeneity of effect sizes was large
(Q = 304.71, p < 0.001, N = 46), indicating substantial variation in
how roads impact bird richness. Moderator analyses showed that
effects of roads on bird richness varied signiﬁcantly according to diet
category (QM = 160.65, p < 0.01, N = 13, 12, 4, 13, 4), and indicated
a positive impact of road habitats on the species richness of
omnivorous birds (Fig. 3). Removal of the study that had the data
point with the highest inﬂuence (Fig. S10; Supporting information)
did not signiﬁcantly affect the overall outcome (ESg = 0.07; 95% CI:
−0.20, 0.33; N = 45; model heterogeneity: Q = 302.48; p < 0.001);
thus, all 46 data points were retained.

3. Results
A total of 7071 articles were screened on title and abstract, and
of those 177 were screened on full text. We retained 18 articles
(ten of which we were able to obtain raw data for), published
1991–2019, which met the inclusion criteria and had the necessary
statistical information to conduct meta-analyses (Fig. S1;
Supporting information). Studies were spread across Europe (6),
Australia (4), North America (3), Asia (3) and South America (2);
study locations are shown in Fig. S4 (Supporting information).
We extracted more than one data point from ﬁve articles that
had collected data for different road and/or habitat types, treating
each as a separate study, which resulted in a total of 26 effectsize values (‘studies’) in the ﬁnal data set. For the diet data set,
we extracted 46 effect-size values from the raw data sets, split
across the ﬁve diet categories (some articles with data for different
road and/or habitat types yielded multiple data points for the same
diet category). All studies had a control-impact design (CI); see
Supporting information Tables S1 and S2 for a full list of all included articles and associated information.

4. Discussion
Across 26 studies included in this meta-analysis, roads had no consistent effect on bird richness, and there was considerable variation
among studies. The lack of an overall signiﬁcant effect of roads on bird
richness in the meta-analysis is not surprising, given that roads are
known to have both positive and negative effects on birds, and our sample covers many different contexts. However, when we examined potential inﬂuential factors that may drive bird richness in road habitats
by grouping studies according to road, habitat or diet type, we found
some evidence that differences in richness between habitats with and
without roads depend on speciﬁc contexts covered by those subgroups.
4.1. Road type

3.1. Bird species richness in road and non-road habitats
Contrary to our prediction, the results did not support the hypothesis that road impacts on bird richness depend on the type of road (i.e.
unpaved, small or large paved). Other studies have shown that positive
effects of roads tend to be more frequently associated with less-highly
frequented or unpaved roads, and larger roads may present increased
disturbance, which could reduce or negate any potential positive effects
(Morelli et al., 2014; Reijnen and Foppen, 2006; Ouédraogo et al., 2020).
Indeed, another recent meta-analysis found negative impacts of
highways, but not of other paved roads on bird richness (Ouédraogo
et al., 2020). On the other hand, some species may prefer larger roads,
which could also contribute to our result. For example, a study in butterﬂies showed that butterﬂy diversity was higher along highways compared to urban or rural roads, likely because the wider verges of
highways provide a better variety of breeding habitats (Saarinen et al.,
2005). It has also been shown that some species do better in habitats

