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A B S T R A C T   

Wind energy, being one source of renewable energy, is one of the fastest increasing sectors worldwide, but it can 
have negative impacts on wildlife. Wind power plants have been mainly built in open landscapes in the past, but 
are recently increasingly planned and constructed in shrub- and woodlands. However, while there is a growing 
body of literature analyzing and discussing the impacts of wind power plants on wildlife in open landscapes, little 
has been done to date on that issue in shrub- and woodland environments. Therefore, we explored the effects of 
wind power plants in shrub- and woodland areas on woodland-dwelling wildlife species in the continents Europe 
and North America. Our systematic literature review was based on peer-reviewed journal articles. Out of 825 
peer-reviewed articles, we synthesized detailed information from 27 articles. Reviewing scientific literature 
indicated that there is still very limited knowledge on effects of wind power plants on shrub- and woodland- 
dwelling wildlife species. Literature yielded evidence that construction, operation and maintenance of wind 
facilities affect mortality and behavior of mammals and birds as well as habitat suitability. However, the extent 
to which wind power plants affect shrub- and woodland-dwelling wildlife species highly depends on species- 
specific habitat requirements and distance thresholds, thereby indicating the urgent need of further studies, 
which reach beyond the scale of a single case study. Systematical assessments and monitoring based on a before- 
after control-impact design over several years are urgently required to fill knowledge gaps and better support 
concrete planning decisions in practical contexts.   

1. Introduction 

Global warming and related consequences have procured a number 
of international political agreements, which all aim at an increasing 
production of renewable energy including wind energy, photovoltaics or 
other techniques (UNFCCC, 2015). Of these, wind energy is the fastest 
increasing sector worldwide (Renewable Energy Network, 2018). Wind 
power is usually evaluated as renewable “green” energy, primarily due 
to low ecological impacts in terms of environmental pollution or water 
usage (Saidur et al., 2011). However, there are increasing concerns 
about potential effects of wind power plants on human welfare (e.g. 
Merlin et al., 2013) or on wild-living animals (e.g. Kuvlesky et al., 2007; 
Drewitt and Langston, 2008). Hereinafter we refer to WPP as one or 
several wind towers, including wind turbines and associated infra-
structure related to the turbines, e.g. roads, transmission lines, meteo-
rological towers. 

A series of studies have shown adverse effects of WPP on diverse 
animal taxa worldwide, including insects (Long et al., 2011; Elzay et al., 

2017), birds (Drewitt and Langston, 2006; De Lucas and Perrow, 2017; 
Hötker, 2017), bats (Rydell et al., 2010b; Barclay et al., 2017) as well as 
non-volant terrestrial (Rabin et al., 2006; Heldin et al., 2017) and ma-
rine mammals (Koschinski et al., 2003). Wind energy development in 
natural landscapes commonly entails several potential effects: The most 
obvious effect is mortality of animals, colliding with rotor blades or 
turbine towers or suffering from barotraumas. Large numbers of annual 
fatalities of flying vertebrates are well documented (bats: Baerwald 
et al., 2008; Hayes, 2013; Smallwood, 2013; Thompson et al., 2017; 
birds: Sovacool, 2009; Loss et al., 2013; Smallwood, 2013; Zimmerling 
et al., 2013; Erickson et al., 2014). It is estimated, that 888,000 bat and 
573,000 bird fatalities on wind energy facilities occur per year in the 
United States (Smallwood, 2013). Less evident, but as well important 
might be effects of WPP on behavioral decisions of wildlife species 
ranging from seasonal migration patterns or dispersal between (small) 
populations to behavioral responses in terms of changed anti-predator 
behavior (Rabin et al., 2006), territorial behavior (Zwart et al., 2016) 
or habitat use (Hötker, 2017). Such responses of wildlife species might 

* Corresponding author. 
E-mail address: eva.schoell@boku.ac.at (E.M. Schöll).  
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occur during the construction phase of WPP, where increased levels of 
noise emission, vibration and human presence arise, or during the 
operating phase of WPP with increased noise emission, shadowing, 
flickering of warning lights and enhanced human presence compared to 
similar areas without WPP construction. 

