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SYSTEMATIC REVIEW SUMMARY
Background

Biodiversity loss has been increasing at a rapid rate in the last decades as a result of
human activities. The main drivers of biodiversity change are land-use and land-cover
change, climate change, pollution, fragmentation and infrastructural development.
The ubiquity of road networks and the growing body of evidence of the negative
impacts that roads and other linear infrastructure have on wildlife and ecosystems
suggest that infrastructure represents a major driving factor of biodiversity loss. The
most commonly reported impacts from roads and utility corridors include habitat loss,
intrusion of edge effects in natural areas, isolation of populations, barrier effects, road
mortality and increased human access. Besides roads, other types of infrastructure,
such as railways, powerlines, pipelines, hydroelectric developments, oil wells and
seismic lines, also have an impact on wildlife populations.

Some qualitative reviews have provided a broad understanding of the ecological
effects of infrastructure that affect a range<of taxa and ecosystems, but lack
quantitative evidence. In this study, we aim at estimating the decline of animal
populations due to infrastructural development by using. a systematic review and
meta-analytical approach. Among all animal taxa, mammal and bird populations were
chosen for our analysis since both have been widely reported to be declining in
relation to their distance from infrastructure. Additionally, traffic volumes seem to
play a role in the decline of both bird and mammal populationsclose to roads.

Objectives

To systematically collect and synthesize the available published and unpublished
evidence in order to answer the questions:

- What-arethe impacts of roads and infrastructure on mammal and bird
populations?

-~ What are the disturbance distances at which mammal and bird populations are
significantly reduced?

- Does traffic volume have an effect on the decline of mammal and bird
populations in the proximity of roads?

Search strategy

Electronic databases and web sites were searched using key words such as “road effects,
infrastructure distance, road avoidance, etc”. Bibliographies of articles viewed at full text
were searched for relevant additional articles. Researchers and experts were contacted to
retrieve relevant material.

Selection criteria

For the systematic literature search, studies or data that were included in the review had to
meet the following criteria:

1. Subject: any mammal or bird species

2. Intervention: proximity to roads and other infrastructure.
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3. Outcomes: changes in mammal and bird species abundances in the proximity of
infrastructure. Effect of traffic volume on the abundance of bird species nearby roads.
Differences in the response of birds and mammals to infrastructure related to vegetation
cover.

4. Comparators: Control distances at which mammal and bird populations were
unaffected by infrastructure.

Data collection and analysis

One reviewer selected articles that met the selection criteria regarding subject,
intervention, outcome and comparators. A second reviewer checked studies whose data
suitability for the meta-regression was unclear for the first reviewer. Disagreement
regarding inclusion or exclusion of a certain study was resolved by consensus.
Additionally, a statistician helped to solve problems regarding data extraction and
variance inference for studies with insufficient information on standard deviation,
standard error and/or sample size.

41 studies included sufficient data to derive ratios by comparing bird and mammal species
abundances at disturbance distances and at contral distances. These ratios were combined
in the indicator mean species abundance (MSA); used as the effect-size measure. The
impact of infrastructure distance and traffic volume on MSA was studied by using
meta-regression of mixed effects (GLMM) in S-Plus 7.0. In this analysis MSA values
were weighed by the inverse of their variances.

Main results

556 references were reviewed at full text and identified as relevant for assessing the
impacts of infrastructure on biodiversity. Of these references, a number of studies
were left out of the analysis: studies on other taxa (reptiles, plants...), studies not
reporting on densities or abundance of bird ‘and/or mammal species, studies not
containing proper comparators or control-distances, studies whose data was not
suitable for the calculation of the effect size and studies reporting on the impacts of
human access and human activities from infrastructure. Finally we found 41 studies on
238 mammal and bird species that were suitable for the meta-regression. In these
studies, the main response by mammals and birds in the vicinity of infrastructure was
either avoidance or a reduced population density.

Mammal and bird population densities significantly declined with their proximity to
infrastructure. Mean species abundance of mammal and bird populations was
significantly reduced at distances of 600 m and 200 m from infrastructure,
respectively. Mammals and birds seemed to avoid larger distances from infrastructure
in open areas compared to forested areas. These differences could be related to the
reduced visibility of the infrastructure in forested areas.

The effect of traffic volume on the means species abundance of birds was not
significant at any distance Bird populations seem to avoid roads due to the presence of
the road itself, and possibly edge effects, habitat degradation and habitat loss. For
mammals, this effect could not be investigated due to insufficient data.
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Conclusions

The available evidence from meta-regression suggests that mammal and bird populations
are displaced from infrastructure are roads, at least 600 m and 200 m.

The meta-model that we have developed may serve as a powerful tool for assessing
the current biodiversity loss due to infrastructure, and for forecasting the potential loss
of biodiversity as a result of future infrastructural development at a global scale. This
is the first study that attempts to estimate biodiversity loss from infrastructural
development in a quantitative way and based on scientific evidence for a large group
of species, across different biomes.
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1. BACKGROUND

Global biodiversity is changing at an unprecedented rate, as a result of several human-
induced changes in the global environment (Vitousek, 1994; Pimm et al., 1995; Sala
et al., 2000; MEA, 2005). The process of biodiversity loss at the species level is
generally characterised by a decrease in the abundance of many species, resulting in
an increase in the number of threatened species and in the extinction of others. A
simultaneous increase in the abundance of some species results in the so-called
homogenisation process (Lockwood and McKinney, 2001). The main drivers of
biodiversity change are land-use and land-cover change, climate change, pollution,
fragmentation and infrastructural development (UNEP, 2001; Sala et al., 2000;
Sanderson et al., 2002).

The ubiquity of road networks and the growing body of evidence of the negative
impacts that roads and other linear infrastructure have on wildlife and ecosystems
suggest that infrastructure represents a major driving factor of biodiversity loss. The
most commonly reported impacts from roads and utility corridors include habitat loss,
intrusion of edge effects in natural areas, isolation of populations, barrier effects, road
mortality and increased human access (Andrews, 1990; Forman and Alexander, 1998;
Spellerberg, 1998; Trombulak and Frissell, 2000; Forman et al., 2003). Road
construction leads to habitat destruction and creates open spaces in otherwise closed
forests (Gullison and Hardner, 1993; Reed et al., 1996; Santos and Tabarelli, 2002).
The open spaces may fragment populations (barrier effect), attract light-demanding
species and may be avoided by others (edge effect) (Kroodsma, 1984; Vos and
Chardon, 1998; Bolger et al., 1997; Ortega and Capen, 1999). Additionally, the use of
infrastructure by cars or trains increases the risk of collisions with wildlife and stress
on (breeding) individuals (due to noise and visual stimuli), both of these risks
affecting animal populations (Zande et al. 1980; Reijnen et al., 1996; Romin and
Bisonette, 1996; Boarman and Sazaki, 2005).