The pooled weighted mean effect size derived from all 26 effect
size values showed that overall bird richness did not differ between
road and non-road habitats, although this ﬁnding was marginal
(ESg = −0.32; 95% CI: −0.71, 0.06; N = 26; Fig. 1a). The
heterogeneity of effect sizes was large (Q = 307.64; p < 0.01; N =
26), indicating that there was substantial variation in how road
habitats impact bird richness. A funnel plot of asymmetry indicated
little publication bias (Fig. S5; Supporting information), and removal
of the study that had the data point with the highest inﬂuence
(Fig. S6; Supporting information) did not signiﬁcantly affect the
overall outcome (ESg = −0.22; 95% CI: −0.58, 0.14; N = 25;
model heterogeneity: Q = 202.14; p < 0.01). Since excluding
inﬂuential data points had no qualitative impacts on the study's
ﬁndings, all data points were retained in the ﬁnal model.
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Fig. 1. Forest plot showing weighted mean effect size estimates (Standardized mean differences) for (a) all studies and for all studies grouped by (b) different road types, (c) habitat types
adjacent to the road and (d) the amount of human modiﬁcation/management in the habitat adjacent to the road. Each row represents one case (study). Summary estimates for road
categories (unpaved, small paved, large paved), habitat categories (woodland, open habitat, arable land) and categories of human modiﬁcation of the environment (high, low) were
derived from mixed-effects meta-regressions. Error bars indicate 95% conﬁdence intervals and arrows represent cases where the estimate and/or conﬁdence interval extend beyond
the axis limit, which was restricted for illustration purposes. Point size indicates sample sizes (i.e. weight) and the “overall summary” represents the overall pooled effect size across all
26 effect size values (i.e. studies/cases) from 18 articles.
5
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with greater road densities due to reduced predation (Rytwinski and
Fahrig, 2007; Fahrig and Rytwinski, 2009; Munro et al., 2012); possibly
similar effects occur in verges of larger compared to smaller roads. In addition, birds are a rather mobile taxon, and it has been suggested that
some species may be less affected by roads if they are able to avoid
deadly collisions (Jaeger et al., 2005); if so, road size per se may not be
that important. These hypotheses remain to be explicitly tested.
4.2. Habitat type and other environmental effects
We also did not ﬁnd any consistent differences in bird richness in
road habitats compared to non-road habitats when we grouped studies
according to habitat type (i.e. woodland, arable land, open habitat). Positive effects of roads are often expected in more homogenous landscapes (Helldin and Seiler, 2003; Morelli et al., 2014), where roads
may add heterogeneity. Conversely, negative effects are expected to
be strongest in landscapes that have been less impacted by human activity, for example in natural forests.
We note that the ‘woodland’ category in our study comprised any
type of woodland, including managed production forests that are also
under high human impact (and likely more homogenous than other
types of woodland — hence, we additionally tested for effects of
human impact). For example, Šálek et al. (2010), showed a strong positive effect of roads on bird richness, contrary to many other studies in
the woodland category. The latter study was carried out on a spruce
plantation used for timber production, and the authors concluded that
(unpaved) logging roads may add heterogeneity and attract bird species
to production forests. However, we did not ﬁnd any effects of metaregressions of human pressure (i.e. human footprint; Venter et al.,
2016) on the overall data set, nor of the variable that classiﬁed studies
in two arbitrary categories based on the level of human modiﬁcation/
impact (i.e. ‘low’ = relatively unmanaged habitats or habitats managed

Fig. 2. Bubble plot showing the results of meta-regression analyses testing the moderation
of the association between roads and bird richness by tree cover percentage. The size of
the bubble is proportional to the precision of the study (i.e. larger studies are
represented by larger bubbles; inversely proportional to the variance of the
Standardized mean difference).

Table 1
Mean effect sizes (ESg) with statistical signiﬁcance of moderators for separate meta-analytical regression models, testing the effects of human pressure, annual mean temperature, annual
precipitation, net primary productivity (NPP), tree cover percentage, biome category, and the interaction between road type and habitat category, respectively, on bird richness. The
reference level for road type (R) is ‘large’, and the reference level for habitat category (Hab) is ‘arable land’. Signiﬁcant effects are shown in bold.
Moderator variable

ESg

Cl (lb)

CI (ub)

p(ESg)

Intercept
Human pressure
Intercept
Annual mean temperature
Intercept
Annual precipitation
Intercept
NPP
Intercept
Tree cover
Biome category3
Trop & Subtrop Moist Broadl Forests
Trop & Subtrop Dry Broadl Forests
Temp Broadl & Mixed Forests
Trop & Subtrop Grassl, Sav & Shrubl
Montane Grasslands & Shrublands
Mediterranean Forests, Woodl & Scrub
Road type ∗ habitat category4
Intercept
R[Small]
R[Unpaved]
Hab[Open]
Hab[Wood]
R[Small] ∗ Hab[Open]
R[Unpaved] ∗ Hab[Open]
R[Small] ∗ Hab[Wood]
R[Unpaved] ∗ Hab[Wood]

−0.26
−0.00
0.08
−0.03
−0.09
−0.00
1.48
−0.00
0.21
−0.02

−0.99
−0.04
−0.56
−0.08
−0.77
−0.00
−0.56
−0.01
−0.26
−0.02

0.48
0.03
0.72
0.01
0.59
0.00
3.51
0.00
0.67
−0.01

0.50
0.81
0.80
0.12
0.79
0.40
0.16
0.05
0.39
<0.01

−0.47
−0.89
−0.24
−0.55
0.89
−0.99

−1.76
−3.19
−0.83
−1.79
−0.88
−2.27

0.82
1.41
0.36
0.69
2.67
0.29

0.48
0.45
0.43
0.39
0.33
0.13

−0.41
0.08
−0.31
1.30
−0.05
−1.33
−0.54
0.15
0.44

−0.94
−0.11
−1.49
−0.42
−0.43
−3.33
−3.12
−0.24
−0.81

0.12
0.26
0.87
3.02
0.32
0.67
2.04
0.55
1.69

0.13
0.41
0.61
0.14
0.77
0.19
0.68
0.45
0.49

1

QE1

QM2

p(QM)