Aiming at an increasing contribution of renewable energy to gross 
primary energy production, remote sites in shrub- and woodland areas 
or on mountain ridges are currently more in focus for WPP construction 
than before. In Germany, WPP have been less frequently built in forested 
areas in the past (Wind, 2017), yielding only 5% of all WPP at the end of 
2016 (see also Bunzel et al., 2019). However, almost 82% of these 
woodland WPP have been installed between 2010 and 2016, indicating 
a rapid development in these landscapes more recently (Wind, 2017). In 
addition, countries largely covered by forests offer high potential for 
onshore wind energy within this type of land cover (e.g. in Northern 
Europe: Finland, Sweden, Norway; EEA, 2009). WPP in mountain re-
gions with particular high proportions of forests (e.g. Alps) are still also 
less common (EEA, 2009), although mountain ridges, peaks or high 
altitude passes offer high potential for wind energy production (Hastik 
et al., 2015). 

WPP construction in such remote areas might yield specific effects on 
wildlife, that diverge from those in open landscapes or lowlands, as the 
change of landscape features might be more pronounced there. Such 
changes include the construction or expansion of forest roads for an 
obligatory year-round maintenance of WPP, which means a permanent 
opening up of forest canopies and which provides additional access both 
for humans (e.g. in terms of secondary use of roads for recreation ac-
tivities) and for predators. As one example, Sirén et al. (2017) have 
shown, that montane habitats, usually being inaccessible for American 
red foxes (Vulpes fulva) and coyotes (Canis latrans) in winter due to snow 
cover, became increasingly accessible for these two canid species due to 
road construction for WPP maintenance. Such changes in habitat se-
lection might entail further effects, such as increased competition for 
food sources with other predators and increased predation pressure on 
in situ prey species (Sirén et al., 2017). 

As shown by Thomas et al. (2014), opening up of forest canopies 
might change species assemblages as the abundance of species occu-
pying more open-structured, early successional zones might rise at the 
expense of forest-interior species. Bats, which depend on native forests 
with a high structural complexity (e.g. old trees with cavities providing 
roosts for bats or birds) seem to be particularly vulnerable (Peste et al., 
2015). Nonetheless, mono-culture plantations may provide habitat 
patches for foraging or breeding of wildlife species as well (birds: Vol-
pato et al., 2010; bats: Law et al., 2016) and have thus to be equally 
considered, when addressing potential effects of WPP on shrub- and 
woodland-dwelling wildlife. Some studies provide evidence, that large 
numbers of annual bat fatalities occur at WPP that have been installed 
along forested hills and ridges (Kunz et al., 2007; Arnett et al., 2008; 
Rydell et al., 2010a). In contrast, Thompson et al. (2017) found no 
indication that forest cover is related to bat mortality. It has been hy-
pothesized that wind power plants are less disruptive in forests than on 
open landscapes, as shrub- and woodlands are naturally characterized 
by medium-sized to tall structures (Smith and Dwyer, 2016), but this 
assumption still has to be proven. 

Empiric data on effects of WPP on wildlife is mainly derived from 
studies in open habitats (Smallwood and Karas, 2009; Loesch et al., 
2013; Raynor et al., 2017; Smith et al., 2020) or lowland sites, where 
WPP have been built more frequently in the past and which provided 
adequate opportunities for studies. In contrast, related knowledge on 
effects of WPP on wildlife in shrub- and woodland and wooded, high- 
altitude environments is comparatively scarce (Hastik et al., 2015). In 
the past, research strongly focused on the effects of WPP on volant 
species (e.g. birds, bats), while studies addressing non-volant terrestrial 
mammals (Lovich and Ennen, 2013) are still rare. Thus, while extensive 
reviews on effects of WPP on wildlife species in open landscapes are 
available (Drewitt and Langston, 2006; Smallwood, 2013; Marques 

et al., 2014; Smith and Dwyer, 2016), a comprehensive review of studies 
on effects of wind power plants on shrub- and woodland-dwelling 
wildlife was missing until now. The objective of the given review is 
thus to compile scientific knowledge on documented effects of WPP on 
shrub- and woodland-dwelling mammalian and avian wildlife species 
with particular focus on boreal and temperate ecosystems - ranging 
along a successional gradient from shrublands to forests, hereafter 
termed “shrub- and woodlands” - and to derive resulting conservation 
needs or management options. The questions being addressed in this 
systematic review were: Which effects do WPP have on habitat selection, 
species abundance and biodiversity of shrub- and woodland-dwelling 
wildlife species? Do effects of WPP in shrub- and woodlands decrease 
with increasing distances and do species-specific distance thresholds 
exist? In addition, we derive recommendations in terms of future study 
design, conservation needs and mitigation measures. 

