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Simple Summary: Wind turbines can affect bird populations by causing mortality when birds collide
with turbine blades or displacement when the individuals move permanently to other areas. While
mortality is well documented, displacement has only been studied more extensively in the last
decade, and it is important to summarise the current knowledge and research trends. We reviewed
71 peer-reviewed studies on displacement and compiled: (1) information on the geographical areas,
type of wind farm, study design and bird groups studied; and (2) the evidence of displacement
effects on different bird groups. We found that most studies have been conducted in Europe and
North America, particularly in agricultural areas. About half of the studies did not find any effects,
for wind farms both on land and at sea, while many studies (40.6%) found displacement effects, and
a small proportion (7.7%) detected attraction, i.e., an increased abundance of birds around the wind
farms. For future studies, we recommend a robust and standardised study design, and highlight the
importance of reporting and disseminating results, whether effects are positive, negative or absent.

Abstract: Wind energy developments can be responsible for negative impacts on birds, including
displacement. In this study we performed a systematic review of the literature available on bird
displacement due to wind turbines, both onshore and offshore, to: (i) assess overall trends in scientific
research; (ii) review the existing knowledge; and (iii) outline recommendations for future studies
on this topic in order to overcome the major gaps and limitations found. Our results are based on
286 trials extracted from 71 peer-reviewed studies. The literature on this topic has increased in the
past decade but is concentrated in Europe and United States, despite the fact that the wind industry
has worldwide coverage. Open habitats—as agricultural fields and grasslands—were the most
represented and Accipitriformes, Galliformes, Charadriiformes, Anseriformes and Passeriformes
were the most frequently studied taxa. Displacement was recorded in 40.6% of the trials, and
Gaviiformes, Anseriformes, Suliformes, Accipitriformes and Falconiformes were the most affected
groups. Pelecaniformes, Passeriformes and Charadriiformes were the groups for which no significant
effects were more often observed. We provide a list of recommendations, focused on study design,
reporting and result dissemination, that should contribute to more robust conclusions of future
studies on this topic.

Keywords: energy; wind farms; space use; indirect effects; offshore; onshore; impact assessment;
avoidance; study design

1. Introduction

The exponential expansion of wind energy production in recent decades, driven by
decarbonization goals and financial incentives by some governments, has promoted multi-
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ple interactions between human activities and ecological systems [1]. Mortality is probably
the most well-documented effect on wildlife, occurring when flying birds and bats collide
with wind turbines [2–4]. Additionally, when placed in natural or seminatural habitats,
infrastructures associated with the wind industry modify the landscape, promoting habi-
tat loss and fragmentation, and may alter species behaviour [3,5], potentially leading to
multiple ecological impacts [6,7], and ultimately population-level effects.

Besides habitat alterations associated with wind farms, the visual intrusion caused
by the turbines, the rotating blades, noise and vibration resulting from turbine operation,
and human or vehicle circulation due to the construction or maintenance activities, may
cause disturbance to birds, during both the construction and operational phases [3]. Such
activities may trigger an avoidance response that can occur at three spatial scales: macro-
avoidance when birds avoid the wind-power plant area as a whole, meso-avoidance if
turbine arrays or single turbines are avoided, and micro-avoidance, which consists in
last-second evasive movements of the rotor blades [5]. Depending on the study design
and wind farm layout (with clustered/random turbines) it may not be possible to fully
disentangle macro and meso-avoidance.

Here, we consider displacement as the reduced density of birds occurring near wind
turbines, due to long-term disturbance leading to functional habitat loss, i.e., the joint
effect of macro-avoidance and meso-avoidance [5]. Conversely, we define attraction as
an increase in bird density within or near the wind farm. Attraction has been described
mostly in the offshore industry, as infrastructures associated with wind energy production
may provide favourable roosting conditions or act as a reef, increasing food resources [8].
However, an attraction effect is not necessarily positive for birds, as it increases their risk
of collision with turbines.

Previous reviews already gathered valuable knowledge on bird displacement; how-
ever, these studies were performed more than 15 years ago [9,10] or focused on specific
taxa [11–13], habitats [14,15], and on offshore [8,16] or onshore developments [17,18].