139.56

0.06

0.81

128.53

2.35

0.12

144.13

0.72

0.40

136.37

3.76

0.05

84.89
136.14

9.47
5.59

<0.01
0.47

174.18

6.55

0.59

n
–
21
–
21
–
21
–
21
–
21
21
2
1
11
2
1
4
26

Residual heterogeneity.
Between groups/model heterogeneity.
Biome categories: Tropical & Subtropical Moist Broadleaf Forests, Tropical & Subtropical Dry Broadleaf Forests, Temperate Broadleaf & Mixed Forests, Tropical & Subtropical Grasslands,
Savannahs & Shrublands, Montane Grasslands & Shrublands, Mediterranean Forests, Woodlands & Scrub.
4
Road and habitat categories = Large roads (reference level), small paved roads (Small) and unpaved roads (Unpaved), arable land (reference level) woodland (Wood) and open
habitat (Open).
2
3
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in the interest of wildlife or nature reserves, vs. ‘high’ = arable land or
production forests).
When examining results of individual studies, it is noticeable that
there are more studies which reported positive effects of roads on bird
richness in more modiﬁed landscapes, and more studies with negative
effects in more pristine landscapes. This illustrates the signiﬁcance of
weighting effect size estimates prior to conducting meta-analyses.
Also, if some species preferably use anthropized habitats, this may contribute to our results. For example, raccoons (Procyon lotor) often
choose anthropized areas to utilise related food resources (Prange
et al., 2003, 2004), and Eurasian collared doves (Streptopelia decaocto)
have been found prefer urbanized areas with road infrastructures compared to agricultural or forested areas (Battisti and Zullo, 2019).
The only candidate environmental predictor that explained variation
in bird richness response to roads was tree cover. It showed that effects
of roads on bird richness were more negative in landscapes with higher
tree cover. This is in line with previous studies in road habitats (e.g.
Meunier et al., 1999; Radford et al., 2005), as well as meta-analyses on
intra-urban biodiversity across a range of taxa, showing that bird richness in particular was strongly positively associated with tree cover
(Beninde et al., 2015). Denser tree cover in woodland may imply that
the environment in question has seen less human modiﬁcation, and it
would make sense that more pristine habitats suffer stronger negative
impacts of roads. Roads could be considered a ‘clearing’ in the landscape, so it is not surprising that road effects are less noticeable in
habitats that are more open to begin with. It has previously been
shown that bird species that primarily frequent more closed habitats
(e.g. forests) tend to be more negatively affected by roads than species
that prefer more open environments (Morelli et al., 2015). This can be
explained through tolerance differences to sensory pollution (i.e. light
and noise) and to disturbance in general between the two types of species. For example, birds in forest habitats are more sensitive to noise and
have decreased reproductive success compared to birds living in more
open environments, probably because their vocalisations are at frequencies which are more susceptible to masking through anthropogenic noise (Senzaki et al., 2020).

4.4. Species turnover
One likely reason for the lack of signiﬁcant differences in bird richness between road habitats and non-road habitats for some of the subgroups in our analyses is that there may be species turnover. Indeed,
when looking at the number of species that were shared with, new to,
or absent from road habitats compared to respective non-road habitats
for studies with available raw data, it became apparent that in various
cases there were considerable differences in community composition
between habitats with and without roads (Fig. S3; Supporting information). For example, in woodland sites, Lynch and Saunders (1997) found
35 species in road habitat compared to 32 species in non-road habitat.
However, only 22 of those species were shared between non-road and
road habitats. The pattern was similar for grassland sites, with 21 total
species in road habitat compared to 19 species in non-road habitat,
and of those, 11 species were present in both road and non-road habitats.
Notably, positive effects in the form of increases in species richness
do not necessarily equate to positive effects on conservation status or
other conservation policy targets. Indeed, richness alone may not always be informative, because there may be changes in abundance and
in community composition, which can impact ecosystem functioning.
What is desirable, is an increase in biodiversity, which in addition to
richness, also comprises aspects of identity, rarity and dominance,
among other things (Hillebrand et al., 2018). Thus, understanding biodiversity change is not always straightforward, and this has sparked much
debate (e.g. Thomas, 2013; Vellend, 2017). Despite its shortcomings
though, species richness remains the most common and straightforward biodiversity metric. In addition, it is probably the only one that offers the possibility to carry out robust comparisons across habitats, taxa
and different spatio-temporal scales, given that it has been reported in a
sufﬁciently standardized way (Vellend, 2017).
4.5. Other considerations
A previous meta-analysis of road impacts on bird richness reported a
bigger sample size for roads in the ‘large’ category (i.e. highways;
Ouédraogo et al., 2020), but also a noticeably smaller sample size for
‘small’ roads. This demonstrates that the observed outcome strongly depends on composition of the ﬁnal data set. The difference likely arose
due to different inclusion and exclusion criteria, and further, the source
for the literature reviewed in our study was a database which was built
on systematic review approaches with a relatively broad search string.
Similarly, generating the data set for the feeding guild subgroup analyses (i.e. diet data set) depended on what studies we were able to obtain
raw data for. It is possible that adding further studies may signiﬁcantly
affect the outcome in some of the subgroups. The same could be said
for road and habitat subgroup analyses, however, concerning the main
data set, it is unlikely that a larger sample size would considerably
change the overall result, given that road effects on bird richness are
highly context-dependent.
All included studies had a control-impact (CI) design, which is
useful in that it made them more comparable. Before-after and
before-after-control-impact designs are very rare for the types of
studies used in our meta-analyses, but should be highly encouraged
in future studies, because there tends to be quite a bit of variation in
control sites, and it is not always clear how different they are from
road habitats aside from the absence of a road (also see Christie
et al., 2020). We did test for effects of the type of predictor that studies were using to measure road impacts, and found no signiﬁcant difference depending on whether they used ‘absence’ of roads (as
opposed to ‘presence’, i.e. a categorical predictor) or ‘far distance
from roads’ (as opposed to ‘close distance’, i.e. a continuous predictor) as a comparator. Impacts of roads on bird richness did also not
differ depending on sampling methods used, or actual distance between road- and control sites.