2. Materials and methods 

2.1. Systematic literature search 

Our review was based on peer-reviewed literature, collected in two 
renowned scientific electronic databases, i.e. the Web of Science Core 
Collection (URL: www.webofknowledge.com) and Scopus (URL: www. 
scopus.com). We followed the guidelines of Pullin and Stewart (2006) 
and the Collaboration for Environmental Evidence (2013) for con-
ducting a systematic literature review. A flow diagram for the systematic 
review is available in the online Appendix (Fig. A1). 

We structured a wide range of Boolean search terms within seven sets 
(see Table 1), which focused on our general aim to compile documented 
and published effects of WPP in shrub- and woodland habitats on 
wildlife. The first two sets of search terms (wind energy (1), woodland 
habitat (2)) were combined with the wildlife (3), direct effects (4) and 
indirect effects set (5), respectively. In addition, terms relevant for wind 
energy developments (1) were each combined with the bird (6) and 
mammal sets (7), which included a predefined selection of animal spe-
cies, that have a known preference for shrub- and woodland habitats or 
regularly occur there. We included studies on reindeer, which were 
semi-domesticated, since the behavior of domesticated and herded 
reindeer very much resembles with wild reindeer and caribou (Skarin 
and Åhman, 2014). The sets of search terms were synchronously applied 
to the search fields title, abstract and keywords within the two scientific 
databases. 

Table 1 
Sets of Boolean search terms (“OR”) used for the systematic literature search. 
The first two sets were combined (“AND”) with the sets 3–7, respectively.  

Nr. Set Search terms 

1 wind energy “wind energ*”, “wind farm*”, “wind power”, “wind 
turbine*” 

2 woodland 
habitat 

forest*, tree*, wood* 

3 wildlife animal*, avian*, bat*, bird*, insect*, invertebrate*, 
mammal*, raptor, wild* 

4 direct effects collision*, disturb*, migrati*, mortalit*, population*, “risk 
assessment” 

5 indirect effects constructi*, fragment*, “habitat loss”, infrastruct*, road* 
6 birds accipiter, “black grouse”, “black stork”, buzzard, 

capercaillie, caprimulgus, ciconia, columba, corvidae, 
“Cuculus canorus”, cuculidae, dendrocopos, “Garrulus 
glandarius”, goshawk, grouse, grus, jay, lyrurus, nightjar, 
“Nucifraga caryocatactes”, nutcracker, owl, scolopax, 
sparrowhawk, strigidae, tetrao, woodcock, woodpecker, 
“wood pigeon” 

7 mammals alces, badger, bear, bovidae, canidae, canis, cervidae, 
chamois, deer, elk, felidae, lynx, marten, martes, 
mustelidae, moose, rangifer, reindeer, rodent, rodentia, 
rupicapra, suidae, sus, ursus, ursidae, “wild boar”, wolf (not 
“grey wolf optimi*”),  
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The full list of search term combinations and related search results 
were comprehensively documented for transparency (see online Ap-
pendix, Table A1). References, including title, abstracts and keywords 
were imported into the reference management software Endnote and 
duplicate records were automatically discarded. Afterwards, we 
screened articles for relevance in a two-staged process: 1) Article titles 
and abstracts were read and obviously non-relevant articles were 
removed (e.g. studies focusing on technical aspects of wind blade con-
struction). 2) Full-texts of articles, passing the first stage, were accessed 
to determine those articles that focus on the effects of wind power plants 
on mammal and bird species. 

2.2. Study inclusion criteria 

An article was considered relevant when an animal species was 
mentioned in relation to wind power developments located in shrub- 
and woodland environments. Furthermore, the articles had to determine 
the effects of wind power plants on bird and mammal species, specify 
their response and include new data. Details on procedures related to 
reviews or meta-analyses are presented below. 

As shrub- and woodland communities and related structures vary 
distinctly on a global scale and are highly specific within geographical 
regions (Sjoegren, 1989), we confined our review to temperate and 
boreal ecosystems, ranging along a successional gradient from shrub-
lands to forests, located on the continents Europe and North America. 
Thus, Mediterranean regions and mountain ridges above treeline 
frequently covered by bushes or dwarf shrubs were also included. 