In this systematic review, we aim to provide a global assessment of current knowledge
on bird displacement due to wind turbines, both onshore and offshore. The specific aims
of this study are three-fold: (i) assess overall trends in scientific research and identify
knowledge gaps, in terms of geographic areas, taxa and habitats; (ii) review the existing
knowledge about displacement or attraction effects per taxa; and (iii) provide recommen-
dations for future studies on this topic.

2. Materials and Methods

To assess research trends and current knowledge on bird displacement due to wind
farms operation, we performed a systematic review of the peer-reviewed literature on the
topic, found through two complementary search strategies. First, we performed a web-
based search in the ISI Web of Knowledge and Scopus databases. Searches were performed
in July 2021, using the keywords “bird” and “wind” combined with the following terms:
“attraction”, “displacement”, “disturbance”, “habitat loss” and “habitat selection”. Second,
we screened the reference list of previous reviews on the indirect effects of wind farms and
complemented the list of studies with references from our personal bibliography.

For our analysis, we only considered articles containing original and empirical data
(i.e., data from review papers or assessments of potential effects of future developments
were not included) and restricted the screening to peer-reviewed studies, due to quality
control issues. We included all the works focusing on: bird abundance or density, space
use (intensity), probability of occurrence (presence/absence), indirect signs density (e.g.,
droppings), and nest site selection/density. The steps followed for the identification,
screening and inclusion of studies are represented in a PRISMA flow diagram [19] in
Appendix A.

Each study was characterized according to the type of wind farm (offshore or onshore),
country/geographic region, sampling design (BACI before-after control-impact; BAG
before-after-gradient; BAG-C before-after-gradient, with a control; IG impact-gradient;
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IG-C impact-gradient, with a control; BA before-after and CI control-impact) [20], target
groups following the IOC World Bird List [21], habitat, phenological season, methods
or technology used for data collection and the number of years since the beginning of
operation. Phenological season was classified as breeding, post-breeding, winter and
migration, according to the categorization established by the original study.

Regarding the evidence of bird displacement by wind turbines, we categorized the
effects (variations in the parameter of interest) reported by the original study as: negative
(displacement), positive (attraction), no effect (without significant variation) or inconclusive
(when the authors acknowledge that the results may be influenced by confounding factors,
like differences in habitats or other sources of disturbance). Whenever available, we also
extracted information on maximum distance with an effect (in meters) and relative variation
(%) in abundance, density or space use. When a study reported independent results for
multiple combinations of factors (e.g., target species or groups, years, seasons, areas), we
considered those as separate trials.

3. Major Trends in Research

We found a total of 71 studies focusing on the effects of wind turbines on bird space
use or abundance. The first studies go back to the 1990s, and this research topic became con-
sistently more frequent after 2010. The majority of studies focused on onshore wind farms
(n = 56; 79%) when compared with offshore power plants (n = 15; 21%) (Figure 1), probably
reflecting the large proportion of the onshore industry [22]. The study area characteristics
could be quite variable, as some studies focus on single wind farms, whilst others focus on
multiple ones (maximum of 27), ranging from 1 to over 9000 wind turbines studied.
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for offshore and onshore wind farms. Data for 2021 are incomplete, as the bibliographic research was
conducted in July 2021.

Despite wind energy production already being fairly present around the globe, the
large majority of research on this topic is concentrated in Europe (65%) and the United
States (28%) (Figure 2), probably due to the environmental legislation in these regions,
namely the Environmental Impact Assessment (EIA) Directive and Nature legislation in
the European Union, and the National Environmental Policy Act (NEPA) in the United
States [23]. Studies from wind farms in Asia started being published in 2020, suggesting
that data from new regions may be arising. We found no studies focusing on displacement
effects in Africa or South America.
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Figure 2. Wind energy installed capacity (log10 MW) [22] and distribution of original studies on bird displacement by wind
turbines reviewed in this study (n = 71) at global (top) and European (bottom) scales.

