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A B S T R A C T

The expansion of overhead power lines worldwide challenges companies of energy transmission and distribu-
tion, regulators and environmental consultants, among other stakeholders, to effectively mitigate their negative
impacts on wildlife. Wire-marking is currently the most widespread and recommended measure to reduce bird
collisions with these infrastructures. Nevertheless, and despite its importance for a bird-friendly development of
energy projects, there is still much uncertainty about what explains wire-marking effectiveness. We performed
an extensive literature review and meta-analysis to evaluate the overall effectiveness of wire-marking in reduc-
ing bird collisions with power lines, including the possible influencing factors of power line voltage, habitat and
type of device. We gathered data from 35 field studies across the world (which included 66 trials) assessing the
effectiveness of wire-marking based on regular carcass searches beneath power lines. Overall, wire-marking re-
duced bird collisions with power lines by half (50.4%; 95% Confidence Interval Estimate: 40.4–58.8%), although
this estimate of effectiveness is lower than the one reported in a meta-analysis performed in 2011. Despite the
effort to include both peer-reviewed and grey literature studies in the present meta-analysis, the risk of publi-
cation bias could not be entirely excluded and may be still overestimating the true overall effect of wire-mark-
ing. High heterogeneity among the study outcomes hindered the power to detect clear moderating effects, with
none of explanatory variables being statistically significant. Large between-study heterogeneity is (to some ex-
tent) explained by the variety of anti-collision devices available, wire-marking intensities used and ecological
circumstances in which the experiments were carried out. Nonetheless, it may be also related to within-study
methodological biases and reporting gaps in the existing field studies. Robust experimental designs (ideally us-
ing Before-After-Control-Impact approaches), comprehensive reporting of results and broad dissemination of study
findings are needed to increase the statistical power of future meta-analyses. Ways to achieve these improvements
in field studies are presented in detail. Their inclusion in future meta-analyses will increase the knowledge on the
drivers of wire-marking effectiveness, which is critical to better inform decision-making processes and environ-
mental management plans.

1. Introduction

Global demand for energy and the need to accomplish climate tar-
gets in the next decades will promote a rapid deployment of renewable
energy generation and decarbonisation of the electricity grid (IRENA,
2017). The energy sector will continue, nevertheless, to rely on exten-
sive networks of power lines to ensure the supply of electricity world-
wide, despite their negative impacts on natural ecosystems (Biasotto
and Kindel, 2018; D'Amico et al., 2018).

Bird mortality due to collisions with overhead wires has long been
recognized as one of the most important negative impacts associated
to both transmission and distribution lines (Bernardino et al., 2018).
The most susceptible species to collision, in terms of expected

population-level impacts, seem to be “poor fliers” (due to their heavy
body and/or low manoeuvrability), often habitat specialists with haz-
ardous behavioural traits (especially flight height and flocking flight)
and/or species with unfavourable conservation status (Bernardino et
al., 2018; D'Amico et al., 2019; Jenkins et al., 2010). To address
this problem, a wide variety of mitigation measures have been pro-
posed and implemented over the last 30 years, such as underground
cabling, optimization of power line routing and configuration, and/or
wire-marking (Bernardino et al., 2018). The latter is currently the
most widespread and recommended measure to reduce bird collisions
with power lines (e.g. APLIC, 2012; SNH, 2016), mostly because
it can be applied with minimal costs and engineering (compared to
other mitigation strategies). Wire-marking consists in the attachment of
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different types of devices (e.g. spirals, plates, crossed bands, stripes or
spheres) to the conductors and/or earth-wires, in an attempt to increase
their visibility and divert birds from these obstacles.

Several field studies have been conducted to assess the effectiveness
of this measure, although few have been published in peer-reviewed
journals (e.g. Alonso et al., 1994; Barrientos et al., 2012; Sporer et
al., 2013). In many occasions, results are only reported in grey litera-
ture documents (e.g. thesis and dissertations, book chapters, EIA mon-
itoring reports, government/NGO publications), which are often scat-
tered and difficult to access. Furthermore, estimates of wire-marking
effectiveness are mainly done by comparing spatial and/or temporal
variations in bird mortality rates (by collision with power lines), us-
ing three types of experimental design: Control-Impact (CI), Before-Af-
ter (BA) and Before-After-Control-Impact (BACI). The validity of these ap-
proaches to measure mitigation effectiveness is based, however, on as-
sumptions (like environmental similarity between treatment and control
groups) which, if not fulfilled, affect the reliability of the conclusions
(Christie et al., 2019).

Regardless of these constrains, the synthesis of evidence from exist-
ing studies is crucial to inform the decision-making process and future
management actions by regulators, project developers, environmental
consultants and other stakeholders. The first attempt to quantitatively
summarize the effectiveness of wire-marking was done by Barrientos
et al. (2011). Their meta-analysis showed that wire-marking had an
overall positive effect in reducing bird collision rates by 55–94%. How-
ever, differences among types of anti-collision devices, power-line fea-
tures and site-specific factors (apart from the number of species) were
not tested. Since then, several more field studies have been conducted
(or made publicly available) on this topic and, although evidence sug-
gests that this mitigation measure works, there is still much uncertainty
about what explains the large observed variability in wire-marking ef-
fectiveness.

Over the years, a wide range of devices and wire-marking intensities
(i.e., combination of spacing between devices, number and position of
wires marked, and portion of the power line span marked) have been
implemented in power lines worldwide. Devices can be static (e.g. spi-
rals) or, on the other hand, have dynamic features (e.g. rotating sus-
pended plates), the latter being developed based on the general concept
that devices with moving parts are more likely to draw birds’ attention
(Martin, 2011, 2010; Martin and Shaw, 2010). The shape, size and
colour of the devices available on the market also varies a lot, with some
devices also incorporating some type of luminescence (e.g. reflective or
glow in the dark properties) (Bernardino et al., 2018). All these de-
vice characteristics are expected to influence the way birds perceive the
power line and to have a moderating effect on wire-marking effective-
ness (e.g. Anderson, 2002; Murphy et al., 2016a). Moreover, the ef-
fectiveness of each type of device is likely to be affected by the regional
particularities of habitats and bird communities bisected by the power
line, and its features (e.g. wires arrangement and height). Therefore, sci-
entific evidence on what type of device should be implemented depend-
ing on the project characteristics and location, is particularly relevant
for both electricity transmission and distribution operators.

Here, we carry out an updated meta-analysis of studies assessing
the effectiveness of wire-marking in reducing bird collisions with power
lines, including a number of studies published (or made available) since
Barrientos et al. (2011), and pooling a large amount of data from grey
literature. Our main objectives are to:

1) Estimate the overall effect of wire-marking on the rate of bird colli-
sions and evaluate the impact of including grey literature in the esti-
mated effectiveness;

2) Assess the moderating effect of site- and project-specific factors,
namely habitat, power line voltage and type of device, on wire-mark-
ing effectiveness;

3) Identify the limitations of existing field studies and provide guide-
lines for future monitoring programmes of wire-marking effective-
ness.