We exclusively considered studies for our systematic literature re-
view, which provided detailed information on the location of WPP. 
Thus, study site sections of reviewed articles had to offer either detailed 
descriptions of habitat parameters or to provide specific information on 
individual wind power plants (GPS data, facility names). By providing 
GPS locations or distinctive facility names, we could verify locations of 
turbines using the software Google Earth Pro (Version 7.1.8.3036), 
indicating that (at least part of the studied) wind turbines were located 
within shrub- and woodlands. In case that articles did not provide 
detailed information on wind power plant locations, we discarded them 
from further analyses. The fate of each article was recorded (see online 
Appendix, References A1). The bibliographies of review publications or 
meta-analyses were checked for new relevant sources and articles cited 
within these reviews were included in our analyses following the above 
described two-stage process (see online Appendix, Reference A2). 

2.3. Data extraction and organization 

We extracted the following facts from all included relevant articles: 
the name and location of the WPP (latitude and longitude of the center, 
state, country), the habitat type surrounding wind turbines (e.g. forest), 
the number of turbines and turbine types used, the study period (initial 
year of operation, the start and end of sampling period), the study design 
(before/during/after construction, control-impact site), the type of data 
collected (e.g. survey type: carcass search, point counts etc.) and the 
response of shrub- and woodland-dwelling wildlife species. It is impor-
tant to recognize, that one article can contain more than one study, e.g. 
by addressing several different taxonomic groups of wildlife species, 
different types of responses, or by applying different study methods. 
Maps were created using ArcGIS® software by Esri (www.esri.com). 

3. Results 

3.1. Scope and quality of reviewed studies 

The systematic literature search yielded 825 peer-reviewed articles 
and additional 103 peer-reviewed articles from screening reviews/meta- 
analyses, of which 326 passed the first stage of our two-staged process 
(full-text read, online Appendix, References A3). 27 of the full-texts 

fulfilled our criteria and were relevant in terms of our research ques-
tion (see Table 2). The majority of studies was conducted on a single (n 
= 12, 44%) or on two wind power plant sites (n = 7, 26%) (see Table 2). 
The study sites described within the 27 articles were located within 9 
European countries, 6 states of the USA and 2 provinces in Canada, but 
exact GPS coordinates of wind power plants located in shrub- and 
woodlands were only available for 11 and 15 WPP sites in North 
America and Europe, respectively (see Fig. 1). Almost 40% of WPP (n =
10) were located along mountain ridges, within forests or dense 
shrubland. 

Most studies included data from 1 to 4 years (n = 18, 67%), only 9 
studies covered 5 to 11 years (see Table 2). Studies comparing the effect 
of WPP before and after the construction of wind turbines and between 
areas with development and reference sites (BACI study design) lasted 
between 3 and 9 years (Mean = 5.8, SE = 1.0, n = 6). Almost 40% (n =
10) of the reviewed studies assessed the effect of WPP on woodland- 
dwelling wildlife after WPP were constructed, while 4 studies 
compared effects of WPP with control sites (CI study design) or focused 
on the effects before, during and after WPP construction (BDA, n = 3), 
respectively. The remaining 4 studies compared differences before and 
after (n = 2), before and during (n = 1) and during and after WPP 
construction (n = 1) (see Table 2). Studying effects of WPP on habitat 
use and on the activity of mammals was based on telemetry, acoustic 
surveys, video monitoring and on track counts during winter (see 
Table 2). In contrast, counting birds at point-count stations or along line 
transects and recording of indirect signs on systematic grids provided 
data on bird abundance, biodiversity and habitat use (see Table 2). 
Collision surveys (with and without dogs) were conducted to study 
mortality of flying vertebrates (birds, bats) on wind power plants. 

We included only articles published in scientific journals (peer- 
reviewed), recognizing that additional data would be available in un-
published reports, grey literature or within electronic databases. We 
were unable to get access to full-texts of additional 11 articles, because 
articles were not available online and corresponding authors did not 
respond (see online Appendix, References A3). Thus, we are aware that 
limitations on data availability may affect the interpretation of results. 

3.2. Documented responses of shrub- and woodland-dwelling wildlife 
species to WPP 

Slightly more than half of the studies focused on the effects of wind 
power plants in forests on mammal species (n = 14, 52%), 11 articles 
investigated effects on bird species (41%) and the remaining 2 studied 
the effects of wind power plants on both, shrub- and woodland-dwelling 
mammalian and avian wildlife species (7%, see Table 2). Distinguishing 
articles and studies is important, because one article might contain more 
than one study (see also Collaboration for Environmental Evidence, 
2013). Since the total number of studies conducted is higher than the 
number of articles included in this review (n = 27, see also Table 2), 
articles might be repeatedly mentioned in the following subsections. 