Besides roads, other types of infrastructure, such as railways, powerlines, pipelines,
hydroelectric developments, oil. wells and seismic lines, also have an impact on
wildlife populations (Dunthorn and Errington, 1964; McLellan and Shackleton, 1989;
Cameron et al., 1992; Van Dyke and Klein, 1996; Mahoney and Schaeffer, 2002;
Nellemann et al., 2003a). All these impacts may influence the long-term viability of
populations and, eventually, biodiversity.

Qualitative reviews provide a broad understanding of the ecological effects of
infrastructure that “affect a range of taxa and ecosystems, but lack quantitative
evidence (Forman and Alexander, 1998; Spellerberg, 1998; Trombulak and Frissell,
2000; Forman et al., 2003). However, the few attempts to quantify the effects of
infrastructure (UNEP, 2001; Nellemann et al., 2003b), or to model the vulnerability of
animal populations to road effects (Jaeger et al., 2005), did not follow the guidelines
for systematic reviews and did not apply meta-analysis — which is the statistical
procedure for combining the results of independent studies in a quantitative way
(Arngvist and Wooster, 1995). In this study, we aim at estimating the decline of
animal populations due to infrastructural development by using a systematic review
and meta-analytical approach.
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Among all animal taxa, mammal and bird populations were chosen for our analysis
since both have been widely reported to be declining in relation to their distance from
infrastructure. However, large differences in disturbance sensitivity seem to exist
between and within these groups. Bird populations seem to be affected within a few
hundred metres from infrastructure, whereas a reduction in mammal populations has
been found at distances of a few hundred metres up to several kilometers from
infrastructure (McLellan and Shackleton, 1989; Cameron et al., 1992; Ortega and
Capen, 1999; Nellemann et al., 2003a). Additionally, traffic volumes seem to play a
role in the decline of both bird and mammal populations close to roads (Zande et al.,
1980; Reijnen et al., 1995; Reijnen et al., 1996; Dyer et al., 1999; Rheindt, 2003).

To quantify the patterns of reduced population densities in relation to infrastructural
development, we searched the scientific literature for quantitative data on mammal
and bird populations at varying distances from infrastructure and for varying traffic
volumes. We used the mean species abundance (MSA) close to infrastructure relative
to their abundances at larger, undisturbed distances, as the metric for effect size
(Alkemade et al., 2006). The MSA applies a natural or low-impact reference as a
common denominator, which enables comparisons and estimation of relative species
abundance in a quantitative, sensitive and universally applicable way. Exotic or
invasive species are not included in the MSA indicator since they do not occur in the
undisturbed reference situation. The MSA was derived from the data found in peer-
reviewed papers on both mammals and birds. Subsequently, meta-analysis was
applied to estimate the relationship between distance to infrastructure and MSA for
birds (MSAg) and mammals (MSAw) (infrastructure—distance effect). We tested the
infrastructure—visibility effect by comparing the estimated relationships for open
vegetations (e.g. grasslands) and closed vegetations, such as forests. In addition, we
tested the role of traffic volume (traffic volume effect).

2. OBJECTIVE OF THE REVIEW
2.1 Primary question

Are_mammal and bird populations declining in the proximity of roads and other
infrastructure? At which distance are mammal and bird populations unaffected by
roads and other infrastructure?

2.2 Secondary questions

Are mammal and bird populations affected similarly in the proximity of
infrastructure?

Do environmental and geographical factors (e.g. biome, land use, vegetation cover...)
have an effect in the disturbance distances of mammal and birds?

Does traffic volume affect the abundance of birds in the proximity of roads?

This is a draft review for consultation. Additional work is in progress. Please do not quote this
document or any part therein without prior consent of the authors.



Table 1. Definitions of components of the systematic review questions

Outcomes

Subject Interventions  Comparators Primary Secondary Tertiary

Change in :rﬁ??:scttructureOf
Mammal and bird Proximity  to Large abundance of Impact of on  mammal
populations affected infrastructure distances from mammal and traffic and bird
by road construction (Disturbance infrastructure  bird  species volume on populations in
and infrastructure distance) (Control related to bird species forested  and
development distance) distance to abundance non-forested

infrastructure

areas
3. METHODS

3.1 Search strategy
3.1.1 General sources

The following electronic or computerised databases and catalogues were searched:
. IS Web of Knowledge (inc. 1SI Web of Science and ISI Proceedings)

. Science Direct

. Scopus

. Omega (Utrecht University Digital Library)

Ebsco

JSTOR

. Wiley InterScience

. Springer Link

. Other databases and catalogues deemed. relevant by experts

©CONDUTAWNE

One reviewer searched the electronic or computerised databases and catalogues, and
the number of citations retrieved from each search was recorded within an Access
database.

An Internet search was also performed using the meta-search engine
http://scholar.google.com. The first 50 hits (Word and/or PDF documents where this
can be separated) from each data source were examined for appropriate data.

The search strategy covered worldwide literature for the purposes of collecting the
broadest scope of information possible. Searches included the following English
language search terms (* indicates a wildcard):

. Road* AND impact* AND biodiversity OR mammals, birds

. Infrastructure* AND impact* AND biodiversity OR mammals, birds

. Road* AND distance* AND biodiversity OR mammals, birds

. Infrastructure* AND distance* AND biodiversity OR mammals, birds
. Road * AND biodiversity* AND mammals, birds

. Infrastructure AND biodiversity* AND mammals, birds

. Road-effect zone AND mammal abundance OR bird abundance
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8. Traffic* AND impact* AND biodiversity OR mammals, birds

9. Traffic volume AND mammal abundance OR bird abundance

9. Road* AND disturbance* AND biodiversity OR mammals, birds

10. Road* AND disturbance* AND mammal abundance OR bird abundance

11. Infrastructure* AND disturbance* AND biodiversity OR mammals, birds

12. Infrastructure* AND disturbance* AND mammal abundance OR bird abundance
12. Road* AND avoidance* AND biodiversity OR mammals, birds

13. Infrastructure* AND avoidance* AND biodiversity OR mammals, birds

3.1.2. Specific key authors

Our previous collective examinations of the literature identified a number of potential
key authors (listed below). We searched Scopus and Omega for each of these authors
using the author field tag (i.e. to exclude multiple citations).