2. Methods

2.1. Literature review and inclusion criteria

Studies were first searched by examining the reference lists of three
key systematic reviews on bird collision with power lines and its mitiga-
tion: Jenkins et al. (2010), Barrientos et al. (2011) and Bernardino
et al. (2018) (see PRISMA flow diagram in Supplementary mate-
rial 1). Full-text of potentially relevant articles, including grey liter-
ature (e.g. books, technical reports, dissertations and conference pro-
ceedings), were retrieved after screening of title and abstract. This ini-
tial list was then expanded through the screening of citations included
in this first set of articles and so forth, until no new relevant articles
were discovered. In addition, we conducted targeted searches (in Google
Scholar and Web of Science search engines) of articles published after
the systematic searching done by Bernardino et al. (2018), using the
keywords “bird collision”, “power line” and/or “wire-marking”. No lan-
guage or date restrictions were imposed to the search strategy. Articles
unavailable online were obtained through contact of organizations and
experts on the subject.

The preliminary literature search resulted in 58 full-text articles
(hereafter called studies) of which 35 were considered eligible for the
meta-analysis (see Supplementary material 2, Table S2.1). Only
studies that assessed wire-marking effect based on measured rates of
bird mortality by collision (e.g. not based just on flight behaviour char-
acterization) were included in the analyses. Exclusion criteria were: 1)
studies testing the effect of aviation balls or a mix of different types
of devices (attached to a same wire); and 2) studies that did not re-
port mean (or raw) counts of bird mortality and associated sample sizes,
since these are necessary for calculating the weighted effect size (see be-
low, 2.2 Effect size calculations and adjustments).

Whenever studies included results from multiple experiments (e.g.
comparison of the effect of different types of wire-markers in separate
sections of a power line, and/or testing of the same wire-marker in
power lines located in different habitats), these were considered sepa-
rate trials. Conversely, for studies reporting the effects of a same experi-
ment for the entire bird community and/or separately for target species,
we only included the results for the entire bird community (or consoli-
dated the data from the different species/groups into a single trial), be-
cause data reported for target species are usually based on extremely
low numbers of observed mortalities.

The final database comprised a total of 66 trials conducted in sev-
eral countries (see Supplementary material 2, Table S2.2), although
the majority of the trials was from Europe (n=45, 68.2%), followed
by North America (n=11, 16.7%), Africa (n=8, 12.1%) and, finally,
South America (n=2, 3.0%). Depending of the trial, one of following
experimental designs was used: Control-Impact (CI; 39.4%), Before-Af-
ter (BA; 33.3%), and Before-After-Control-Impact (BACI; 27.3%). CI tri-
als provided a comparison of bird mortality between “impact” sites (i.e.,
power line sections with wire-markers) and “control” sites (i.e., with-
out wire-markers). BA trials compared the same sections of a power
line “before” and “after” the installation of wire-markers. In BACI tri-
als, sampling is conducted at “impact” and “control” sites in simul-
taneous time periods, namely “before” and “after” implementation of
the treatment (i.e., installation of wire-markers). CI or BA approaches
rely on the assumption (often not verified) that environmental factors
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affecting the mortality estimates do not significantly differ between “im-
pact” and “control” sites, or between “before” and “after” periods, re-
spectively. In BACI approach eventual differences between “impact” and
“control” sites (not related with wire-marking effect) are accepted, as
long as they remain the same between the “before” and “after” periods.

2.2. Effect size calculations and adjustments

The log response ratio ( ), which is one of the metrics most
commonly used in ecological meta-analyses (Nakagawa and Santos,
2012), was used to estimate the effect size (Hedges et al., 1999) and
defined as:

(1)

where and are, respectively, the means of the response variable
(bird mortality rate, expressed as number of bird carcasses/Km/search)
for the treatment and control groups; i.e., in wire-marked and control
sites (CI design), or before and after the installation of the wire-markers
(BA design).

Our meta-analysis was inverse-variance weighted, meaning that vari-
ance was taken into account when calculating effect sizes for each study
(Hedges et al., 1999). We calculated the variance of as:

(2)

where and are the means of the response variable on treatment
and control groups, respectively; is their sampling variance;
and is the sample size of each group.

Estimates of sampling variance (either for treatment or control
groups) were often not reported in the studies. However, raw mortal-
ity rates are counts per time/area unit (e.g. number of death birds/
Km/year). Therefore, this variable was assumed to be Poisson distrib-
uted, which means that its variance equals the mean (Koricheva et al.,
2013). Hence, the variance of the response variable on treatment and
control groups ( and ) was always estimated by the observed mean
of bird mortality ( and , respectively), even on the few occasions
that it was originally reported.

Thus, to estimate , and the corresponding variance for each trial,
we extracted mean bird mortality rates and the corresponding sample
size of wire-marked and control sites, and/or before and after the in-
stallation of the wire-markers. Few studies (15%) provided bird mortal-
ity estimates properly adjusted by the potential biases (e.g. scavenger
removal, searcher efficiency), thus calculations of mean mortality rates
were mainly based on raw data from carcass searches. Sample size was
defined as the accumulated number of Kms surveyed in each site (i.e.,
the number of carcass searches times the number of Kms surveyed in
each search).

Studies with BACI design are expected to achieve more robust results
(compared to BA or CI designs; Christie et al., 2019), as it allows to
account for differences between treatment and control groups not related
to wire-marking. In such cases, was calculated as if it was a BA study
(see Equation (1)), but the mean mortality rates registered “before” and
“after” wire-marking ( and , respectively) were first adjusted by
the mortality rates registered in control sites (in the same corresponding
periods). Whenever studies used BA or CI designs but data on bird flight
crossing rates were also available for the same sites or periods, the ratio
of crossing rates registered in treatment and control groups was used to
previously adjust the mean mortality rate registered in the control group
( ).

2.3. Extraction of moderators

Information on wire-marking intensities, study area and power line
features was not always provided in detail by studies. To maximize the
use of available data, we narrowed down the moderators to three vari-
ables: i) Voltage (<110kV and ≥110kV); ii) Habitat (Grasslands, Wet-
lands, Shrublands and Forest-farmland mosaics); and iii) Type of device
(Small spirals, Large spirals and Flappers).

Power line voltage is a binary moderator that aims to embody a set
of voltage-related features, such as the pylon height, thickness of con-
ductors, presence/absence of earth wires, distances between different
conductors and between conductors and earth wires, and placement of
wire-marking devices (see Supplementary material 3). We considered
two voltage levels, below and above 110kV, which can be generally con-
sidered distribution and transmission power lines, respectively, although
the voltage threshold between these categories is variable across coun-
tries (CIGRE, 2018).

Habitat is a four-level moderator with categories defined based on
the main characteristics of the landscapes bisected by the power lines:
(1) Grasslands - open and rather flat areas with cereal farmlands and/
or extensively grazed grasslands; (2) Wetlands - areas permanently or
temporally flooded, such as lakes, rivers and estuaries, marshes and
coastal lagoons; (3) Shrublands – semi-arid areas dominated by grassy,
low-shrub vegetation; and (4) Forest-farmland mosaics – Native forests
and/or tree plantations, interspersed with agricultural areas (often with
trees) and/or occasional shrubs.