Of the 27 articles being related to shrub- and woodlands, which 
finally entered this review, two studies were documenting collision 
mortality of bird species (Barrios and Rodríguez, 2004; De Lucas et al., 
2008), four focused on avian flight behavior (Barrios and Rodríguez, 
2004; De Lucas et al., 2005; De Lucas et al., 2008; Johnston et al., 2014), 
another four were documenting mortality of bats (Apoznański et al., 
2018; Arnett et al., 2011; Horn et al., 2008; Pylant et al., 2016) and one 
of these studies was also addressing mitigation measures to reduce bat 
collision (Arnett et al., 2011). Documented bat species suffering from 
barotrauma, trapped in blade-tip vortices or directly colliding with 
rotating blades were e.g. soprano pipistrelle (Pipistrellus pygmaeus, 
Apoznański et al., 2018), hoary bat (Lasiurus cinereus) and eastern red 
bat (Lasiurus borealis, Pylant et al., 2016). Birds colliding with turbine 
blades and found dead below WPP belonged to the orders e.g. Accipi-
triformes, Falconiformes, Strigiformes, Ciconiiformes and Cuculiformes 
(Barrios and Rodríguez, 2004; De Lucas et al., 2008) (Table 2). 

E.M. Schöll and U. Nopp-Mayr                                                                                                                                                                                                              

http://www.esri.com


BiologicalConservation256(2021)109037

4

Table 2 
All articles included in the systematic review (n = 27), and the resulting number of species-specific case studies (n = 44). Some journal articles contained more than one study.  

Class Species order Species English 
name 

Species scientific 
name 

No. 
study 
sites 

Country Dominant habitat 
types 

No. 
study 
years 

Study 
design 

Survey type Type data collection Effect Reference 

Aves Acc golden eagle Aquila chrysaetos 1 Canada forest, mountainous 3 BA Point 
Counts 

Flight behavior Negative Johnston et al., 
2014 

Aves Acc, Fal and 
several others (e.g. 
Cic, Cuc, Pas, Str) 

several several 2 Spain forest, dense 
shrubland, pastures, 
mountainous 

2 A Collision 
Surveys 

Mortality Negative Barrios and 
Rodríguez, 2004 

Aves Acc, Fal and 
several others (e.g. 
Cic, Cuc, Pas, Str) 

several several 2 Spain forest, dense 
shrubland, pastures, 
mountainous 

2 A Collision 
Surveys 

Mortality (throughout 
seasons) 

Contrary Barrios and 
Rodríguez, 2004 

Aves Acc, Fal and 
several others (e.g. 
Cic, Cuc, Pas, Str) 

several several 2 Spain forest, dense 
shrubland, pastures, 
mountainous 

2 A Point 
Counts 

Flight behavior 
(throughout seasons) 

Contrary Barrios and 
Rodríguez, 2004 

Aves Acc, Cic, Fal, Str several several 2 Spain forest, dense 
shrubland, pastures, 
mountainous 

11 A Collision 
Surveys 

Mortality Negative De Lucas et al., 
2008 

Aves Acc, Cic, Fal, Str several several 2 Spain forest, dense 
shrubland, pastures, 
mountainous 

11 A Collision 
Surveys 

Mortality (throughout 
seasons) 

Contrary De Lucas et al., 
2008 

Aves Acc, Cic, Fal, Str several several 2 Spain forest, dense 
shrubland, pastures, 
mountainous 

11 A Point 
Counts 

Flight behavior 
(throughout seasons) 

Contrary De Lucas et al., 
2008 

Aves Cha woodcock Scolopax rusticola 1 Germany forest 3 BACI Point 
Counts 

Abundance Negative Dorka et al., 2014 

Aves Gal black grouse Lyrurus tetrix 3 Austria forest, alpine 
meadow, 
mountainous 

9 BA Point 
Counts 

Abundance Negative Zeiler and 
Grünschachner- 
Berger, 2009 

Aves Gal cantabrian 
capercaillie 

Tetrao urogallus 
cantabricus 

1 Spain forest 5 BACI Line 
Transects 

Presence/Absence, Sign- 
density 

Negative González et al., 
2016 

Aves Gal capercaillie Tetrao urogallus 6 Austria, 
Germany, 
Sweden 

forest 7 BACI Point 
Counts 

Presence/Absence, Sign- 
density 

Negative Coppes et al., 2020b 

Aves Gal common pheasant Phasianus 
colchicus 

3 Poland forest, agriculture 3 ACI Line 
Transects 

Abundance Positive Łopucki et al., 2017 

Aves Pas bicknell’s trush Catharus bicknelli 2 Canada forest, mountainous 4 BDA Point 
Counts 