Most studies were conducted during the breeding season (54%) and focused mainly
on open landscapes as agricultural fields (30%) and grasslands (23%) (Figure 3). At least
110 species were studied, with Accipitriformes (18%), Galliformes (18%), Charadriiformes
(17%), Anseriformes (14%) and Passeriformes (13%) being the most frequently studied
groups. A wide variety of experimental sampling designs were used across the studies, with
IG (24%), BA (18%) and CI (18%) being the most common ones (Figure 3). Study designs
that combined a before-after approach (temporal control of the measured parameters) with
near/far or distance-to-turbine sampling (BACI, BAG and BAG-C), i.e., those with more
powerful sampling designs, were only implemented in 28% of the studies. Traditional birds
census techniques that use human observers to collect the field data (e.g., point counts,
transects, vantage points) were implemented by the large majority of the authors (73%);
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technology, such as GPS tracking devices (20%) or radar technology (6%) were also used.
Finally, most of the studies (48%) were conducted in the first four years after the beginning
of the wind farm operation, and only a lower fraction (35%) focused on medium/long-term
effects (>5 years after the beginning of operation; only 14.1% >10 years).
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4. Current Knowledge on Bird Displacement by Wind Turbines

We used the data from 68 of the 71 studies to assess the current knowledge on bird
displacement, with a total of 286 trials. We excluded three studies from this analysis [24–26],
whose information was duplicated, at least partially, in other works. We stress that, as the
considered studies implemented quite variable methodological approaches (see previous
section), comparisons across studies and taxa should be conducted with caution.

Overall, negative effects (i.e., displacement) were recorded in 40.6% of the trials, with
offshore wind farms presenting a slightly higher frequency of displacement (43.8%) when
compared to onshore wind farms (39.3%) (Figure 4). Still, attraction effects were recorded
in 7.7% of the trials, being observed 15.0% at offshore wind farms, contrasting with only
4.9% at onshore environments (Figure 4). Such difference confirms previous findings that
offshore wind farms may act as attractive locations for some species, by providing roosting
locations and enhanced food resources as a result of an ‘artificial reef effect’ [3,8]. The lack
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of effects of wind turbines on birds’ abundance and space use was reported in 49% of the
trials (Figure 4).
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Figure 4. Relative frequency of trials (n = 286) reporting attraction, displacement or no effects of
wind turbines on bird space use or abundance, per wind farm type. The bar width represents the
number of experimental trials performed per wind farm type.

The large majority of the trials (78.3%, n = 224) used metrics of bird abundance or
density to test the existence of effects (81 trials found evidence of displacement and 15 found
attraction effects), followed by metrics of space use as utilization distribution (11.2%, n = 32;
21 trials found displacement and 5 found attraction). Less used parameters include bird
occupancy (4.2%, n = 12; 5 trials found displacement and no attraction was found), and
indirect abundance metrics, as abundance of droppings and tracks (3.5%, n = 10; 8 trials
found displacement and 2 found attraction) or nest abundance (2.8%, n = 8; 1 trial found
displacement effect).

There is evidence of displacement, but also attraction, for the most studied groups. Dis-
placement effects were reported for the majority of the trials involving Gaviiformes (100%),
Anseriformes (68.2%), Suliformes (66.7%), Accipitriformes (48.7%) and Falconiformes
(50.0%). Although not prevalent, attraction effects were observed mostly in Falconiformes
(12.5%), Charadriiformes (11.6%) and Accipitriformes (10.3%); but never observed in Anser-
iformes, Gaviiformes, Pelecaniformes and Suliformes. On the other end, the lack of effects
was prevalent in Pelecaniformes (75%), Passeriformes (66.2%) and Charadriiformes (55.1%)
(Figure 5, Table 1). Galliformes had a similar frequency of trials with evidence of displace-
ment (48.5%) and with the absence of effects (45.5%). We highlight that Falconiformes,
Gaviiformes and Pelecaniformes were studied in a low number of trials/studies, so their
results should be considered preliminary.