4.3. Feeding guild association
Feeding guild association is likely an important factor in determining
bird species success in road habitats. We speciﬁcally found positive impacts of roads on omnivorous birds, which matches our expectation that
species with less specialised primary dietary requirements do better in
road habitats than birds with more specialised requirements (i.e. frugivores, insectivores and granivores). Indeed, some omnivorous species
are known to have great capacity to adapt their diets, which allows
them to use resources made available through anthropogenic activity.
For example, ravens (Corvus corax) were more abundant along highways compared to control areas at a distance from highways, likely because they were exploiting road-killed carrion (Knight and Kawashima,
1993).
Contrary to expectation, there was no signiﬁcant positive effect on
species with a primary dietary requirement of meat (i.e. predators or
scavengers). However, the sample size was very small, and the four
available data points all had positive estimates for road impacts, suggesting that carnivorous birds may beneﬁt from road environments.
Our results imply that negative effects of roads can be particularly expected in habitats with many bird species that have very specialised
diets. Further, the differences among feeding guilds became more apparent after we removed two studies which had been carried out in environments with an aggressive competitor species, whose occurrence
has strong negative impacts on other bird species, regardless of road
presence or absence (Hall et al., 2018; Maron and Kennedy, 2007).
Thus, road habitats are less likely to offer opportunities to promote species richness if strongly competitive species thrive in roadsides, as well
as other habitats.
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be possible to assimilate a data set for species abundance, although
it is unlikely there would be enough data to carry out guild-speciﬁc
analyses on the same data set.

4.6. Implications
The negative effect of increased tree cover on bird richness in
road habitats suggests that introducing a clearing in forests is more
detrimental than building a road in a landscape that is more open
to begin with. Most woodland in our analyses was (near)natural forest, so forests that had seen low levels of human modiﬁcation. It has
previously been suggested that relatively undisturbed areas should
be kept as intact as possible, and road-planners should focus on
areas that are more homogenous as a result of higher human activity
(Benítez-López et al., 2010; Ibisch et al., 2016; D’Amico et al., 2019;
Ascensão et al., 2021). However, beneﬁts of added heterogeneity
may depend on speciﬁc local factors that need to be taken into consideration on a case by case basis. Roads may have positive effects
in terms of making the landscape more heterogeneous, and/or increase overall species richness, yet if there are highly competitive
species (either aggressive local competitors or invasive species), potential positive effects of roads may be counteracted, suggesting that
there is a need to consider communities as a whole. Also, in one
study that found strong effects of noisy miners, control sites (riparian habitat) in fact had lower abundance of this competing species
(Hall et al., 2018), implying that planners should adopt a landscape
perspective and not just look at roadsides in isolation (van der Ree
et al., 2011). Indeed, beneﬁts of road habitats may depend on how
they contrast with the surrounding landscape (Meunier et al.,
1999). In addition, if the target of a given road management or construction project is to promote establishment of speciﬁc species, dietary requirements of those species should be considered in the
context of the given landscape.
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4.7. Conclusions
We identiﬁed no overarching negative or positive effect of roads
on bird richness. However, this does not imply that the presence of
roads unproblematic, or that roadsides do not offer opportunities
to serve as habitats with conservation value. The absence of an overall signiﬁcant impact of roads indicates that effects differ a lot across
studies, and that they are highly dependent on the context. Nonetheless, our meta-analyses did allow us to identify a couple of factors
that signiﬁcantly inﬂuence the relationship between roads and bird
richness, i.e. tree cover and feeding guild association. When examining individual studies, it becomes clear that effects of roads also differ according to road and habitat type, and likely an interplay of
other factors. The absence of signiﬁcant effects of road or habitat
type in the meta-analyses is likely due to species turnover and highlights that species richness alone may not be a suitable indicator for
biodiversity or habitat quality, depending on the research agenda
and goals of potential conservation efforts.
There are individual cases where roads have clear negative effects
on species richness and the surrounding bird fauna (Fig. S3;
Supporting information), or where no clear effects are apparent.
Thus, in practise, it may be best to adopt a conservative approach:
since there are risks, all roads should be considered potentially problematic, and not be considered beneﬁcial until this has been proven.
This should motivate future research which explicitly tests for differences in species composition and abundance, to try and disentangle
contexts where a road will have negative effects, and where it will
not. Indeed, it would be interesting to repeat the same kind of
study for different biodiversity metrics and taxa. In birds, it would