Cameron, R.D.
Fahrig, L.

Forman, R.T.
McLellan, B.N.
Meunier, F.D.
Nellemann, C.
Reijnen, R.
Shackleton, D.M.
Van der Zande, A.N.
Vistnes, I.

3.1.3 Specialist sources

Bibliographies of articles viewed at full text were searched for relevant secondary
articles. Authors and recognised experts in-the field of infrastructure development,
road establishment and effects on biodiversity (Christian Nellemann, UNEP-Grid
Arendal and Rien Reijnen, Alterra) were also contacted for further recommendations,
and for provision of any unpublished material or missing data that may be relevant
(grey literature). Foreign language searches were undertaken by using cross-reference.

3.2 Study inclusion criteria

One reviewer filtered the most relevant studies by including only those studies whose
title and keywords were associated to the objective of this review. Subsequently, all
the abstracts from the selected studies were revised and only those satisfying the
review criteria were considered. Finally, all the studies selected above were read in
full to determine which were suitable for data extraction. A second reviewer checked
the studies whose suitability was unclear for the first reviewer. Disagreement
regarding inclusion or exclusion of studies was resolved by consensus.

* Relevant subjects: Populations of any mammal or bird species. Studies were
included irrespective of habitat or spatial scale; however, the biome and/or
ecosystems were recorded in order to interpret any patterns of variation in the results.
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» Types of intervention: Disturbance distances or distances close to infrastructure at
which mammal and bird populations might be reduced compared to larger distances
or control distances (see Types of comparator).

» Types of comparator: Control distances or distances at which mammal and bird
populations are unaffected by infrastructure and roads.

» Types of outcome: Changes in abundance of mammal and bird populations in the
proximity of infrastructure. Differences in the relationships between infrastructure
distance and mammal or bird species abundances as a result of vegetation cover.
Influence of traffic volume on the response of birds in the proximity of roads.

» Types of study: All studies that report on the impacts of infrastructure on mammal
and bird populations as long as they present primary data about the relevant subject,
such as abundance or density, intervention (varying distances from infrastructure) and
comparator (control distance or a distance far enough from infrastructure to be
considered as a control distance).

» Potential reasons for heterogeneity: Variation in the response of mammal and
birds to different types of infrastructure (highways, secondary roads, oil wells,
hydroelectric development, power lines...).

Variation in the type of effect: edge effect, habitat loss, habitat degradation.

Variation between species in the response to infrastructure: some of them might be
more sensitive to infrastructure than others.

3.3 Study quality assessment

The selected studies to be viewed at full text were considered by one reviewer,
excluding them from the review or admitting them to different categories of
information quality. Study quality was assessed by one reviewer with reference to a
second reviewer in cases of uncertainty. Disagreement regarding study quality was
resolved by consensus.

Only papers containing quantitative data on -mammal and bird species density or
abundance at different distances from-linear.infrastructure were selected. This implies
that each study should report on the abundance or density of birds and /or mammal
species-at distances close to infrastructure (Disturbance distances) and at distances far
from infrastructure or control distances. Studies on the effects of human access, like
hunting or tourism, were rejected, in order to limit the systematic review to direct
effects of infrastructure.

3.4 Data extraction strategy

No qualitative data‘was used. Quantitative data was extracted by one reviewer, and a
subset of the selected studies was checked by a second reviewer to check data hygiene
and verify the robustness and repeatability of the data extraction. The available data
was extracted and stored in a database (Access and Excel). The data included density
or abundance of each species at different distances from infrastructure, the sample
size and the variance, standard deviation or standard error, depending on the study.
This data was used to estimate an effect size and its variance needed in the meta-
regression (Osenberg et al., 1999). Additional data, for example, on location and
corresponding biome, type of effect, and traffic volumes was also recorded.
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3.5 Data synthesis and analysis

We used the biodiversity indicator mean species abundance (MSA, Box 1), close to
infrastructure relative to their abundances at larger, undisturbed distances, as the
metric for effect size (Alkemade et al., in press). The MSA was derived from the data
found in peer-reviewed papers on both mammals and birds.

Box 1. Effect-size calculation: Mean Species Abundance

For each study, one or more ratios (R) were calculated between the abundance or
density of each species close to the infrastructure (Disturbance distance) and the
density or abundance of the same species at the control distance (Undisturbed), as
reported in the study. The most distant data point of the study was considered the
control distance. For each study and distance, the mean of ratios was calculated,
resulting in an estimate of the MSA, which was considered the metric of effect size
for the meta-analysis, according to the following equation:

Where MSAy, is the relative mean species abundance estimated in study s at a distance
Z Risd

MSASd - IN—

S
d; Risq is the ratio between the abundance or density of species’i at distance d and the
abundance or density of species i at the control distance, calculated as: Aisa/Aisc for Aisc
> 0. Ns is the number of species considered in study's. MSA values ranged from 0 to 1
and were decreasing at shorter distances from infrastructure. For species with
increasing densities at shorter distances from infrastructure than at the control
distance, the MSA value was truncated to 1; therefore, if Aisg > Aisc, then Risq = 1.

)

Meta-regression analyses were applied to relate MSA and the distance to
infrastructure for all biomes combined and, where possible, also for specific biomes,
separately. Biomes were classified into forested (temperate, boreal and tropical
forests) and non-forested biomes (grasslands, shrublands, agricultural lands and semi-
arid ecosystems) to enable comparison between closed and open vegetation.
Additionally, the effect.of traffic volume on MSA was also assessed for all biomes
combined.

Logistic regression was used, allowing a sigmoid relationship as we expected a
relatively large effect at shorter distances, slowly reducing towards larger distances
(see also Zande (1980) and Madsen (1985)).

We used a logistic regression from the General Lineralized Mixed Model (GLMM)
family fit by restricted penalised quasi-likelihood in S-Plus 7.0 to perform the analysis
(Pinheiro and Bates, 2000). Mixed-effect models were used since they are more likely
to satisfy statistical assumptions (Gurevitch and Hedges, 1993). Penalised quasi-
likelihood approximation (PQL) was used since it includes the fixed and the random
part of the model in its first- or second-order Taylor expansion (Hedeker, 2005).
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The distance to infrastructure and traffic volume were considered the fixed effects of
the model. The random effects referred to differences among studies, that is, a similar
but not identical effect of infrastructure on biodiversity was expected across studies.
Additionally, each MSA value of each study was weighed by its variance (see
Appendix 3).