Wire-markers were categorized in three main types, depending
mainly on their size and static/dynamic features: (1) Small spirals – sta-
tic devices with spiral shape, single-side attachment (to the wires) and
small dimensions (20–35cm long, 6–18cm in diameter) - also called
“pigtails”; (2) Large spirals – static devices with spiral shape, dou-
ble-side attachment (to the wires) and large dimensions (60–100cm
long, 20–35cm in diameter) - also called “swan flight diverters”; and (3)
Flappers – devices with moving parts (due to wind action), including
clamps with rotating planes or discs (e.g. Firefly) and devices with rel-
atively limited dynamics (e.g. crossed bands, RIBE and other stripes, as
well as clamps with suspended non-rotating plates or discs).

2.4. Statistical analysis

The analysis was carried out in R statistical computing language
(R Development Core Team, 2018), using the package
(Viechtbauer, 2010). To quantify heterogeneity among effect sizes, we
fitted three-level random-effects models using the restricted (or residual)
maximum likelihood (REML) estimation approach (Koricheva et al.,
2013; Nakagawa and Santos, 2012). All fitted models contained the
effect size ( ) as the response variable weighted by its inverse-vari-
ance (Borenstein et al., 2009), and “trial ID” and “study ID” as ran-
dom factors (Assink and Wibbelink, 2016). Random effects were in-
cluded at trial-level to account for the potential effect of unreported co-
variates (that may have contributed to differences in effect sizes); and at
a study-level to account for non-independency between values extracted
from the same study (Nakagawa et al., 2017).

Using the multi-level models described above, we started by fit-
ting a random-effects model to the complete dataset (n=66). Nor-
mality assumption and outlier detection were assessed through graph-
ical residual analysis (Viechtbauer and Cheung, 2010). Five cases
(7.5%) were defined as outliers and excluded from the dataset (n=61,
see Supplementary material 2, Table S2.2), as these extreme val-
ues are likely explained by study limitations and may have a dispropor-
tionate influence on the analysis. The random-effects model was then
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refitted to estimate the overall weighted-mean effect size of wire-mark-
ing, accompanied by its 95% Confidence Interval Estimates (CIE). Het-
erogeneity was assessed by inspection of forest plots and Cochran's Q
statistics (Nakagawa and Santos, 2012). Total heterogeneity was then
partitioned into the proportion of variance explained by the random fac-
tors in the model (between- and within-study heterogeneity), and resid-
ual error variance (within-trial heterogeneity). Potential publication bias
was assessed in three different ways: (1) visual examination of the fun-
nel plot of raw effect sizes ( ) against its inverse variance (as a proxy
for sampling effort) (Sterne and Egger, 2001); (2) performance of Eg-
ger's regression test applied to model residuals, accompanied with their
original variance (Egger et al., 1997; Nakagawa and Santos, 2012);
and (3) comparison of weighted average effect sizes estimated solely
based on peer-reviewed studies, versus grey literature.

Next, we investigated if heterogeneity between trials could be par-
tially explained by the compiled moderators. We started by fitting three
separate univariate mixed-effects models to the subset of trials with
complete information for each candidate moderator: voltage (n=58),
habitat (n=52) and type of device (n=58). The significance of fixed
effects was determined using Wald-type statistics with asymptotic
chi-square distribution (Koricheva et al., 2013). Then, we conducted
a multivariate model selection analysis based on the subset of trials with
complete information for all moderators (n=47). We used R
package (Calcagno and de Mazancourt, 2010) to automatically fit all
possible model combinations involving the three moderators, compare
all candidate models and rank them based on their corrected Akaike's In-
formation Criterion (AICc) value. The significance of each moderators in
equally–plausible models (i.e., models with value differing less than two
units from the higher–ranked model) was tested using a likelihood ratio
test, and moderators were dropped from the final model when not signif-
icant. Fixed and random effects were estimated through maximum like-
lihood, to allow a meaningful comparison between models (Koricheva
et al., 2013).

Finally, a sensitivity analysis was conducted to assess the robustness
of the meta-analytic findings, which included the repetition of the pri-
mary analysis with altered datasets (Bown and Sutton, 2010), namely:
(1) “Calibrated” - exclusion of trials perceived to be of lower quality
(i.e., using BA or CI designs); (2) “Sample size ≥30 “- exclusion of trials
with low sample size (i.e., No. of Accumulated Kms <30, either for treat-
ment or control groups); (3) “With outliers” - inclusion of trials identified
as outliers; and (4) “Without influential cases” - exclusion of influential
cases identified through Cook's distance statistics (Cook and Weisberg,
1982; Viechtbauer and Cheung, 2010). See Supplementary mate-
rial 5 for more details about the rationale behind and methods used in
the creation of the altered datasets.

Whenever appropriate, estimated effect sizes ( ) and associated
95% CIE were transformed into percent reduction in bird collision rate
(that is, ), for easier interpretation of results.

3. Results

3.1. Overall size effect and publication bias

Overall, wire-marking had a significant (positive) effect on reducing
bird collisions with power lines (Fig. 1). The overall estimated log re-
sponse ratio ( ) was −0.70 (95% CIE: −0.89, −0.52), corresponding to
an overall wire-marking effectiveness of 50.4% (95% CIE: 40.4–58.8%)
in reducing bird collision rates with power lines. There was, how-
ever, significant amount of (residual) heterogeneity with respect to ef-
fect sizes (Q=480.5, df=60, p<0.001; see Supplementary mater-
ial 4, Table S4.1). Most of the heterogeneity was explained by vari-
ance within- ( =49.6%) or between-studies ( =41.3%),
rather than within trials ( =9.1%). The mean effect sizes of
the 61 trials included in the meta-analysis ranged between −2.36 and

0.72, which means that the reduction in bird collision rates varied be-
tween 90.5% and −104.8% (Fig. 1).

Sensitivity analyses were performed, and the results remained sim-
ilar after (1) removing studies with lower samples sizes (i.e., number
of accumulated Kms <30, either for treatment or control groups) and/or
weaker experimental designs (namely, CI or BA designs), (2) excluding
influential cases, and (3) re-including outliers (see Supplementary ma-
terial 5, Table S5.1). The corresponding overall estimated ranged
between −0.64 and −0.81, which corresponds to a reduction in bird col-
lision rates ranging between 47.0 and 55.4%.

There was no evidence of publication bias in the meta-analysis (Eg-
ger's regression test result: z=−0.50; p=0.61), which is consistent
with the apparent symmetry of the funnel plot (Fig. 2). However, if only
peer-reviewed studies had been included in the meta-analysis (n=12),
the overall estimated reduction in bird collision rate would be of 56.4%
(95% CIE: 29.3–73.2%), which corresponds to an increased estimate of
wire marking effectiveness compared to the one estimated solely based
on grey literature (48.7%; 95% CIE: 37.7–57.2%) (Fig. 2).

3.2. Moderators of wire-marking effectiveness

Univariate analyses revealed that none of the moderators had a sig-
nificant effect on wire-marking effectiveness (Voltage: =0.2,
p=0.63; Habitat: =3.6, p=0.31; and Type of device:

=2.2, p=0.32; see Supplementary material 4, Table
S4.1). These findings were corroborated by the multivariate analy-
sis, with two models fitting the sub-dataset equally well (Null model:
AICc=91.1, Akaike weight=0.38; versus Model with Habitat as sin-
gle-moderator: AICc=91.6, Akaike weight=0.29) (see Supplemen-
tary material 4, Table S4.2). The likelihood ratio test showed no sig-
nificant differences between both models (p=0.06), so the null model
was selected. The test for residual heterogeneity (QE) was significant for
all mixed-effects models (see Supplementary material 4, Table S4.1),
indicating that variability among the effect sizes might be explained by
(unaccounted) moderators. Once again, all meta-analytic findings were
generally consistent with the ones achieved in the sensitivity analyses
(see Supplementary material 5, Table S5.2).