Presence/Absence Contrary Lemaître and 
Lamarre, 2020 

Aves Pas bicknell’s trush Catharus bicknelli 2 Canada forest, mountainous 4 BDA Point 
Counts 

Presence/Absence with 
mitigation measure 

No effect Lemaître and 
Lamarre, 2020 

Aves Pas and several 
others (e.g. Acc, 
Apo, Col, Cor, Fal, 
Gal, Pic, Str, Sul) 

several several 1 Italy forest 1 DCI Point 
Counts 

Biodiversity No effect Battisti et al., 2016 

Aves Pas and several 
others (e.g. Acc, 
Ans, Cha, Col, Cuc, 
Fal, Gal, Pel) 

several several 12 Ireland forest, clearfell, 
grassland, scrub, 
peatland, human 
altered 

2 ACI Point 
Counts 

Abundance Negative Fernández-Bellon 
et al., 2019 

Aves Pas and several 
others (e.g. Acc, 
Apo, Cha, Col, Fal, 
Pic) 

several several 1 Spain bushes, small wood 3 BACI Line 
Transects 

Abundance No effect De Lucas et al., 
2005 

(continued on next page) 
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Table 2 (continued ) 

Class Species order Species English 
name 

Species scientific 
name 

No. 
study 
sites 

Country Dominant habitat 
types 

No. 
study 
years 

Study 
design 

Survey type Type data collection Effect Reference 

Aves Pas and several 
others (e.g. Acc, 
Apo, Cha, Col, Fal, 
Pic) 

several several 1 Spain bushes, small wood 3 BACI Line 
Transects 

Flight behavior Contrary De Lucas et al., 
2005 

Aves Col, Cuc, Pas several several 1 Italy forest 8 BACI Point 
Counts 

Abundance Contrary Garcia et al., 2015 

Mammalia Chi hoary bat, eastern 
red bat 

Lasiurus cinereus, 
Lasiurus borealis 

6 USA forest 4 A Collision 
Surveys 

Mortality Negative Pylant et al., 2016 

Mammalia Chi several several 2 USA forest, open 
grassland 

2 A Collision 
Surveys 

Mortality Negative Arnett et al., 2011 

Mammalia Chi several several 2 USA forest, open 
grassland 

2 A Collision 
Surveys 

Mortality with 
curtailment 

Contrary Arnett et al., 2011 

Mammalia Chi several several 29 France agriculture, forest 1 A Acoustic 
Surveys 

Activity Negative Barré et al., 2018 

Mammalia Chi several several 1 USA agriculture, shrub- 
woodland 

6 A Acoustic 
Surveys 

Activity Positive Foo et al., 2017 

Mammalia Chi several several 1 USA agriculture, shrub- 
woodland 

6 A Prey 
Surveys 

Food availability Positive Foo et al., 2017 

Mammalia Chi several several 1 USA forest, mountainous 1 A Video 
Monitoring 

Mortality Negative Horn et al., 2008 

Mammalia Chi several several 1 USA forest, mountainous 1 A Video 
Monitoring 

Activity Positive Horn et al., 2008 

Mammalia Chi several several 1 USA forest 2 A Acoustic 
Surveys 

Activity (throughout 
seasons and different 
weather conditions) 

Contrary Reynolds, 2006 

Mammalia Chi western 
barbastelle 

Barbastella 
barbastellus 

1 Sweden forest 3 A Acoustic 
Surveys 

Activity Negative Apoznański et al., 
2018 

Mammalia Chi western 
barbastelle 

Barbastella 
barbastellus 

1 Sweden forest 3 A Telemetry 
Studies 

Activity (during 
foraging) 