Two types of models were estimated by using distance as an independent variable;
one using distance from infrastructure as a continuous variable and the other one as a
categorical variable. In the first type of model distance was log-transformed, since the
data points were not homogeneously distributed across distances, but rather
concentrated at shorter distances. This model illustrated the relationship between
distance and MSA.

The second type of model allowed finding the maximum distance at which a
significant effect of infrastructure could be detected. Results of the continuous models
were used to define distance categories.

4. RESULTS
4.1. Reviews statistics

A total of 556 articles were selected for full text viewing from all searching sources. Only
papers containing quantitative data on mammal and bird species density or abundance
at different distances from linear infrastructure were selected. Studies on the effects of
human access, like hunting or tourism, were also rejected, reducing the number of
studies to 41. The available data were extracted and stored in a database, resulting in
2210 responses or effect-sizes. Additional data, for example, on location and
corresponding biome, and traffic volumes were also recorded (see Appendix 1).

The 41 papers selected for this study were published between 1975 and 2008. Most of
the studies were from either America (22) or Europe (15), while a few studies from
Africa (3) and Oceania (1) were found.

Twenty-one. studies included 210 bird species and twenty studies included 29
mammal species (Table 1). It is worth to note that some species were represented
more than once: one mammal species (Rangifer tarandus) was represented ten times,
three  mammal species’ were represented two times, eight bird species were
represented four times, 22 bird species were represented three times and 27 bird
species were represented two times (see Appendix 2). Since each set of species was
studied by different authors, at different locations and in different years, it was
assumed that their effect sizes were reasonably independent and they were not
subjected to any special analysis (see Bender et al., 1998).
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Table 1. Studies used in the meta-regression and the number of species, number of
mean effect sizes and number of individual effect sizes, per study and in total.

No. mean effect sizes

No. individual effect

Reference No. species (MSA) per study sizes (Ratio’s)
a) Birds

Bolger et al.,1997 20 22 440
Clark and Karr, 1979 2 10 20
Develey and Stouffer, 2001 9 2 18
Gill et al., 1996 1 7 7
King et al., 1997 6 7 42
Kroodsma, 1984 19 11 209
Kuitunen et al., 1998 54 2 108
Madsen., 1985 1 17 17
Meunier et al., 1999 61 6 366
Meunier et al., 2000 3 4 12
Ortega and Capen, 1999 1 6 6
Paruk, 1987 1 2 2
Piper and Catterall, 2006 25 2 50
Reijnen and Foppen, 1994 1 6 6
Reijnen et al., 1996 12 6 72
Reijnen et al.,1995 41 6 246
Restrepo and Gémez, 1998 25 4 100
Rheindt, 2003 15 2 30
Rich et al., 1994 1 2 2
Zande et al., 1980 3 16 48
Zande et al., 1980 (Veen's data) 4 10 40
Mean 14.52 7.14 87.67
Range 1-61 2-22 2-440
Total 305 150 1841
Total different bird species 210

b) Mammals

Barrows et al., 2006 2 8 32
Cameron et al., 1992 1 6 6
Carbaugh et al., 1975 1 7 8
Cronin et al., 1998 1 11 11
Dyer et al.; 2001 1 7 116
Laurance et al., 2006 2 5 10
Mahoney and Schaefer, 2002 1 4 4
Malcolm and Ray, 2000 12 12 84
McLellan and Shackleton, 1989 1 3 6
Nellemann and Cameron, 1996 1 3 6
Nellemann et al., 2001 1 3 3
Nellemann et al., 2003 1 2 8
Newmark et al., 1996 6 5 25
Noel et al., 2004 + Joly et al., 2006 1 6 6
Oehler and Litvaitis, 1996 2 4 12
Roedenbeck and Voser, 2008 1 5 10
Tigas et al., 2002 2 3 6
Van Dyke and Klein, 1996 1 2 2
Vistnes and Nellemann, 2001 1 2 2
Yost and Wright, 2001 3 4 12
Mean 2.10 5.10 18.45
Range 1-12 2-12 2-116
Total 42 102 369
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Total different mammal species 29

Grand total (mammals and birds) 347 252 2210

From the 21 bird studies, 10 contained relevant information on traffic volumes. Of the
3 mammal studies, only three (Cameron et al., 1992; Dyer et al., 1999, Roedenbeck
and Voser, 2008) included information on traffic volumes, which was considered not
sufficient for the analysis of the traffic volume effect.

Studies on birds frequently included a large number of species (mean = 14.52 (1-61),
Table 1), compared to studies on mammals, which — with some exceptions — normally
focused on a single species (mean = 2.1 (1-12), Table 1). A total amount of 2210
effect sizes (response ratios) were calculated, from which 1841 ratios corresponded to
birds and 369 to mammals. These effect sizes allowed for the calculation of 252 MSA
values or weighted mean effect sizes (150 for birds and 102 for mammals, Table 1).

4.2. Results of the meta-regression
4.2.1. Infrastructure-distance effect

The MSAg and the MSAw significantly declined with proximity to “infrastructure
(Table 2, Fig.1a; Pg < 0.0001; ng = 21; and Figlb; Py < 0.0001; ny = 20). Birds
showed a more severe population reduction at distances within 100 m from
infrastructure, compared to mammals. However, the effect” of infrastructure on
mammals extended over larger distances than for that on birds (Table 2; Fig.1a and
1b).

Table 2. Results from logistic regression models between MSA of birds and/or
mammals, and distance from infrastructure. Parameters are presented for all biomes
combined per taxonomic group, as well as for_specific biomes and forested and non-
forested biomes. The number of studies included in the model is also shown.

. . 1 No. of
Taxonomic group Biome b Intercept(a) P(b) studies?
Birds All combined 1.813 -8.510 0.000 21
Grasslands 0.856 -4.147 0.000 5
Temperate forests 1.365 -5.973 0.000 8
All forests 1.365 -5.233 0.000 12
Non-forested 1957  -10.131 0.000 10
biomes

Mammals All combined 1.066 -4,934 0.000 20
Arctic tundra 1.288 -9.336 0.000 9
All - except  for ) 79 409 0.000 11
Tundra
Tropical forests 0.677 -1.563 0.000 2
All forests 1.058 -3.801 0.000 7
Non-forested 0915  -5.672 0.000 14

biomes

1 Al forests include temperate, boreal and tropical forests. Non-forested biomes include agricultural lands, grasslands,
scrublands, arid and semi-arid ecosystems and tundra (the two last biomes only for mammals).