Despite its non-significance as a moderator, all types of devices sig-
nificantly decreased bird collisions with power lines, with a tendency
for flappers to be more effective than spirals (either small or large)
(Fig. 3). Wire-marking also appears to be slightly more effective in wet-
lands, compared to the other habitat categories, and in distribution lines
(<110kV), compared to transmission lines (≥110kV) (Fig. 3).

4. Discussion

4.1. Overall size effect and publication bias

The results of our meta-analysis corroborate the general perception
that wire-marking is effective in reducing bird collisions with power
lines (e.g. APLIC, 2012; Jenkins et al., 2010; Williams et al.,
2018). The estimate of the overall mean effect size shows that the num-
ber of bird collisions was reduced almost by half (50.4%; 95% CIE:
40.4–58.8%) in marked power lines, after diverter installation and/or
compared to controls. Although this is a substantial reduction, the effec-
tiveness estimate is considerably lower than the one estimated by Bar-
rientos et al. (2011) (78%; 95% CIE: 55–94%), who performed the
first meta-analysis on the topic. The difference in the results is probably
explained by: (1) the additional number of studies and, consequently,
number of trials included in the present study; and (2) the latest method-
ological advances in biological meta-analysis, such as accounting for
non-independency between experiments from a same study (Nakagawa
et al., 2017; Nakagawa and Santos, 2012).
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Fig. 1. Forest plot of (ordered) effect sizes and 95% Confidence Interval Estimates (CIE) of each individual trial (n=61). The “diamond” on last row shows the overall mean effect
size (central tips of diamond) and associated 95% CIE (lateral tips of diamond) estimated based on the random-effects model. Primary and secondary x-axis represent the log response ratio
( ) and percent reduction in bird collision rates (% Red.), respectively. Negative values of indicate that wire-marking had a positive effect in reducing bird collisions with power
lines, positive values indicate the opposite (increased collision rates). =0 means no effect.

We found no evidence of clear publication bias within our sys-
tematic review, which is probably explained by the high number of
trials retrieved from grey literature (76%), compared to trials pub-
lished in peer-reviewed journals (24%). Still, we cannot exclude the

possibility of such bias. First, the estimated wire-marking effectiveness
was lower in grey literature studies, compared to the one estimated in
peer-reviewed studies. Second, many studies are carried out internally
by energy companies or under the scope of EIA processes, and only
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Fig. 2. Funnel plot of effect sizes ( ) of each individual trial from the complete dataset (on the left) and overall percent reduction in bird collision rates (± 95% Confidence
Interval Estimates), estimated based on trials retrieved from peer-reviewed articles, grey literature studies or all types of studies (on the right). Red and black dots indicate,
respectively, the effect sizes retrieved from peer-reviewed articles and grey literature. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 3. Effectiveness of wire-marking in reducing bird collision rates (mean ±95% Confidence Interval Estimates) depending on power line voltage, habitat and type of
device, estimated by the univariate mixed-effects models. Significance levels (* indicates p < 0.05, and ***p < 0.001) near the effect size symbols denote a significant difference from
zero (no effect).

reported in grey literature that is difficult to access. And, third, energy
companies tend to be less supportive of publishing studies with nega-
tive results (i.e., showing that the mitigation measure was not effective
and/or highlighting the study limitations). This suggests that the true
wire-marking effectiveness may probably be lower than the one esti-
mated in this study.

Concerns about the quality of grey literature are often raised, usually
due to limitations on study design and relatively low sample sizes (La-
jeunesse, 2013). This was not the case for several grey literature stud-
ies compiled in the present meta-analysis (e.g. Calabuig and Ferrer,
2009; Marques et al., 2007). Nonetheless, low statistical power of in-
dividual studies was fairly addressed in the weighted meta-analysis con-
ducted, as studies with a large sampling error contributed less to the es-
timates of overall effect (using the inverse variance of each effect size as
a weight) (Lajeunesse, 2013). Conversely, well-conducted studies with
tight control of measurement variation and/or larger sample sizes con-
tributed more to estimates of effect size, independently of where they
were published.

4.2. Moderators of wire-marking effectiveness

To the best of our knowledge, no previous study has conducted a
meta-analysis to quantify the moderating effect of project- and site-spe-
cific factors on wire-marking effectiveness. None of the moderators (type
of device, habitat or power line voltage) was found significant in our
meta-analytic models. The lack of a statistically evidence towards a sig-
nificant result does not necessarily mean that these three moderators
have no influence on wire-making effectiveness, being most likely a con-
sequence of the high heterogeneity (i.e., variation of effect size esti-
mates) among the pooled studies, as the power to detect moderator ef-
fects in meta-analyses is largely determined by the degree of (residual)
heterogeneity present in the dataset (Hempel et al., 2013). This large
variability might be explained by within-study methodological biases
(see next section, 4.3 Study limitations), but also by confounding vari-
ables that could not be examined independently. For instance, a lim-
ited number of studies provided comprehensive information about: (1)
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the wires arrangement and, consequently, the number of collision levels
for birds; (2) which wires were marked; and/or (3) what was the spacing
between markers. Thus, neither power line configuration nor wire-mark-
ing intensity could be examined as separate moderators of wire-marking
effectiveness.

We found a weak evidence that devices with moving parts (here
called “Flappers”) may be more effective than static devices (like spi-
rals), as hypothesised by Martin (2010, 2011) and Martin and Shaw
(2010). According to these authors, frontal/binocular vision in birds
is primarily concerned with near tasks (e.g. control of bill in foraging,
chick provisioning, nest building) and more tuned for the detection of
movement (rather than spatial detail); thus, devices with moving parts
are more likely to draw birds’ attention. There were, however, device
characteristics which could not be evaluated in the present meta-analy-
sis, due to the lack of detailed information in the studies and/or small
number of trials available for each factor level. These include colour
(e.g. all white, grey, red or mix of colours), luminescence (e.g. reflective
or glow-in-the-dark properties) and type of flapper (e.g. Fireflies, sus-
pended discs, crossed bands), expected to influence the way birds per-
ceive the power line during daylight, but also at night or in low visibility
conditions (e.g. during migration periods) (Murphy et al., 2016a).

4.3. Study limitations

The limitations of our review and meta-analysis are partially related
to reporting gaps in the existing studies and the variety of anti-collision
devices and installation intensities tested so far. First, summary statis-
tics (e.g. means and associated variances) and/or sample sizes were of-
ten difficult to extract from studies and, in some few occasions, not re-
ported at all, which led to the exclusion of the studies from the weighted
meta-analysis. Second, as mentioned above, candidate explanatory vari-
ables were also often poorly reported, which limited the number of mod-
erators included in the analysis and our ability to assess (or control) the
effect of potential confounding factors, such as power line configura-
tion and wire-marking intensity. Lastly, the variety of devices developed
and tested in the studies and, consequently, the limited number of trials
available for each type, forced a simplification of the moderator levels
of the Type of device. For instance, the group named “Flappers” includes
a wide variety of devices, whose particularities (e.g. shape, size, colour
and luminescent properties) can affect the way birds perceived them.
We had, however, to gather them in a single category, to guarantee that
a minimum number of trials was available per moderator level.