The spatial extent of the effects of wind turbines on birds’ space is highly variable
across taxa and studies. Birds could be displaced from the turbines proximity up to
mean distances (± standard deviation) of 116 ± 64 m in Anseriformes, 248 ± 103 m
in Passeriformes, 474 ± 213 m in Accipitriformes, 2517 ± 5560 m in Charadriiformes,
4557 ± 4340 m in Galliformes, and 12,062 ± 6911 m in Gaviiformes (Table 1). Displacement
effects also resulted in lower abundances near the wind energy facilities, with mean relative
reductions of 40 ± 24% in Passeriformes, 54 ± 15% in Anseriformes, 56% in Galliformes,
59 ± 18% in Charadriiformes, 59% in Falconiformes, 59 ± 18% in Accipitriformes, 61 ± 24%
in Suliformes and 71 ± 20% in Gaviiformes (Table 1). It is however important to note that,
although the magnitude of the variations may seem relatively similar across taxa, the limits
of the wind farm area, i.e., the area assumed to be under turbine influence and for which
the variation was estimated, varied greatly across studies.
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Table 1. Summary of the effects described per bird group in the 286 trials analysed in this review. Note that not all the
studies reporting displacement or attraction effects provided the maximum distance or the relative variation of the effect.
When there was data available for more than one study, mean values, standard deviation (SD) and range (minimum and
maximum values) are presented.

Group Effect
No.

Trials/No.
Studies

Wind Turbine Influence

Source
Maximum Distance

with Influence of
Wind Turbines (m)

Mean ± SD (Range)

Relative Variation in
Space Use or

Abundance (%)
Mean ± SD (Range)

Accipitriformes
Attraction 4/1 2125 ± 250

(2000: 2500) - [27]

Displacement 19/11 474 ± 213 (250: 674) −59 ± 18% (−40: −93) [28–38]
No effect 22/7 - - [28,29,33,34,39–41]

Anseriformes
Displacement 15/6 116 ± 64 (50: 200) −54 ± 15% (−40: −75) [42–47]

No effect 6/3 - - [48–50]
Inconclusive 1/1 - - [51]

Charadriiformes

Attraction 8/4 100 90 ± 15% (79: 100) [50,52–54]

Displacement 23/9 2517 ± 5560
(100: 20,000) −59 ± 18% (−32: −92) [31,52–59]

No effect 38/12 - - [31,49,50,52–55,59–63]

Ciconiiformes No effect 1/1 - - [41]

Columbiformes No effect 2/2 [64,65]

Cuculiformes No effect 2/2 [64,65]

Falconiformes
Attraction 1/1 2000 - [27]

Displacement 4/3 - −59% [28,33,34]
No effect 3/3 - - [31,34,41]
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Table 1. Cont.

Group Effect
No.

Trials/No.
Studies

Wind Turbine Influence

Source
Maximum Distance

with Influence of
Wind Turbines (m)

Mean ± SD (Range)

Relative Variation in
Space Use or

Abundance (%)
Mean ± SD (Range)

Galliformes

Attraction 2/1 - 475% [66]

Displacement 16/9 4557 ± 4340
(500: 10,500) −56% [17,67–74]

No effect 15/12 - - [31,49,55,60,67–
69,71,73,75–77]

Gaviiformes Displacement 8/4 12,062 ± 6911
(1750: 16,500) −71 ± 20% (−45: −90) [49,52,78,79]

Gruiformes
Displacement 1/1 5000 - [80]
Inconclusive 1/1 - - [81]

Passeriformes

Attraction 6/4 150 ± 130 (75: 300) 7.4% [30,53,55,71]
Displacement 18/9 248 ± 103 (80: 400) −40 ± 24% (−15: −62) [30,31,41,53,82–86]

No effect 49/12 - - [31,41,49,53,55,64,65,
71,82,83,87,88]

Inconclusive 1/1 - - [87]

Pelecaniformes
Displacement 1/1 - - [63]

No effect 3/2 - - [63,89]

Suliformes
Displacement 6/4 - −61 ± 24% (−29: −85) [50,52,54,90]

No effect 1/1 - - [50]

unspecified
Attraction 1/1 - - [91]

Displacement 5/3 100 −50% [91–93]
No effect 7/3 - - [54,71,92]

5. Guidance and Opportunities for Future Studies

Over the years, we have observed not only an increase in the number of studies
conducted on the topic but also an improvement in the quality and utility of the results
achieved. This progress is, nonetheless, not transversal to all studies and there are still
opportunities for improvement in study design, reporting and result dissemination.

5.1. Study Design

Study design and systematic data collection are key elements in the monitoring of
anthropogenic impacts [94]. Poorly designed experiments typically lead to inaccurate
or inconclusive results, as evaluating displacement and other indirect impacts requires
statistical power and control of potential confounding factors [20,95].