– Apoznański et al., 
2018 

Mammalia Chi western 
barbastelle 

Barbastella 
barbastellus 

1 Sweden forest 3 A Bat Roosts Habitat use Negative Apoznański et al., 
2018 

Mammalia Chi western 
barbastelle 

Barbastella 
barbastellus 

1 Sweden forest 3 A Collision 
Surveys 

Mortality Contrary Apoznański et al., 
2018 

Mammalia Art reindeer Rangifer tarandus 
tarandus 

2 Sweden forest 6 BDA Point 
Counts 

Presence/Absence Negative Skarin and Alam, 
2017 

Mammalia Art reindeer Rangifer tarandus 
tarandus 

2 Sweden forest 4 BD Telemetry 
Studies 

Habitat use Negative Skarin et al., 2015 

Mammalia Art reindeer Rangifer tarandus 
tarandus 

2 Sweden forest 6 BDA Telemetry 
Studies 

Habitat use Negative Skarin et al., 2018 

Mammalia Art reindeer Rangifer tarandus 1 Norway shrubland, grassland 9 BACI Area Search Abundance No effect Tsegaye et al., 2017 
Mammalia Art reindeer Rangifer tarandus 1 Norway shrubland, grassland 9 BACI Telemetry 

Studies 
Habitat use (throughout 
seasons and between 
two wind power plant 
zones) 

Contrary Tsegaye et al., 2017 

Mammalia Art, Car, Lag European roe deer, 
European hare, 
European red fox 

Capreolus 
capreolus, Lepus 
europaeus, Vulpes 
vulpes 

3 Poland forest, agriculture 3 ACI Line 
Transects 

Abundance Contrary Łopucki et al., 2017 

Mammalia Car american marten Martes americana 1 USA forest, mountainous 2 DA Telemetry 
Studies 

Habitat use Negative Sirén et al., 2016 

(continued on next page) 
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Nine studies focused on the effect of WPP on habitat selection, 
habitat use and abundance of bird species (De Lucas et al., 2005; Zeiler 
and Grünschachner-Berger, 2009; Dorka et al., 2014; Garcia et al., 2015; 
González et al., 2016; Łopucki et al., 2017; Fernández-Bellon et al., 
2019; Coppes et al., 2020b; Lemaître and Lamarre, 2020) and within one 
of these studies effectiveness of mitigation measures was also tested 
(Lemaître and Lamarre, 2020). While five of these studies indicated 
clear negative effects of WPP on bird abundance and habitat use (e.g. 
woodcock (Scolopax rusticola) Dorka et al., 2014, western capercaillie 
(Tetrao urogallus) Coppes et al., 2020b, Cantabrian capercaillie (Tetrao 
urogallus cantabricus) González et al., 2016, black grouse (Lyrurus tetrix) 
Zeiler and Grünschachner-Berger, 2009; and several species of the order 
Passeriformes Fernández-Bellon et al., 2019), contrary results regarding 
temporal responses of birds were detected within two studies (e.g. 
Bicknell’s trush (Catharus bicknelli) Lemaître and Lamarre, 2020, and 
several other species of the orders Passeriformes, Garcia et al., 2015). A 
positive reaction to WPP proximity (common pheasant (Phasianus col-
chicus), Łopucki et al., 2017) and no differences in breeding bird 
abundances before, during and after windfarm installation were found 
in one study (e.g. order Passeriformes, De Lucas et al., 2005), 
respectively. 

Four articles were related to habitat use and activity of bat species 
(Horn et al., 2008; Foo et al., 2017; Apoznański et al., 2018; Barré et al., 
2018). Two of these studies showed that activity of bats was reduced in 
proximity to WPP (Apoznański et al., 2018; Barré et al., 2018), while the 
other two studies showed that bats actively foraged near operating 
turbines (Horn et al., 2008; Foo et al., 2017). No effect of WPP on small 
mammal abundance (e.g. species of the order Rodentia, Soricomorpha 
and Eulipotyphla) was detected in two studies (De Lucas et al., 2005; 
Łopucki and Mróz, 2016). Three studies on carnivores showed that WPP 
can affect habitat use and abundance (Sirén et al., 2016; Łopucki et al., 
2017; Sirén et al., 2017). However, while European red fox (Vulpes 
vulpes) abundance was not affected by WPP (Łopucki et al., 2017), 
habitat use of American red fox extended to new habitats due to avail-
ability of WPP infrastructure (roads) in mountainous regions (Sirén 
et al., 2017). 