The variety of wire-marking devices available, wire-marking inten-
sities used and ecological circumstances in which the experiments were
carried out, necessarily inflates the heterogeneity present in the dataset
and limits the moderator analyses (Hempel et al., 2013). Nonethe-
less, there are other sources of between-study heterogeneity that are
not related to true diversity among study outcomes, but to within-study
methodological biases (Higgins et al., 2009). In our meta-analysis,
the presence of such biases is evidenced by the existence of study tri-
als in which the number of bird collisions with wire-marked power
lines increased, compared to controls ( > 0; Fig. 1). We cannot
discard the possibility that self-illuminated markers (e.g. with LEDs)
or those that glow in the dark (with luminescent properties) may at-
tract birds to the power line, but so far there is no published evi-
dence that it might occur. Moreover, in our meta-analysis, none of
the trials that obtained negative results was testing the effectiveness
of luminescent (or illuminated) devices. This result is, therefore, po-
tentially explained by within-study limitations,

namely:

• Stochastic nature of bird collision with power lines and biases in carcass
detection – With some exceptions (e.g. Murphy et al., 2016b), the
occurrence of a bird collision with an infrastructure followed by its
detection (by observers) is, generally, regarded as a stochastic event
(Korner-Nievergelt et al., 2013, 2011). Bird collisions may be
highly concentrated in time and/or space, e.g. due to habitat fea-
tures, intensive migration episodes, and adverse weather conditions
or other stochastic events (Bernardino et al., 2018). Moreover, no
or few carcasses may be found either because few animals were ac-
tually killed, or because they were missed in the carcass detection
process due to crippling bias, limited survey coverage, carcass re-
moval (by scavengers or decay) and searcher efficiency (Bernardino
et al., 2013; Korner-Nievergelt et al., 2015), which increases the
uncertainty in the mortality estimates both for wire-marked sections
and controls.

• Study design characteristics – BACI designs encompass considerably less
risks of violating the underlying assumptions than CI or BA designs,
thus have higher power to detect true treatment effects, in particular
if paired control-impact designs are adopted (i.e., with spatial alter-
nation between wire-marked and control sections) (e.g. Yee, 2008).
In practice, their implementation is often limited by the fact that
mitigation measures are, for precautionary reasons, usually applied
(1) during the project construction phase (e.g. European Commis-
sion, 2018; SNH, 2016), making it impossible to collect mortality
data before the wire-marking treatment; and/or (2) in power line sec-
tions foreseen to be more sensitive for birds, which limits the selec-
tion of (true) control sections (e.g. Rytwinski et al., 2016; SNH,
2016). Therefore, sub-optimal study designs, like CI trials or BACI tri-
als without paired control-impact design, are often adopted. In our
meta-analysis, 6 of the 7 study trials which estimated implausible neg-
ative effects on bird collision rates ( > 0) were CI trials.

• Limitations of methods used to correct observed mortality rates – In
sub-optimal study designs, observed mortality rates in wire-marked
sections and controls should ideally be adjusted by the corresponding
bird crossing rates and/or bias correction factors for imperfect car-
cass detection (e.g. due to carcass removal and searcher efficiency),
to control for potential temporal-spatial differences in bird mortality
rates - not related to wire-marking treatment. Unfortunately, bird sur-
veys to determine flight crossing rates, as well as carcass removal and
searcher efficiency trials also encompass several methodological lim-
itations (Bernardino et al., 2013; Murphy et al., 2016b; Small-
wood et al., 2018; Urquhart et al., 2015), which can inflate the
biases associated with the adjusted mortality rates and, consequently,
the estimated effect size, especially if those methods are implemented
with low sampling effort.

5. Conclusions and guidelines for future field studies

Wire-marking is responsible for a significant reduction in bird colli-
sions with power lines (on average, by 50%), although its positive ef-
fect seems to be lower than the one reported in the meta-analysis per-
formed by Barrientos et al. (2011). The drivers of wire-marking ef-
fectiveness are still not clear due to the high variability in study out-
comes, although we found a weak evidence that devices with moving
parts (flappers) tend to be more effective. More studies are needed to
confirm this result and further investigate the effectiveness of the dif-
ferent types of flappers (e.g. Fireflies, suspended discs, crossed bands),
and how it may vary depending on target species, wire-marking inten-
sity, etc. It is important to note that, flappers are particularly exposed
to wind action and seem to lose their functionality faster than static de-
vices (Dashnyam et al., 2016), which compromises their long-term ef-
fectiveness and entails additional costs with device replacement (Lober-
meier et al., 2015). Studies evaluating the cost-effectiveness
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of the different types of devices available on the market (and/or cur-
rently being developed) are, therefore, also needed.

The statistical power of future meta-analyses depends mostly on the
quality of data used to estimate effect sizes and variances in field stud-
ies (Hempel et al., 2013; Lajeunesse, 2013). This can be achieved
namely through (1) the conduction of more well-designed experiments,
and (2) the control of potential confounders of effect size differences be-
tween studies. Therefore, we strongly recommend the adoption of BACI
approaches with fine spatial-scale alternation between wire-marked and
control sections (‘paired samples’ approach), to guarantee their similar-
ity in terms of habitats, bird communities and carcass detection prob-
ability, among other confounding factors. The adoption of such experi-
mental design allows the assessment of wire-marking effectiveness solely
based on observed mortality rates, without the need for additional bias
corrections (e.g. bird crossing rates, searcher efficiency, carcass persis-
tence rates); which would also be beneficial and appropriate for the as-
sessment of the effectiveness of alternative strategies to increase the vis-
ibility of the wires, like the use of lasers and U.V light (Dwyer et al.,
2019; KIUC, 2015). If only sub-optimal designs can be adopted (i.e.,
BA or CI design), the conduction of additional field experiments (namely
carcass removal/detection trials, and surveys to determine bird-cross-
ing rates and/or flight behaviour) is recommended, first, to account for
variations in bird mortality arising from external factors not related to
wire-marking (e.g. Savereno et al., 1996) and, second, to link mor-
tality rates to bird behavioural responses, in terms of reaction distances
and manoeuvres to avoid the power line (e.g. Dwyer et al., 2019). Im-
provements in the quality of field studies can also be achieved with in-
creased sample sizes (per combination of moderators tested) and proper
control of potential confounding variables, even if (for logistic/financial
reasons) it implies a reduction in the number of different type of de-
vices, wire-marking intensities, power line features, habitats, etc. tested
in a single study. In other words, it is preferable to use the available re-
sources to implement a focused experiment (e.g. focused on one habitat
type and wire marking device) rather than using a multi-objective ap-
proach trying to address at the same time different habitats and types of
devices, which will result in small samples sizes for each of the modera-
tors.