To ensure that the studies achieve reliable/meaningful results, some critical aspects
should be considered.

5.1.1. Robust Experimental Design and Sampling Effort

Before-after control-impact (BACI) and before-after gradient (BAG or BAG-C) designs
are considered the most robust approaches to evaluate environmental impacts and, as
with any experiment, they become more powerful when more replicates are used [95,96].
Multi-year and multi-site data collection is therefore recommended (e.g., monitoring of, at
least, 3 post-construction years; selection of more than one control site; robust sampling
effort within each distance band). Although not always easy to accommodate in a project’s
development time frame, it is important to ensure that pre-construction baseline surveys
cover a full year-cycle (ideally more) and that any construction activities are still not
taking place.
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5.1.2. Definition of Study Area Limits and Appropriate Distance Bands

Displacement effects may occur at different spatial scales depending on the taxonomic
group or even within the same taxon. It is, therefore, important to guarantee that the
limits of the survey area, and the size of the distance bands, are appropriate for detecting
effects on the target species. For instance, if the wind farm area is too large (e.g., a 500 m
buffer around the turbines), a study may fail to detect displacement effects occurring at a
smaller scale (e.g., small passerines), even if a BACI is implemented. If the study considers
the most external turbines or the arbitrary private property boundary as the limit of the
wind farm area, it might also fail to detect effects in the most immediate area. Similarly,
in gradient designs, if the distance bands are too wide (for small home-range species) or,
conversely, are too narrow and the last band is located too close to the wind farm (e.g., at a
400–500 m distance, in a study targeting a species with large home-ranges), the study may
fail to identify the displacement threshold, i.e., the maximum response distance [20,97].

5.1.3. Control for Confounding Factors

Study results can be easily confounded by variation in habitat suitability (between
the wind farm area and controls, or along the impact gradient) and by the effects of other
anthropogenic landscape elements, such as roads and power lines [98,99]. Such potential
confounding factors should be addressed primarily through the experimental design,
namely through a careful selection of the control areas (that must be as similar as possible
to the wind farm site) and the collection of data prior and after the project development.
Nonetheless, environmental data should also be collected (e.g., habitat use, vegetation
height, distance to other infrastructures) and included as covariates in the statistical models
(concurrently with turbine predictors), so wind farm effects may be adequately discerned.

5.1.4. Selection of the Appropriate Survey Methods/Technologies

The field methods should be suited for the study target species, population, phenologi-
cal season and study timeframe and allow the collection of sufficient data to depict changes
in bird abundance or spatial-temporal usage. They may include traditional observation
techniques (e.g., point/transect counts, vantage points, boat-based or aerial surveys) but
also hi-tech methods such as the tagging of individual birds and the radar. The latter can
provide valuable information on bird distribution over large areas, although its usefulness
for assessing displacement effects depends greatly on the collection of good quality pre-
construction data and statistical control of confounders (i.e., landscape variables other than
wind turbines) in the data analysis.

5.2. Reporting and Result Dissemination

Comprehensive reporting of study methods and results is essential to increase the
impact of each individual study and its contribution to the current state of knowledge,
namely by enabling its inclusion in systematic reviews and meta-analysis [100]. Some
important reporting standards to take into consideration are:

(1) Detailed description of field methods and sampling design, survey effort (e.g.,
number of sampling sites and replicates; no. of telemetry days) and study area characteris-
tics and limits (e.g., wind farm area and distance to control areas). In BACI and CI designs,
it is highly important that the wind farm area considered for the purpose of the study (e.g.,
area within a 300 m buffer of the turbines) is clearly defined and reported;

(2) Identification of the statistical approach/criteria used to determine the existence
(or not) of significant effects and response distance thresholds [20,101];

(3) Reporting of all outcomes (regardless of the direction or significance) separately
for all combinations of factors (e.g., target species or groups, years, seasons) considered in
the study;

(4) Identification of the units and measure of variation (SE, SD, 95% CI, etc.) when
reporting values of bird abundance or other parameters of interest;
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(5) In gradient study designs, as much as possible, estimate the maximum influence
distance, rather than simply reporting the significance of the variable ‘distance to turbine’
effect on abundance or space use. The estimate of distance-based threshold responses to
wind farms is very important to better understand displacement impacts but also to guide
policy and EIA decisions, such as the establishment of protected areas and management
actions for species of concern [102].