2 Note that the sum of the number of studies of forested and non-forested biomes does not match with the total number of
studies. This occurs because sometimes more than one biome is researched in one single study.
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At 100 m from infrastructure the models estimated an MSA value of about 0.5 for
both taxa (MSAg = 0.46; 95%C.l.g = 0.18-0.76; and MSA\ = 0.49; 95%C.l.v =0.2-
0.79; Fig.1a and 1b, Table 2).

(a)

MSA birds
o
()]

10000

MSA mammals

10000

Distance from infrastructure (m)

Figure 1. Relationship between (a) MSA of birds and distance from infrastructure, (b)
MSA of mammals and distance from infrastructure. Open dots are MSA values per
distance + S.E. The black line denotes the estimated curve for the decline of MSA,
related to distance. Dashed lines are the 95% upper and lower limits of the confidence
interval of the curve.

Control distance categories were set to over 600 m from infrastructure for birds
(MSAg = 0.96, 95% C.I. = 0.84-0.99), and over 2000 m for mammals (MSAwm = 0.96,
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95%C.I. = 0.85-0.99) (Fig.1la and 1b; Table 2). Pair-wise comparisons between our
control distance interval and each of the other distance intervals revealed a
significantly lower MSAg in the distance intervals from infrastructure of 0-50 m,
50-100 m and 100—200 m (Fig.2a). In the model for mammals, predicted MSAwm
values were significantly lower at distance intervals of 0-200 m; 200-400 m; and
400-600 m (Fig.2b).
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Figure 2. Estimated MSA (£SE) of (a) birds and of (b) mammals at different distance
intervals from infrastructure. Control intervals (C) include predicted MSA values of
>0.95. Asterisks denote intervals with estimated MSA values significantly different
from the reference interval at P<0.05 (*), P<0.01 (**) and P<0.001 (***) (Pair-wise
comparison).
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The effect of infrastructure on birds extended over larger distances in grasslands than
in temperate forests (Table 2, P < 0.001). The most represented biome in mammal
studies was Arctic tundra (n=9) (Table 2). The model predicted an effect of
infrastructure on mammals in tundra over longer distances (a = -9.336; b = 1.288; P =
0.000; n = 9; Table 2) compared to non-tundra biomes (a = -4.292; b = 1.079; P =
0.000; n =11, Table 2).

The effect of infrastructure on mammals extended over larger distances in non-
forested biomes than in forested biomes (Table 2. Fig.3). Up to 300 m from
infrastructure, the effect of infrastructure on MSAg was more severe in non-forested
biomes, beyond which distance MSAg was similar for both forested and non-forested
biomes (C.1. overlap the estimated curves for both types of biomes) (Fig.3).
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NF), together with 95% upper limits (UL) and lower limits (LL) of the confidence

interval.
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4.2.2. Traffic-volume effect

Traffic volume did not have a significant effect on the MSAg when considering all
distances from roads (P > 0.05; n = 10). The model was run for shorter distances of
<300 m; <200 m and <100 m, since traffic noise was expected to be higher nearby the
roads. However, no significant effect was found there, either (Table 3).

Table 3. Results from logistic regression models between MSA of birds and traffic
volume at varying distances from roads.

. No. of
Distance b Intercept(a) P(b) studies
<300m -0.00002 1.013 0.3598 .10
<200m -0.00002  0.468 0.4472 9
<100m -0.00004 0.962 0.0720 .9

® The study of Van der Zande et al. (1980) uses 250 m as first measuring distance and, therefore, was excluded.
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5. DISCUSSION
5.1. Effect of distance from infrastructure

The meta-regression clearly shows that mammal and bird populations tend to decline
with proximity to infrastructure. Changes in wildlife populations in proximity of
infrastructure have been reported for decades in a number of studies (see Table S1),
and have been pointed out in relevant authors’ reviews (Spellerberg, 1998; Trombulak
and Frissell, 2000; Forman et al., 2003). Additionally, previous attempts to quantify
wildlife population decline in relation to distance from infrastructure, either locally
(Forman and Deblinger, 2000) or at global scale (UNEP, 2001; Nellemann et al.,
2003b), are now supported by our more rigorous and statistically based meta-
regression.

Some studies suggest a somewhat opposite response to infrastructure, suggesting that
certain bird and mammal populations are attracted to roads for nesting in culverts, for
feeding on rights-of-way or to use them as movement:corridors (Carbaugh, et al.,
1975; Oehler and Litvaitis, 1996; Meunier et al., 2000); or that they show no
avoidance responses to infrastructure (Cronin et al., 1998; Noel et al., 2004).
However, these studies, which were also included in our analysis, do not provide
enough statistical evidence to reject the clear patterns of avoidance response that are
shown by other authors. It might be argued that not all studies describing neutral or
positive effects of infrastructure are included in our meta-analysis (e.g.: Adams, 1984;
Evans and Gates, 1997; Ballard et al., 2000), yet reasons for their exclusion have been
explained before (no sufficient reported data). Moreover, the number of articles
reporting on avoidance response, reduced populations of breeding birds, and
mammals shifting home ranges away from infrastructure, outnumber the amount of
studies showing a positive or neutral response to infrastructure (see reviews of
Forman and Alexander, 1998; Trombulak and Frissell, 2000). In addition, we
summarised data per study for both affected and non-affected species. Therefore, we
believe that our findings are reasonably representative of the actual effects of
infrastructure on bird and mammal populations.

According to our model, bird populations are likely to be more affected at short
distances from infrastructure while the effect on mammal populations seems to extend
over larger distances. These results confirm the effect distances reported in other
studies, which were larger for mammals (Cameron et al., 1992; Newmark et al., 1996;
Nellemann et al., 2003a; Joly et al., 2006) than for birds (Zande et al. 1980; Madsen,
1985; Reijnen et al;, 1996; Rheindt, 2003). The broad range of effect distances among
studies did not allow for drawing conclusions with a mere qualitative review about the
infrastructure’s actual impact zone in which mammal and bird populations are
reduced. Our results indicate the average effect distances from infrastructure for bird
and mammal populations, which are suggested to be 200 m and 600 m, respectively
(Fig.2). These distances are much smaller than those reported by Nellemann et al.
(2003b) and UNEP (2001), because these studies also include other secondary effects
of infrastructural development, such as small-scale land-use changes, human
encroachment and hunting.