The impact of each individual study can then be maximized through
its inclusion in meta-analyses. For that, it is crucial a broad dissemi-
nation of the study findings, together with a comprehensive reporting
of the methods and results, even if wire-marking had weak or no sig-
nificant effect on reducing bird collisions (Gerstner et al., 2017). A
greater sharing of study results is extremely important, not only because
it minimizes the risk of publication bias in meta-analyses and increases
their power to detect moderator effects, but also because it prevents re-
dundancy among research studies.

All these recommendations and important caveats to bear in mind
in their implementation are summarized in Table 1, as well as the un-
derlying weaknesses of the existing field studies identified through the
present systematic review. With this exercise, we sought to increase the
quality of future studies and maximize their contribution for the overall
knowledge about wire-marking effectiveness, by facilitating their inclu-
sion in meta-analyses. Finally, we highlight the importance of transfer-
ring this new knowledge to energy companies, policy makers and other
stakeholders, so that it can be incorporated into EIA practice and con-
tribute to an effective mitigation of bird collisions with power lines.
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Table 1
Summary of the main limitations of field studies and recommendations to maximize their
individual power and improve the overall knowledge on wire-marking effectiveness. BACI
– Before-After-Control-Impact, BA - Before-After; CI - Control-Impact.

Topic
Main limitations in
existing studies Recommendations for future research

Experimental
design

• Adoption of
sub-optimal
experimental
designs (e.g.
BA or CI), due
to restrictions
on the collec-
tion of mor-
tality data
prior to wire-
markers in-
stallation
and/or selec-
tion of (true)
controls.

• Increased bi-
ases in effect
size estimates,
due to limita-
tions in the
field methods
used to deter-
mine the bias
correction fac-
tors of bird
mortality (e.g.
bird crossing
rates, removal
and detection
rates).

• Perform dedicated studies to assess
wire-marking effectiveness, in order
to enable the adoption of a BACI de-
sign.

• Select a relatively fine spatial-scale
alternation between marked (impact)
and non-marked (control) sections
(‘paired samples’ approach) to per-
form the mortality surveys. Each pair
of control-impact sections should not
be too far apart to ensure that their
differences (in terms of habitat, bird
communities, scavengers' community,
carcass detection, etc.) are neglec-
table. This allows the evaluation of
wire-marking effect solely based on
observed mortality rates, without the
need for additional corrections.

• If only sub-optimal designs can be
adopted (i.e., BA or CI design), con-
duct additional field experiments
(namely carcass removal/detection
trials and surveys to determine bird-
crossing rates) to account for varia-
tions in bird mortality arising from
external factors not related to wire-
marking. Ensure that robust sampling
schemes are adopted in order to mini-
mize the uncertainty associated with
the estimation of those correction fac-
tors.

• Ideally, carcass searches should be
performed by the same observer(s).

Sampling
effort

• Conduction of
short-term
studies, which
fail to detect
temporal
changes (sea-
sonal or inter-
annual) in
bird mortality
rates.

• Adoption of
low-effort car-
cass search
protocols (in
terms of
search fre-
quency and
length of
power line
surveyed),
which can
lead to biased
bird mortality
estimates due
to the stochas-
ticity nature
of bird colli-
sion events
and limita-
tions in car-
cass detec-
tion.

• Guarantee that seasonal and between-
year variations in bird mortality are
properly surveyed, both in wire-
marked and control sections. Each ex-
periment should cover, at least, one
year prior to wire-marking treatment
plus 2–3 years post-treatment.

• Ensure that, within the study seasons,
the survey effort is appropriate for
the study-site and/or target species,
in terms of the expected number of
bird collisions and/or carcass detec-
tion probability. Whenever these are
expected to be low, the survey effort
(carcass search frequency and exten-
sion of power line surveyed) should
be increased in order to guarantee re-
liable conclusions.

8



UN
CO

RR
EC

TE
D

PR
OO

F

J. Bernardino et al. Journal of Environmental Management xxx (xxxx) xxx-xxx

Table 1 (Continued)

Topic
Main limitations in
existing studies Recommendations for future research

Confounding
variables

• Mix of poten-
tial ecological
and/or pro-
ject-related
confounders
(e.g. mix of
different types
of devices or
habitats) in a
same experi-
ment.

• Insufficient
number of ex-
periments per
combination
of modera-
tors, which
limits the sta-
tistical power
of meta-analy-
ses.

• Avoid the mix of wire-marking treat-
ments (combinations of different de-
vices and/or wire-making intensities)
in a same experiment, to prevent con-
founding effects and increase the sur-
vey effort (per treatment sections and
controls).

• Test the effectiveness of a same wire-
marking treatment (type of device
and wire-marking intensity) in differ-
ent ecological circumstances (e.g.
habitat types, bird communities).

Reporting • Unclear and/
or selective
reporting of
study details
and results,
which ham-
pers the cal-
culation of ef-
fect size sta-
tistics and/or
extraction of
covariates
(moderators)
required for
meta-analy-
ses.

• Reporting of
effect size sta-
tistics only for
trials which
evidenced sta-
tistically sig-
nificant effec-
tiveness (‘p-
hacking’), de-
spite the in-
formative
value of non-
significant re-
sults.

• Describe clearly the experimental de-
sign, study temporal/spatial coverage
and survey methods used.

• Discriminate the survey effort (e.g.
number of carcass searches and kms
searched) for each treatment and con-
trol section, and/or before-after study
periods.

• Provide complete information about
study area (e.g. habitat, target bird
species), power line features (voltage,
dimensions, wire arrangement, etc.)
and wire-making details (devices
characteristics and wire-marking in-
tensity).

• Report all study outcomes, regardless
of statistical significance and direc-
tion of the effect.

• Present either raw bird mortality
counts or summary effect size statis-
tics, including mean mortality rates,
associated variation measures and
sample size.

• Report summary effect size statistics
separately for each treatment and con-
trol section, and for each study period
(i.e., before and after treatment).

Dissemination
and access to
study findings

• Publication
bias towards
studies show-
ing positive
wire-marking
effectiveness,
or novel find-
ings;

• Limited access
to studies con-
ducted inter-
nally by the
energy com-
panies or un-
der EIA
processes (i.e.,
studies which
were not con-
ducted pri-
marily with a
scientific pur-
pose).

• Promote study publication, ideally, in
peer-review journals, even those with
negative (or not significant) effects;

• Ensure access and dissemination of
study results, by making grey litera-
ture reports openly available online;

• Carefully choose the title, abstract
content and keywords, to maximize
study retrieval in systematic literature
searches (e.g. using Google Scholar).

hair (University of Porto) and CIGRE Working Group C3.16 “Interactions
between Electrical Infrastructure and Wildlife”.

We are thankful to Rafael Barrientos, for facilitating several grey-lit-
erature reports not available online, and three anonymous reviewers for
their suggestions and comments to the manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jenvman.2019.109651.

References

Alonso, J.C., Alonso, J.A., Muñoz-Pulido, R., 1994. Mitigation of bird collisions with trans-
mission lines through groundwire marking. Biol. Conserv. 67, 129–134. doi:10.1016/
0006-3207(94)90358-1.

Anderson, M.D., 2002. The Effectiveness of Two Different Marking Devices to Reduce
Large Terrestrial Bird Collisions with Overhead Electricity Cables in the Eastern Ka-
roo. South Africa, Johannesburg, South Africa.