The utility of the studies conducted ultimately depends on how study findings are
disseminated. Study publication in international academic journals is important to over-
come language barriers and ensure that study findings are not disseminated without prior
expert review [103]. Still, publication bias towards studies that found statistically signifi-
cant effects, or achieved novel findings, is expected [104]. The publication of studies that
achieved non-significant results must continue to be encouraged not only to increase the
overall knowledge on the topic but also to prevent redundancy among research studies.
Along with academic publishing, study findings should be actively shared with wind
farm developers, environmental authorities, non-governmental organizations and other
stakeholders to promote evidence-based decisions on future wind energy projects.

6. Study Limitations

The results of this review enclose geographical and taxonomical biases that are directly
correlated to the locations where studies were or could be developed. Therefore, a higher
number of studies was expected from regions with large scale wind industry development
and where it has been implemented for a longer time. Even so, bias towards countries with
stronger environmental policies that impose monitoring studies, particularly to species of
conservation concern or high sensitivity areas is also expected.

Additionally, this systematic review encloses some limitations that should be taken
into consideration when analysing the results. First, we focused on peer-reviewed liter-
ature and have not considered grey literature. As many studies on interactions between
wildlife and infrastructures are conducted in impact assessment frameworks and only a
few are eventually published, we have probably missed monitoring studies about the topic.
However, even if we had aimed at grey literature, still, many studies would probably not
be included, as a large part of grey literature is not publicly or easily accessible, being
frequently kept as internal reports and not available online. Moreover, the fact that we only
considered studies published in English may have also contributed to missing literature
on bird displacement by wind turbines where it has been published in other languages.
Although we acknowledge that we were not able to include every piece of information
about the topic in this review, the fact that most studies included come from Europe and
the United States, where the wind industry has been implemented for a longer time and in
large figures, makes us confident that the geographical and taxonomical biases found in
this review are a proxy to the real bias and are not due to methodological issues.

7. Conclusions

In this review, we have characterized and synthesized the available knowledge on
birds’ displacement due to wind turbines. The negative effects of wind farms on bird
abundance and space use are frequently reported in the literature, affecting species from
different habitats, guilds and phylogeny. However, a large number of studies found no
effects or even attraction effects, to a smaller extent, even within the same taxa (Table 1).
The lack of consistency and clear patterns regarding the effects across and within birds’
groups suggests that displacement is probably a species-specific issue and dependent on
birds’ age and life-cycle, as well as local features and on the wind farm characteristics [3,5],
similarly to what happens with birds’ collisions with wind turbines [3,4]. Still, the wide
variability of methodological protocols applied in the studies may also explain the wide
variability of the results.

Research on birds’ displacement is fairly recent and it is steadily increasing. However,
we detected geographical, taxa and temporal biases. This research topic is still overlooked
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in regions where the wind industry is already implemented, such as South America, Asia
and some parts of Africa, namely South Africa. Still, a small number of bird groups are the
more frequently targeted by researchers (Accipitriformes, Galliformes, Charadriiformes,
Anseriformes and Passeriformes), particularly during the breeding period. Sensible life-
cycle periods as migration are still understudied.

In terms of the design of future research, we believe long-term studies are crucial, as
only 14% of the studies sampled 10 or more years after the beginning of operation. It is
possible that disturbance caused by wind farms, or attraction effects, are temporary, as
continuous exposure over time may increase tolerance or reduce risk perception, causing
habituation to the infrastructure [5]. Furthermore, we consider that a better understanding
of this topic may be achieved with an investment in the quality of the experimental design
of future studies. Robust experimental designs are still a minority among the literature and
relevant data is frequently missing, such as a description of the wind farm characteristics
or the quantification/extent of the displacement effect.

Future studies will improve our knowledge on the topic and will be essential to guide
wind energy development on a large scale, but also at a project level. To date, mitigation
measures aiming at bird displacement include avoiding areas with sensitive species to this
effect and the implementation of compensatory programs that include habitat management
actions [102].
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