In the model for mammals, a noticeable (although not significant) decline in mammal
populations occurs in the distance interval of 1400-2000 m (Fig.2b), suggesting a
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potential long-distance effect of infrastructure for mammal populations. A possible
explanation for this is the random choice of disturbance distances among studies.
While some authors assert that, over 400-700 m from infrastructure, wildlife
populations are undisturbed (Newmark et al., 1996; Barrows et al., 2006; Roedenbeck
and Voser, 2008), other authors report on a decline in mammal populations within
3—4 km from infrastructural development (Cameron et al., 1992; Mahoney and
Schaeffer, 2002; Nellemann et al., 2003a; Joly et al., 2006). Outcomes from studies
which assess impacts of infrastructural development on mammals may differ
enormously, depending on the choice of distance (Vistnes and Nellemann, 2007).
Since this has been demonstrated only for Rangifer tarandus (Caribou) species, we
highly encourage researchers to perform future studies at larger distances to gain more
insight into potential long-distance effects of infrastructure on other mammal
populations.

5.2. Factors underlying the effects of infrastructure

Some studies have tried to assess whether avoidance of roads was explained by the
roads per se, by traffic emissions, such as neise or pollution or vehicle visibility
(Jaeger et al., 2005; McGregor et al., 2007). Especially the association between traffic
volume and road noise and the possible effects on bird populations, have been widely
assessed (Reijnen et al., 1995; Meunier et al., 1999; Meunier et al., 2000). There are
some studies which found a decline in bird populations near roads with low traffic
volume (Ré&ty, 1979; Madsen, 1985, Develey et al., 2001) and others which found no
clear relationship (Peris and Pescador, 2003).. However, it is widely accepted that
higher traffic volumes do have a larger effect on the presence or decline of certain
bird species near roads (Reijnen and Foppen, 1994; Reijnen et al., 1995, 1996 and
1997; Forman et al., 2002; Rheindt, 2003). However, we did not find a statistically
significant decline.in bird populations in relation to increasing traffic volumes, not
even at short distances from infrastructure (<100 m). It seems that traffic volume has
no additional effect on the reduction of bird populations nearby roads. This appears to
be explained by the presence of the road per se and by other factors related to road
establishment, such as habitat loss, edge effects and habitat degradation. Available
studies on mammals suggest the same (Mercer et al., 1985; Murphy and Curatolo,
1987; Nellemann and Cameron, 1996; Newmark et al., 1996; McGregor et al., 2007).

According to our results, both mammal and bird populations in open biomes seem to
avoid infrastructure at longer distances, compared to those in forested biomes, which
could probably be related to reduced visibility of infrastructure. Forman and
Deblinger (2000) showed similar results for breeding birds in open grasslands and in
woodlands (data adapted from Reijnen et al., 1995, 1996). Since our results suggest
that mammal and bird populations avoid infrastructure per se, it seems logical that in
open areas where infrastructure is more visible, avoidance distances are larger than
those in areas where forest canopy might hide the infrastructure.

6. REVIEWER’S CONCLUSIONS

Although the patterns found in our analysis are clear, we would like to emphasise that
these only represent an estimate of the actual effect of infrastructure on wildlife.
Therefore, we highlight the importance of broadening the analysis to other taxonomic
groups, such as herpetological fauna, plants and invertebrates (e.g.: Przybylski, 1979;
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Angold, 1997; Auerbach et al., 1997; Haskell, 2000; Shine et al., 2004; Barrows et
al., 2006). Further research on these taxonomic groups would add up to the current
models presented in this study, contributing to eventually produce a model that would
provide an accurate estimate of the effects of infrastructural development on
biodiversity.

The use of meta-regression (or meta-analysis) to summarise effects of infrastructure
on biodiversity has never been done to date. The infrastructure-effect zones defined in
this study (600 m for mammals and 200 m for birds) suggest a 7.8-25% and 2.6-8.4%
habitat loss for mammals and birds, respectively, at a global scale. We considered a
road length of 8.6 million km for the lower estimate (ADC WorldMap5, data obtained
from Nelson et al, 2006) and 28 million km for the higher estimate (CIA, 2005). The
global land area is 134185000 km?® (FAO, 2006). We believe that-our conclusions may
be highly useful for elaboration of conservation strategies during the decision-making
process in transportation planning which, in most cases, are barely taken into
consideration in previous results of ecological research on roads (OECD, 2002,
Roedenbeck, et al., 2007). With our analysis, we have achieved our objective of
quantifying the effect of infrastructure on bird-and mammal populations, which will
surely provide a stronger evidence for politicians and decision-makers for developing
conservation strategies, than would a mere qualitative description of the problem.
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10. APPENDICES

Appendix 1. Summary of scientific papers included in the meta-regression. Information on-the author, date, location, biome, taxon, effect

description and traffic volume is given.

Reference Continent Country Biome Taxon Effect description \'/I'Orlzt T}g
Barrows et al., 2006 America USA Desert Mammals Edge effect and road avoidance
. . Edge effect due to urban
Bolger et al., 1997 America USA Scrublands Birds development
Cameron et al., 1992 America USA Arctic tundra Mammals.  Road avoidance after development
. Temperate deciduous Mortality due to feeding on
Carbaugh et al., 1975 America USA forest Mammals highway rights-of-way
. . . Road disturbance (noise is
Clark and Karr, 1979 America USA Agricultural Land Birds suggested)
Cronin et al., 1998 America USA Tundra Mammals Avoidance of oil field
Develey et al., 2001 America Brazil Tropical forest Birds Road avoidance 10 vehicles/week
. Avoidance of development areas
Dyer, 1999 America Canada Boreal forest Mammals (roads, wells, and seismic lines)
Gill et al., 1996 Europe United Kingdom Agricultural fields Birds Avoidance of roads (disturbance)
King et al., 1997 America USA Temper?(t)?edsetmduous Birds Edge effect and habitat degradation
Kroodsma, 1984 America USA TemperiéieiiCIduous Birds Edge effect
Edge effect is assessed, but traffic
Kuitunen et al., 1998 Europe Finland Boreal forest Birds noise, road kills, and pollutants are 7000vehicles/day
suggested as disturbance factors
Laurance et al., 2006 Africa Gabon Tropical forest Mammals Road avoidance
Extensive grassland Between 1
Madsen,1985 Europe Denmark and Agricultural land Birds Disturbance distance for feeding vehlcle_/day and 30
vehicles/day
Mahoney and Schaefer, America Canada Tundra Mammals Avoidance of hydroelectric