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.151478.
References
Ascensão, F., D’Amico, M., Barrientos, R., 2021. No planet for apes? Assessing global priority areas and species affected by linear infrastructures. Int. J. Primatol. 1–17.
Barrientos, R., Bolonio, L., 2009. The presence of rabbits adjacent to roads increases polecat road mortality. Biodivers. Conserv. 18, 405–418.
Battisti, C., Zullo, F., 2019. A recent colonizer bird as indicator of human-induced
landscape change: eurasian collared dove (Streptopelia decaocto) in a small
Mediterranean island. Reg. Environ. Chang. 19, 2113–2121.
Beninde, J., Veith, M., Hochkirch, A., 2015. Biodiversity in cities needs space: a metaanalysis of factors determining intra-urban biodiversity variation. Ecol. Lett. 18,
581–592.
Benítez-López, A., Alkemade, R., Verweij, P.A., 2010. The impacts of roads and other infrastructure on mammal and bird populations: a meta-analysis. Biol. Conserv. 143,
1307–1316.
Bernes, C., Bullock, J.M., Jakobsson, S., Verheyen, K., Lindborg, R., 2017. How does roadside
vegetation management affect the diversity of vascular plants and invertebrates? A
systematic review protocol. 6, 16.

Fig. 3. Forest plot showing mean effect size estimates (standardized mean differences) for studies grouped by feeding guilds. Estimates for the “plant/seed eater” (turquoise), “omnivore”
(purple), “meat eater” (pink), “insectivore” (blue) and “fruit/nectar feeder” (orange) categories were derived from mixed-effects meta-regressions. Error bars indicate 95% conﬁdence
intervals. Point size indicates sample sizes (i.e. weight) and the overall summary represents the overall pooled effect size across all 46 effect size values extracted from 8 different
articles. Article numbers correspond to the same article numbers in Appendix Table S1. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)
9

S.B. Kroeger, H.M. Hanslin, T. Lennartsson et al.