APLIC, 2012. Reducing Avian Collisions with Power Lines: the State of the Art in 2012.
(Washington, DC).

Assink, M., Wibbelink, C.J.M., 2016. Fitting three-level meta-analytic models in R: a
step-by-step tutorial. Quant. Methods Psychol. 12, 154–174. https://doi.org/10.
20982/tqmp.12.3.p154.

Barrientos, R., Alonso, J.C., Ponce, C., Palacín, C., 2011. Meta-analysis of the effective-
ness of marked wire in reducing avian collisions with power lines. Conserv. Biol. 25,
893–903. https://doi.org/10.1111/j.1523-1739.2011.01699.x.

Barrientos, R., Ponce, C., Palacín, C., Martín, C.A., Martín, B., Alonso, J.C., 2012. Wire
marking results in a small but significant reduction in avian mortality at power lines:
a BACI designed study. PLoS One 7, e32569. https://doi.org/10.1371/journal.pone.
0032569.

Bernardino, J., Bevanger, K., Barrientos, R., Dwyer, J.F., Marques, A.T., Martins, R.C.,
Shaw, J.M., Silva, J.P., Moreira, F., 2018. Bird collisions with power lines: state of the
art and priority areas for research. Biol. Conserv. 222, 1–13. https://doi.org/10.1016/
j.biocon.2018.02.029.

Bernardino, J., Bispo, R., Costa, H., Mascarenhas, M., 2013. Estimating bird and bat fa-
tality at wind farms: a practical overview of estimators, their assumptions and limita-
tions. N. Z. J. Zool 40. https://doi.org/10.1080/03014223.2012.758155.

Biasotto, L.D., Kindel, A., 2018. Power lines and impacts on biodiversity: a systematic re-
view. Environ. Impact Assess. Rev. 71, 110–119. doi:10.1016/j.eiar.2018.04.010.

Borenstein, M., Hedges, L.V., Higgins, J.P., Rothstein, H.R., 2009. Introduction to
Meta‐Analysis, Wiley Online Books. John Wiley and Sons, New York. doi:10.1002/
9780470743386.ch22.

Bown, M.J., Sutton, A.J., 2010. Quality control in systematic reviews and meta-analyses.
Eur. J. Vasc. Endovasc. Surg. 40, 669–677. doi:10.1016/j.ejvs.2010.07.011.

Calabuig, C.P., Ferrer, M., 2009. Análisis de la eficacia y la vida útil de la señalización an-
ticolisión “salvapájaros” en líneas de transporte de energía eléctrica. España, Seville.

Calcagno, V., de Mazancourt, C., 2010. Glmulti: an R package for easy automated model
selection with (generalized) linear models. J. Stat. Softw. 1, 1–29. https://doi.org/10.
18637/jss.v034.i12.

Christie, A.P., Amano, T., Martin, P.A., Shackelford, G.E., Simmons, B.I., Sutherland, W.J.,
2019. Simple study designs in ecology produce inaccurate estimates of biodiversity re-
sponses. J. Appl. Ecol. 0. https://doi.org/10.1111/1365-2664.13499.

CIGRE, 2018. International Council on Large Electric Systems [WWW Document]. (Off.
website).

Cook, R.D., Weisberg, S., 1982. Residuals and Influence in Regression. Chapman and Hall,
New York.

D’Amico, M., Catry, I., Martins, R.C., Ascensão, F., Barrientos, R., Moreira, F., 2018. Bird
on the wire: landscape planning considering costs and benefits for bird populations
coexisting with power lines. AMBIO A J. Hum. Environ. https://doi.org/10.1007/
s13280-018-1025-z.

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 estimat-
ing potential population-level impacts. Divers. Distrib. 0. https://doi.org/10.1111/
ddi.12903.

Dashnyam, B., Purevsuren, T., Amarsaikhan, S., Bataa, D., Buuveibaatar, B., Dutson, G.,
2016. Malfunction rates of bird flight diverters on powerlines in the Mongolian Gobi.
Mong. J. Biol. Sci. 14, 13–20. https://doi.org/10.22353/mjbs.2016.14.02.

Dwyer, J.F., Pandey, A.K., McHale, L.A., Harness, R.E., 2019. Near-ultraviolet light re-
duced Sandhill Crane collisions with a power line by 98%. Condor 121, duz008. https:
//doi.org/10.1093/condor/duz008.

Egger, M., Smith, G.D., Schneider, M., Minder, C., 1997. Bias in meta-analysis detected by
a simple, graphical test. BMJ 315, 629–634. https://doi.org/10.1136/bmj.315.7109.
629.

European Commission, 2018. Energy Transmission Infrastructure and EU Nature Policy.
Gerstner, K., Moreno-Mateos, D., Gurevitch, J., Beckmann, M., Kambach, S., Jones, H.P.,

Seppelt, R., 2017. Will your paper be used in a meta-analysis? Make the reach of your
research broader and longer lasting. Methods Ecol. Evol. 8, 777–784. https://doi.org/
10.1111/2041-210X.12758.

Hedges, L.V., Gurevitch, J., Curtis, P.S., 1999. The meta-analysis of response ratios in ex-
perimental ecology. Ecology 80, 1150–1156. https://doi.org/10.2307/177062.

Hempel, S., Miles, J.N.V., Booth, M.J., Wang, Z., Morton, S.C., Shekelle, P.G., 2013.
Risk of bias: a simulation study of power to detect study-level moderator effects in
meta-analysis. Syst. Rev. 2, 107. https://doi.org/10.1186/2046-4053-2-107.

9

https://doi.org/10.1016/j.jenvman.2019.109651
https://doi.org/10.1016/j.jenvman.2019.109651


UN
CO

RR
EC

TE
D

PR
OO

F

J. Bernardino et al. Journal of Environmental Management xxx (xxxx) xxx-xxx

Higgins, J.P.T., Thompson, S.G., Spiegelhalter, D.J., 2009. A re-evaluation of random-ef-
fects meta-analysis. J. R. Stat. Soc. Ser. A Stat. Soc. 172, 137–159. https://doi.org/10.
1111/j.1467-985X.2008.00552.x.

IRENA, 2017. REthinking Energy 2017: Accelerating the Global Energy Transformation.
International Renewable Energy Agency, Abu Dhabi.

Jenkins, A.R., Smallie, J.J., Diamond, M., 2010. Avian collisions with power lines: a global
review of causes and mitigation with a South African perspective. Bird. Conserv. Int.
20, 263–278. https://doi.org/10.1017/S0959270910000122.
KIUCLasers, diverters part of KIUC's expanded seabird protection efforts[WWW Doc-
ument]. Kauaʻi Isl. Util. Coop. [Press release]https://www.forkauaionline.com/lasers-
diverters-part-of-kiucs-expanded-seabird-protection-efforts/2015

Koricheva, J., Gurevitch, J., Mengersen, K., 2013. Handbook of Meta-Analysis in Ecology
and Evolution. Princeton University Press.

Korner-Nievergelt, F., Behr, O., Brinkmann, R., Etterson, M.A., Huso, M.M.P., Dalthorp, D.,
Korner-Nievergelt, P., Roth, T., Niermann, I., 2015. Mortality estimation from carcass
searches using the R-package carcass: a tutorial. Wildl. Biol. 21, 30–43. https://doi.
org/10.2981/wlb.00094.