2002

development during construction
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Traffic

Reference Continent Country Biome Taxon Effect description volume
. Central African . Habitat destruction and edge effect
Malcolm and Ray, 2000 Africa Republic Tropical forest Mammals of logging roads
McLellan and Shackleton, America USA, Canada Boreal Coniferous Forest Mammals Dlsturban(_:e b_y |ndustr_|al activities
1989 (seismic operations)
Scrublands, temperate . -, ¥ . .
Meunier et al., 1999 Europe France mixed forest and Birds VI:rabeléaCtorrnnoc:;rféga:(l)og dl'gcr:r?td féggs égggg x:mg::z;ggy
agricultural lands g P ) Y
Habitat modification inroadside 1000 vehicles/da
Meunier et al., 2000 Europe France Agricultural lands Birds verges compared to adjacent . Y
- 25000 vehicles/day
lands(agricultural land)
Nellemann and Cameron, - Avoidance of surface development
1996 America USA Tundra Mammals (roads and oil facilities)
Nellemann et al., 2001 Europe Norway Tundra Mammals Avoidance of power lines
Avoidance of hydroelectric power
Nellemann et al., 2003 Europe Norway Tundra Mammals development infrastructures (roads
and powerlines)
Newmark et al., 1996 Africa Tanzania Grasslands Mammals Avoidance of highway
No avoidance (Noel et al., 2004).
Noel et al., 2004 and Joly - Avoidance of oil field development
et al., 2006 America USA undig Maprimals using the same data as Noel et al.,
(2004) (Joly et al., 2006)
L . Temperate mixed . .
Oehler and Litvaitis, 1996 ~ America USA e ciduots Itbest Mammals Attraction to habitat edges
. Temperate deciduous - Habitat degradation near forest
Ortega and Capen, 1999 America USA forest Birds roads
. . Habitat altered by human
Paruk, 1987 America USA Temperate forest Birds development
Pipper and Catterall, 2006  Oceania Australia Subtropical forest Birds Edge effect
Reijnen and Foppen,1994 Europe The Netherlands®. Grasslands and scrublands Birds Disturbance by noise is suggested 50000 vehicles/day
Temperate deciduous 30334 vehicles/da
Reijnen et al., 1995 Europe The Netherlands forest and temperate Birds Disturbance by noise Y

coniferous forest

45319 vehicles/day
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Traffic

Reference Continent Country Biome Taxon Effect description volume
. . . . 5000 vehicles/day
Reijnen et al.,1996 Europe The Netherlands Grasslands Birds Disturbance by noise 50000 vehicles/day
Restrepo and Gomez, 1998  America Colombia Tropical forest Birds Edge effect
Rheindt, 2003 Europe Germany Deciduous Woodlands Birds Traffic noise 50000 vehicles/day

Temperate deciduous

Rich et al., 1994 America USA forest Birds Edge effect and habitat degradation
Roedenbeck et al., 2008 Europe Switzerland Agricultural areas Mammals Displacement by roads
. . Chaparral .
Tigas et al., 2002 America USA (Scrublands) Mammals Avoidance of development areas
. . Road avoidance depending on 54000 veh_icles/ day
Van der Zande et al., 1980 Europe The Netherlands Agricultural lands Birds traffic volume 7311vehicle/day
4560 vehicles/day
Van der Zande et al., 1980 Europe The Netherlands Grasslands Birds Road.avoidance

(after Veen, 1973)
Boreal Coniferous

Van Dyke and Klein, 1996 ~ America USA forest Mammals Auvoidance of drilling operations
Vistnes ar;gONlellemann, Europe Norway Tundra Mammals Avoidance of power lines
Yost and Wright, 2001 America USA Tundra Mammals Road Avoidance
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Appendix 2. List of mammal and bird species included in the meta-analysis.

Number of Number of

Bird species times found Bird species times found

Acanthiza pusilla
Accipiter fasciatus
Acrocephalus palustris

Acrocephalus schoenobaenus

Aegithalos caudatus
Agelaius phoeniceus
Aglaiocercus coelestis
Aimophilu ruficeps
Alauda arvensis
Alectoris rufa
Allocopterus deliciosus
Amphispizu belli

Anas clypeata

Anas platyrhynchos
Anser brachyrhynchus
Anthus pratensis
Anthus trivialis
Aphelocoma coerulescens
Apus apus

Atlapetes brunneinucha
Aythya fuligula
Basileuterus tristriatus
Buteo buteo

Calypte anna

Calypte costae
Cardinalis cardinalis
Carduelis cannabina
Carduelis carduelis
Carduelis,chloris
Carduelis spinus
Carpodacus erythrinus
Catharus guttatus
Certhia brachydactyla
Certhia familiaris
Chlorospingus semifuscus
Chondestes grammacus
Chumaeu fasciuta
Circus cyaneus

Circus pygargus

Coccothraustes coccothraustes

Coccyzus americanus
Coeligena wilsoni
Colluricincla harmonica
Columba livia

Columba oenas

Columba palumbus
Coracina novaehollandiae
Cormobates leucophaeus
Corvus corone

WR P WOWRRPRPRPRPNNRPRPRPEPRPNNRPPRPNNREPRPRPRPPORPRRPEPENROONNRPRPRPREPORRPREPNRRRER

Corvus orru

Cracticus nigrogularis
Cuculus canorus
Cullipeplu culifornica
Cululus canorus
Curpodacus mexicana
Cyanaocitta cristata
Cygnus olor
Dendrocopus major
Dendrocopus minor
Dendroica virens
Dicrurus bracteatus
Dryacopus martius
Emberiza cirlus
Emberiza citrinella
Emberiza hortulana
Emberiza schoeniclus
Empidonax virescens
Eopsaltria australis
Eremophila alpestris
Erithacus rubecula
Euphonia xanthogaster
Falco tinnunculus
Ficedula hypoleuca
Fringilla coelebs

Fulica atra

Garrulus glandarius
Gerygone olivacea
Glyphorynchus spirurus
Grallaricula flavirostris
Haematopus ostralegus
Halieatus leucocephalus
Haplophaedia lugens
Henicorhina leucophrys
Hippolais icterina
Hippolais polyglotta
Hirundo rustica
Hylocichla mustelina
Hylophilus ochraceiceps
Lichenostomus chrysops
Limosa limosa
Lipaugus cryptolophus
Loxia sp.