Science of the Total Environment 812 (2022) 151478
Munro, K.G., Bowman, J., Fahrig, L., Munro, K.G., Bowman, J., Fahrig, L., 2012. Effect of
paved road density on abundance of white-tailed deer. Wildl. Res. 39, 478–487.
Noordijk, J., Raemakers, I., Schaffers, A., Sýkora, K., 2009. Arthropod richness in roadside
verges in the Netherlands. 2, 63–76.
Olden, J.D., LeRoy Poff, N., Douglas, M.R., Douglas, M.E., Fausch, K.D., 2004. Ecological and
evolutionary consequences of biotic homogenization. Trends Ecol. Evol. 19, 18–24.
Olden, J.D., Rooney, T.P., 2006. On deﬁning and quantifying biotic homogenization. Glob.
Ecol. Biogeogr. 15, 113–120.
Olson, D.M., Dinerstein, E., Wikramanayake, E.D., Burgess, N.D., Powell, G.V.N.,
Underwood, E.C., D’amico, J.A., Itoua, I., Strand, H.E., Morrison, J.C., Loucks, C.J.,
Allnutt, T.F., Ricketts, T.H., Kura, Y., Lamoreux, J.F., Wettengel, W.W., Hedao, P.,
Kassem, K.R., 2001. Terrestrial ecoregions of the world: a new map of life on earth.
Bioscience 51, 933–938.
Orme, C.D.L., Davies, R.G., Burgess, M., Eigenbrod, F., Pickup, N., Olson, V.A., Webster, A.J.,
Ding, T.-S., Rasmussen, P.C., Ridgely, R.S., Stattersﬁeld, A.J., Bennett, P.M., Blackburn,
T.M., Gaston, K.J., Owens, I.P.F., 2005. Global hotspots of species richness are not congruent with endemism or threat. Nature 436, 1016–1019.
Ouédraogo, D.-Y., Villemey, A., Vanpeene, S., Coulon, A., Azambourg, V., Hulard, M.,
Guinard, E., Bertheau, Y., De Lachapelle, F.F., Rauel, V., Le Mitouard, E., Jeusset, A.,
Vargac, M., Witté, I., Jactel, H., Touroult, J., Reyjo, Y., Sordello, R., 2020. Can linear
transportation infrastructure verges constitute a habitat and/or a corridor for vertebrates in temperate ecosystems?A systematic review. 9, 13.
Prange, S., Gehrt, S.D., Wiggers, E.P., 2003. Demographic factors contributing to high raccoon densities in urban landscapes. J. Wildl. Manag. 67, 324.
Prange, S., Gehrt, S.D., Wiggers, E.P., 2004. Inﬂuences of anthropogenic resources on raccoon (Procyon lotor) movements and spatial distribution. J. Mammal. 85, 483–490.
Radford, J.Q., Bennett, A.F., Cheers, G.J., 2005. Landscape-level thresholds of habitat cover
for woodland-dependent birds. Biol. Conserv. 124, 317–337.
R Core Team, 2020. R: A Language and Environment for Statistical Computing. URLR
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.
Reck, H., van der Ree, R., 2015. Insects, snails and spiders. John Wiley & Sons Ltd.,
pp. 247–257.
Reijnen, R., Foppen, R., 2006. Impact of road trafﬁc on breeding bird populations. In:
Davenport, J., Davenport, J.L. (Eds.), The Ecology of Transportation: Managing Mobility for the Environment. Springer, Netherlands, Dordrecht, pp. 255–274.
Rotholz, E., Mandelik, Y., 2013. Roadside habitats: effects on diversity and composition of
plant, arthropod, and small mammal communities. Biodivers. Conserv. 22,
1017–1031.
Running, S.W., Nemani, R.R., Heinsch, F.A., Zhao, M., Reeves, M., Hashimoto, H., 2004. A
continuous satellite-derived measure of global terrestrial primary production. Bioscience 54, 547–560.
Rytwinski, T., Fahrig, L., 2007. Effect of road density on abundance of white-footed mice.
Landsc. Ecol. 22, 1501–1512.
Rytwinski, T., Fahrig, L., 2012. Do species life history traits explain population responses to
roads? A meta-analysis. Biol. Conserv. 147, 87–98.
Rytwinski, T., Fahrig, L., 2013. Why are some animal populations unaffected or positively
affected by roads? Oecologia 173, 1143–1156.
Saarinen, K., Valtonen, A., Jantunen, J., Saarnio, S., 2005. Butterﬂies and diurnal moths
along road verges: does road type affect diversity and abundance? Biol. Conserv.
123, 403–412.
Šálek, M., Svobodová, J., Zasadil, P., 2010. Edge effect of low-trafﬁc forest roads on bird
communities in secondary production forests in central Europe. Landsc. Ecol. 25,
1113–1124.
Schaffers, A.P., Raemakers, I.P., Sýkora, K.V., 2012. Successful overwintering of arthropods
in roadside verges. J. Insect Conserv. 16, 511–522.
Senzaki, M., Barber, J.R., Phillips, J.N., Carter, N.H., Cooper, C.B., Ditmer, M.A., Fristrup, K.M.,
McClure, C.J.W., Mennitt, D.J., Tyrrell, L.P., Vukomanovic, J., Wilson, A.A., Francis, C.D.,
2020. Sensory pollutants alter bird phenology and ﬁtness across a continent. Nature
587, 605–609.
Thomas, C.D., 2013. Local diversity stays about the same, regional diversity increases, and
global diversity declines. Proc. Natl. Acad. Sci. 110, 19187–19188.
Trombulak, S.C., Frissell, C.A., 2000. Review of ecological effects of roads on terrestrial and
aquatic communities. Conserv. Biol. 14, 18–30.
van der Ree, R., Jaeger, J.A.G., van der Grift, E.A., Clevenger, A.P., 2011. Effects of roads and
trafﬁc on wildlife populations and landscape function: road ecology is moving toward
larger scales. Ecol. Soc. 16, art48.
van der Ree, R., Smith, D., Grilo, C., 2015. Handbook of Road Ecology. John Wiley & Sons,
Oxford.
Vasconcelos, P.B., Araújo, G.M., Bruna, E.M., 2014. The role of roadsides in conserving
Cerrado plant diversity. Biodivers. Conserv. 23, 3035–3050.
Vellend, M., 2017. The biodiversity conservation paradox. Am. Sci. 105, 94–101.
Venter, O., Sanderson, E.W., Magrach, A., Allan, J.R., Beher, J., Jones, K.R., Possingham, H.P.,
Laurance, W.F., Wood, P., Fekete, B.M., Levy, M.A., Watson, J.E., 2016. Global terrestrial
human footprint maps for 1993 and 2009. Sci. Data 3, 160067.
Viechtbauer, W., 2010. Conducting meta-analyses in R with the metafor package. J. Stat.
Softw. 36, 1–48.
Whelan, C.J., Wenny, D.G., Marquis, R.J., 2008. Ecosystem services provided by birds. Ann.
N. Y. Acad. Sci. 1134, 25–60.
Whitford, P.C., 1985. Bird behavior in response to the warmth of blacktop roads. 73,
135–143.
Wilman, H., Belmaker, J., Simpson, J., Rosa, C., Rivadeneira, M., Jetz, W., 2014. EltonTraits
1.0: species-level foraging attributes of the world's birds and mammals. Ecology 95,
2027.