Korner-Nievergelt, F., Brinkmann, R., Niermann, I., Behr, O., 2013. Estimating bat and
bird mortality occurring at wind energy turbines from covariates and carcass searches
using mixture models. PLoS One 8, e67997.

Korner-Nievergelt, F., Korner-Nievergelt, P., Behr, O., Niermann, I., Brinkmann, R., Hell-
riegel, B., 2011. A new method to determine bird and bat fatality at wind energy
turbines from carcass searches. Wildl. Biol. 17, 350–363. https://doi.org/10.2981/10-
121.

Lajeunesse, M.J., 2013. Power statistics for meta-analysis: tests for mean effects and
homogeneity. In: Koricheva, J., Gurevitch, J., Mengersen, K. (Eds.), Handbook of
Meta-Analysis in Ecology and Evolution. Princeton University Press, pp. 348–363.

Lobermeier, S., Moldenhauer, M., Peter, C.M., Slominski, L., Tedesco, R.A., Ver Meer, M.,
Dwyer, J.F., Harness, R.E., Stewart, A.H., 2015. Mitigating avian collision with power
lines: a proof of concept for installation of line markers via unmanned aerial vehicle.
J. Unmanned Veh. Syst. 3, 252–258. https://doi.org/10.1139/juvs-2015-0009.

Marques, A.T., Rocha, P., Silva, J.P., 2007. Monitorização dos Efeitos da Linha de Muito
Alta Tensão Ferreira do Alentejo - Ourique sobre Espécies Prioritárias. Mortalidade e
Taxas de Voo. ICN and REN.

Martin, G.R., 2011. Understanding bird collisions with man-made objects: a sensory ecol-
ogy approach. Ibis 153, 239–254. https://doi.org/10.1111/j.1474-919X.2011.01117.
x.

Martin, G.R., 2010. Bird collisions: a visual or a perceptual problem? In: BOU Proceedings
– Climate Change and Birds. pp. 1–4.

Martin, G.R., Shaw, J.M., 2010. Bird collisions with power lines: failing to see the way
ahead? Biol. Conserv. 143, 2695–2702. https://doi.org/10.1016/j.biocon.2010.07.
014.

Murphy, R.K., Dwyer, J.F., Mojica, E.K., McPherron, M.M., Harness, R.E., 2016. Reac-
tions of sandhill cranes approaching a marked transmission power line. J. Fish Wildl.
Manag. 7, 480–489. https://doi.org/10.3996/052016-JFWM-037.

Murphy, R.K., Mojica, E.K., Dwyer, J.F., McPherron, M.M., Wright, G.D., Harness, R.E.,
Pandey, A.K., Serbousek, K.L., 2016. Crippling and nocturnal biases in a study of
sandhill crane (Grus canadensis) collisions with a transmission line. Waterbirds 39,
312–317. https://doi.org/10.1675/063.039.0312.

Nakagawa, S., Noble, D.W.A., Senior, A.M., Lagisz, M., 2017. Meta-evaluation of
meta-analysis: ten appraisal questions for biologists. BMC Biol. 15, 18. https://doi.
org/10.1186/s12915-017-0357-7.

Nakagawa, S., Santos, E.S.A., 2012. Methodological issues and advances in biological
meta-analysis. Evol. Ecol. 26, 1253–1274. https://doi.org/10.1007/s10682-012-9555-
5.

R Development Core Team, 2018. R: A Language and Environment for Statistical Comput-
ing.

Rytwinski, T., Soanes, K., Jaeger, J.A.G., Fahrig, L., Findlay, C.S., Houlahan, J., van
der Ree, R., van der Grift, E.A., 2016. How effective is road mitigation at reducing
road-kill? A meta-analysis. PLoS One 11, e0166941.

Savereno, A.J., Savereno, L.A., Boettcher, R., Haig, S.M., 1996. Avian behavior and mor-
tality at power lines in coastal South Carolina. Wildl. Soc. Bull. 24, 636–648.

Smallwood, K.S., Bell, D.A., Walther, E.L., Leyvas, E., Standish, S., Mount, J., Karas, B.,
2018. Estimating wind turbine fatalities using integrated detection trials. J. Wildl.
Manag. 82, 1169–1184. https://doi.org/10.1002/jwmg.21468.

SNH, 2016. Assessment and Mitigation of Impacts of Power Lines and Guyed Meteorologi-
cal Masts on Birds. Guidance.

Sporer, M.K., Dwyer, J.F., Gerber, B.D., Harness, R.E., Pandey, A.K., 2013. Marking power
lines to reduce avian collisions near the Audubon National Wildlife Refuge, North
Dakota. Wildl. Soc. Bull. 37, 796–804. https://doi.org/10.1002/wsb.329.

Sterne, J.A.C., Egger, M., 2001. Funnel plots for detecting bias in meta-analysis: guide-
lines on choice of axis. J. Clin. Epidemiol. 54, 1046–1055. doi:10.1016/
S0895-4356(01)00377-8.

Urquhart, B., Hulka, S., Duffy, K., 2015. Game birds do not surrogate for raptors in trials
to calibrate observed raptor collision fatalities. Bird Study 62, 552–555. https://doi.
org/10.1080/00063657.2015.1053751.

Viechtbauer, W., 2010. Conducting meta-analyses in R with the metafor package. J. Stat.
Softw. 36, 1–48. https://doi.org/10.18637/jss.v036.i03.

Viechtbauer, W., Cheung, M.W.-L., 2010. Outlier and influence diagnostics for meta-analy-
sis. Res. Synth. Methods 1, 112–125. https://doi.org/10.1002/jrsm.11.

Williams, D.R., Child, M.F., Dicks, L.V., Ockendon, N., Pople, R.G., Showler, D.A., Walsh,
J.C., zu Ermgassen, E.K.H.J., Sutherland, W.J., 2018. Bird Conservation, Action: mark
power lines to reduce incidental bird mortality. In: Sutherland, W.J., Dicks, L.V., Ock-
endon, N., Petrovan, S.O., Smith, R.K. (Eds.), What Works in Conservation. Open Book
Publishers, Cambridge, UK.

Yee, M.L., 2008. Testing the effectiveness of an avian flight diverter for reducing avian col-
lisions with distribution power lines in the Sacramento Valley, California. PIER final
project report.

10

https://www.forkauaionline.com/lasers-diverters-part-of-kiucs-expanded-seabird-protection-efforts/
https://www.forkauaionline.com/lasers-diverters-part-of-kiucs-expanded-seabird-protection-efforts/

	Re-assessing the effectiveness of wire-marking to mitigate bird collisions with power lines: A meta-analysis and guidelines for field studies
	Keywords
	Abstract
	Introduction
	Methods
	Literature review and inclusion criteria
	Effect size calculations and adjustments
	Extraction of moderators
	Statistical analysis

	Results
	Overall size effect and publication bias
	Moderators of wire-marking effectiveness

	Discussion
	Overall size effect and publication bias
	Moderators of wire-marking effectiveness
	Study limitations

	Conclusions and guidelines for future field studies
	Acknowledgements
	Supplementary data
	References