Luscinia megarhyncos
Malurus lamberti
Manorina melanocephala
Masius chrysopterus
Melanerpes carolinus
Melithreptus albogularis
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Corvus monedula 1 Miliaria calandra 1
. . Number of . . Number of
Bird species times found Bird species times found

Milvus migrans

Mimus polyglottos
Mniotilta varia
Molotrhus ater
Motacilla alba

Motacilla flava
Muscicapa striata
Myadestes ralloides
Myarchus crinitus
Myiagra rubecula
Myiophobus flavicans
Myiotriccus ornatus
Myrmotherula gutturalis
Myrmotherula longipennis
Myrmotherula menetriesii
Myzomela sanguinolenta
Numenius arquata
Ocreatus underwoodii
Oenanthe oenanthe
Oporornis formosus
Oriolus oriolus
Pachycephala pectoralis
Pachycephala rufiventris
Pardalotus striatus
Parus ater

Parus caeruleus

Parus cristatus

Parus major

Parus montanus

Parus palustris

Passer domesticus
Pernis.apivorus
Phaetornis syrmatophorus
Phasanus colchicus
Philemon corniculatus
Philydor erythocercus
Phoenicurus ochruros
Phoenicurus phoenicurus
Phylloscopus bonelli
Phylloscopus collybita

Phylloscopus sibilatrix

Phylloscopus trochilus
Pica pica

Picoides pubescens
Picoides villosus

Picus vidrius

Pipilo crissalis

Pipilo erythrophthalmus
Pipreola riefferii
Piranga rubra

NFRPNRPRRPRPRPOWN ORPRWORRPRPNNRPPRPRPEPEPENMNANPMORRPERRPNRPRPRPRPREPRPRPREPRPRPRERPORNRLRRERERN

Polioptila californicu
Premnoplex brunnescens
Premnornis guttuligera
Prunella modularis
Psaltriparus minimus
Pseudotriccus pelzeni
Pyrrhula pyrrhula
Regulus ignicapillus
Regulus regulus
Rhipidura fuliginosa
Riparia riparia
Saxicola rubetra
Saxicola torquata
Scolopax rusticola
Seiurus aurocapillus
Serinus serinus
Setophaga ruticilla
Sitta carolinensis

Sitta europaea

Spinus psaltria
Spizella atrogularis
Streptopelia turtur
Sturnella neglecta
Sturnusvulgaris

Sylvia atricapilla
Sylvia borin

Sylvia cantillans

Sylvia communis
Sylvia curruca

Sylvia melanocephala
Sylvia undata
Syndactyla subalaris
Tangara spp

Tetrao tetrix
Thamnomanes ardesiacus
Thamnomanes caesius
Thryothorus ludovicianus
Thyomanes beulickii
Tolmomyias assimilis
Toxostoma redivivum
Trichoglossus
chlorolepidotus
Trichoglossus haematodus
Tringa ochropus
Tringa totanus
Troglodytes troglodytes
Turdus iliacus

Turdus merula

Turdus philomelos
Turdus pilaris

Turdus viscivorus
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Pirunga olivacea 1 Upupa epops
Platycercus adscitus 1 Vanellus vanellus
Bird species l_\lumber of
times found
Wilsonia citrina 1
Xiphorhyncuas pardalotus 1
Zenuiduru macroura 1
Zosterops lateralis 1
Total 305
Tota_l number individual bird 210
species
Mammal species l_\lumber of
times found

Alces alces

Canis latrans

Canis mesomelas
Cephalophus sylvicultor
Cervus elaphus
Connochaetes taurinus
Cricetomys emini
Deomys ferrugineus
Dipodomys deserti
Equus burchellii

Felis rufus

Funisciurus leucogenys
Grammomys rutilans
Graphiurus sp
Heimyscus fumosus
Hybomys univittatus
Hylomyscus aeta
Hylomyscus alleni
Lophuromys nudicaudus
Loxodonta africana
Odocoileus virginianus
Praomys:tullbergi
Rangifer tarandus
Redunca redunca
Spermophilus tereticaudus
chlorus

Stochomys longicaudatus
Tragelaphus scriptus
Ursus arctos

Vulpes vulpes

P RPNRPRPRRPRPRPRPRPEPRPEPRPRRPREPRPRREPRERLRRENER
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Total
Total number individual mammal
species
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Appendix 3. Estimation of variation in MSA values

The variance of the MSA value for each distance and study was estimated by
calculating the variance based on an external error (2), and on an internal error (3),
which are both forms of the variance of a sample mean (Mood et al., 1973). The
largest variance was used in the meta-analysis, for taking into account the largest error
associated with each data point (DerSimonian and Laird, 1986). For single species’
studies, only the variance based on an internal error could be calculated.

The variance based on an external error was calculated as:

o2 — Z(MSA%d — Rigg )2 2

o N, (N, -1)

The variance based on an internal error was calculated, as:

2
_ Z PR 3)
==

]

2
O

int

where 0%risq is the individual variance for each ratio, which was calculated by using
the Delta Method (4), a first-order approximation of the variance of a ratio of two
random variables (Oehlert, 1992; Winzer, 2000).

2 2 2 . .
02 - AiSd AiSd _|_ ASC e 2p GAisd GAisc (4)
Rsa A2 2 2
i Aisc O-Aisd GAiSC A\sd ) Aisc

In this‘equation (%aisq and (i%aisc are the variances of Aissand Aisc, respectively, and J
their correlation coefficient. We assume Ajsq and Aisc to be independent and, therefore,
the correlation coefficient § to be zero. Variances of Aisg and Aisc were obtained from
studies, when available; where this was not the case, the data was assumed to follow a
Poisson distribution, in which O = (® and, therefore, Aisy = 0aisa, and Aisc = 0 aisc
(Sokal and Rohlf, 1981).

Finally, for studies in which some species had zero densities at disturbance distances
(Aisa = 0), a continuity correction factor (k=1/2) was added to the numerator and
denominator of the ratio of each species (also for those with densities larger than
zero), resulting in slightly higher variance estimates (Cox, 1970; Sweeting et al.,
2004).
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