Blair, R.B., 1999. Birds and butterﬂies along an urban gradient: surrogate taxa for
assessing biodiversity? Ecol. Appl. 9, 7.
Borenstein, M., Hedges, L.V., Higgins, J.P.T., Rothstein, H.R., 2009. John Wiley & Sons Ltd.
Christie, A.P., Abecasis, D., Adjeroud, M., Alonso, J.C., Amano, T., Anton, A., Baldigo, B.P.,
Barrientos, R., Bicknell, J.E., Buhl, D.A., Cebrian, J., Ceia, R.S., Cibils-Martina, L., Clarke,
S., Claudet, J., Craig, M.D., Davoult, D., De Backer, A., Donovan, M.K., Sutherland,
W.J., 2020. Quantifying and addressing the prevalence and bias of study designs in
the environmental and social sciences. Nat. Commun. 11, 6377.
Clarke, G.P., White, P.C.L., Harris, S., 1998. Effects of roads on badger Meles meles populations in south-west England. Biol. Conserv. 86, 117–124.
Cofﬁn, A.W., 2007. From roadkill to road ecology: a review of the ecological effects of
roads. J. Transp. Geogr. 15, 396–406.
D’Amico, M., Martins, R.C., Álvarez-Martínez, J.M., Porto, M., Barrientos, R., Moreira, F.,
2019. Bird collisions with power lines: prioritizing species and areas by estimating
potential population-level impacts. Divers. Distrib. 25, 975–982.
Dean, W.R.J., Milton, S.J., 2003. Ostrich 74, 181–186.
Deckers, B., De Becker, P., Honnay, O., Hermy, M., Muys, B., 2005. Sunken roads as habitats
for forest plant species in a dynamic agricultural landscape: effects of age and isolation. J. Biogeogr. 32, 99–109.
Engauge, e. Engauge digitizer https://markummitchell.github.io/engauge-digitizer/.
Fahrig, L., Rytwinski, T., 2009. Effects of roads on animal abundance: an empirical review
and synthesis. Ecol. Soc. 14, art21.
Fick, S.E., Hijmans, R.J., 2017. WorldClim 2: new 1km spatial resolution climate surfaces
for global land areas. Int. J. Climatol. 37, 4302–4315.
Fleishman, E., Noss, R.F., Noon, B.R., 2006. Utility and limitations of species richness metrics for conservation planning. Ecol. Indic. 6, 543–553.
Forman, R.T., et al., 2003. Road Ecology: Science and Solutions. Island Press, Washington,
DC.
Fraixedas, S., Lindén, A., Piha, M., Cabeza, M., Gregory, R., Lehikoinen, A., 2020. A state-ofthe-art review on birds as indicators of biodiversity: advances, challenges, and future
directions. Ecol. Indic. 118, 106728.
Frederick, P., Gawlik, D.E., Ogden, J.C., Cook, M.I., Lusk, M., 2009. The white ibis and wood
stork as indicators for restoration of the everglades ecosystem. Ecol. Indic. 9 (6, Supplement), S83–S95.
Grilo, C., Smith, D.J., Klar, N., 2015. Carnivores: Struggling for survival in roaded landscapes. In: Van der Ree, R., Smith, D.J., Grilo, C. (Eds.), Handbook of Road Ecology.
Wiley-Blackwell, Chichester, pp. 300–312.
Hall, M., Nimmo, D., Watson, S., Bennett, A.F., 2018. Linear habitats in rural landscapes
have complementary roles in bird conservation. Biodivers. Conserv. 27, 2605–2623.
Hansen, M.C., DeFries, R.S., Townshend, J.R.G., Carroll, M., Dimiceli, C., Sohlberg, R.A., 2003.
Global percent tree cover at a spatial resolution of 500 meters: ﬁrst results of the
MODIS vegetation continuous ﬁelds algorithm. Earth Interact. 7, 1–15.
Hedges, L.V., Olkin, I., 1985. Chapter 9 - random effects models for effect sizes. In: Hedges,
L.V., Olkin, I. (Eds.), Academic Press, San Diego, pp. 189–203.
Helldin, J.O., Seiler, A., 2003. Effects of roads on the abundance of birds in Swedish forest
and farmland. Proceedings of the IENE Conference on “Habitat Fragmentation Due to
Transport Infrastructure”, 13–14 November 2003, Brussels.
Hillebrand, H., Blasius, B., Borer, E.T., Chase, J.M., Downing, J.A., Eriksson, B.K., Filstrup, C.T.,
Harpole, W.S., Hodapp, D., Larsen, S., Lewandowska, A.M., Seabloom, E.W., de Waal,
D.B.V., Ryabov, A.B., 2018. Biodiversity change is uncoupled from species richness
trends: consequences for conservation and monitoring. J. Appl. Ecol. 55, 169–184.
Ibisch, P.L., Hoffmann, M.T., Kreft, S., Pe'er, G., Kati, V., Biber-Freudenberger, L., DellaSala,
D.A., Vale, M.M., Hobson, P.R., Selva, N., 2016. A global map of roadless areas and
their conservation status. Science 354, 1423–1427.
Jaeger, J.A.G., Bowman, J., Brennan, J., Fahrig, L., Bert, D., Bouchard, J., Charbonneau, N.,
Frank, K., Gruber, B., von Toschanowitz, K.T., 2005. Predicting when animal populations are at risk from roads: an interactive model of road avoidance behavior. Ecol.
Model. 185, 329–348.
Kati, V., Devillers, P., Dufrêne, M., Legakis, A., Vokou, D., Lebrun, P., 2004. Testing the value
of six taxonomic groups as biodiversity indicators at a local scale. Conserv. Biol. 18,
667–675.
Knight, R.L., Kawashima, J.Y., 1993. Responses of raven and red-tailed hawk populations
to linear right-of-ways. J. Wildl. Manag. 57, 266.
Lambertucci, S.A., Speziale, K.L., Rogers, T.E., Morales, J.M., 2009. How do roads affect the
habitat use of an assemblage of scavenging raptors? Biodivers. Conserv. 18,
2063–2074.
Lynch, J.F., Saunders, D.A., 1997. Responses of bird species to habitat fragmentation in the
wheatbelt of Western Australia: interiors, edges and corridors. Curr. Biol. 7, R126.
Maron, M., Kennedy, S., 2007. Roads, ﬁre and aggressive competitors: determinants of
bird distribution in subtropical production forests. For. Ecol. Manag. 240, 24–31.
McKinney, M.L., Lockwood, J.L., 2001. Biotic homogenization: a sequential and selective
process. In: Lockwood, J.L., McKinney, M.L. (Eds.), Biotic Homogenization. Springer,
US, Boston, MA, pp. 1–17.
Meunier, F.D., Verheyden, C., Jouventin, P., 1999. Bird communities of highway verges: inﬂuence of adjacent habitat and roadside management. Acta Oecol. 20, 1–13.
Millennium Ecosystem Assessment, 2003. Ecosystems and Human Well-being: A Framework for Assessment. Island Press, Washington, D.C.
Morelli, F., Beim, M., Jerzak, L., Jones, D., Tryjanowski, P., 2014. Can roads, railways and related structures have positive effects on birds? – a review. Transp. Res. Part D: Transp.
Environ. 30, 21–31.
Morelli, F., Jerzak, L., Pruscini, F., Santolini, R., Benedetti, Y., Tryjanowski, P., 2015. Testing
bird response to roads on a rural environment: a case study from Central Italy. Acta
Oecol. 69, 146–152.
Morgan, G.M., Boughton, R.K., Rensel, M.A., Schoech, S.J., 2010. Road effects on food availability and energetic intake in Florida scrub-jays (Aphelocoma coerulescens). Auk
127, 581–589.
10