One study determined biodiversity of bird (Battisti et al., 2016) and 
small mammal (Łopucki and Mróz, 2016) species, respectively, but no 
differences (mean number of species; species composition, diversity and 
evenness) were found between WPP and control sites. Two studies 
determined distance thresholds to WPP in birds (Fernández-Bellon et al., 
2019; Coppes et al., 2020b) and another two studies focused on mam-
mals (Skarin et al., 2015; Barré et al., 2018). Effects of WPP on bird 
abundance were detectable within 100 m (forest bird species, Fernán-
dez-Bellon et al., 2019) and 650 m (western capercaillie (Tetrao uro-
gallus), Coppes et al., 2020b). Bat activity (Barré et al., 2018) and 
reindeer (Rangifer tarandus) movement and habitat use (Skarin et al., 
2015) were affected within 1 km (bats); and 3 to 5 km (reindeer) from 
WPP. 

Temporal variation in the number of bird collisions was found in two 
studies (Barrios and Rodríguez, 2004; De Lucas et al., 2008). In total, 
greater number of dead birds of the orders Accipitriformes, Strigiformes, 
Falconiformes and Ciconiiformes were found in winter (De Lucas et al., 
2008), but high numbers of juvenile common kestrel (Falco tinnunculus) 
collisions were detected in summer (Barrios and Rodríguez, 2004). 
Along with concentrated griffin vulture (Gyps fulvus) deaths in winter, a 
high frequency of passes in risk zones (< 250 m) of WPP was detected for 
this species especially in autumn and winter (Barrios and Rodríguez, 
2004). In contrast, golden eagles (Aqulia chrysaetos) seemed to adapt 
their flight behavior to WPP and decreased ridge-top crosses within risk 
zone (< 150 m) after WPP construction (Johnston et al., 2014). In 
addition, flight height of non-nesting birds was higher in a WPP area 
during construction phase than in control sites (De Lucas et al., 2005). 

Activity of bat species within WPP sites was investigated throughout 
nights and in different seasons within one study (Reynolds, 2006). In 
addition, four studies showed that habitat use of mammals of the order Ta
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ró

z,
 

20
16

 
M

am
m

al
ia

 
Eu

l, 
Ro

d 
se

ve
ra

l 
se

ve
ra

l 
3 

Po
la

nd
 

fo
re

st
, a

gr
ic

ul
tu

re
 

1 
A

CI
 

Li
ne

 
Tr

an
se

ct
s 

Bi
od

iv
er

si
ty

 
N

o 
ef

fe
ct

 
Ło

pu
ck

i a
nd

 M
ró
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Artiodactyla (e.g. European roe deer (Capreolus capreolus) Łopucki et al., 
2017 and reindeer Skarin et al., 2015, Skarin and Alam, 2017, Skarin 
et al., 2018)) was affected by WPP construction and operation, while one 
study detected no differences in reindeer density before, during and 
after WPP construction (Tsegaye et al., 2017). 

4. Discussion 

4.1. Mortality on wind turbines 

The susceptibility of volant wildlife species to collide with wind 
turbines is highly species-specific and linked to morphological and 
behavioral traits of the species (Smallwood et al., 2009; Marques et al., 
2014). Together with behavioral placticity of species, responses might 
distinctly change in space and with time. While some volant species 
seem to adapt flight behavior to avoid collisions, other species might 
even be attracted by wind turbines, therefore facing increased risks of 
mortality. Thus, general conclusions on risks for species assemblages are 
hardly possible, even within one species or one taxonomic group: For 
example, foraging activity of bats above the canopy of closed mature 
stands might put them at risk to collide with wind turbines located 
within woodlands (Müller et al., 2013). While no western barbastelle 
(Barbastella barbastellus) fatalities have been found under WPP in a 
Swedish study, mortality of three other bat species (common noctule 
(Nyctalus noctula), soprano pipistrelle, northern bat (Eptesicus nilssonii)) 
was documented (Apoznański et al., 2018). Thus, although moving 
vertically along towers (Budenz et al., 2017), tracked via acoustic, 
almost no echolocation calls were detected above the forest canopy (>
50 m) for the western barbastelle, indicating potentially lower risk of 
direct collision with rotor blades (Budenz et al., 2017) than for other bat 
species, which show high mortality rates at turbine blades (e.g. hoary 
bat, Johnson et al., 2004; eastern red bat, Pylant et al., 2016). However, 
telemetry data provided additional information on habitat characteris-
tics of feeding sites, used by western barbastelles in the Swedish study 
(Apoznański et al., 2018). While feeding sites of barbastelles were 
mainly located within mature deciduous woodland, WPP were located 
within conifer plantations (Apoznański et al., 2018). Therefore, it can be 
assumed that even western barbastelle face a risk of colliding with wind 
turbines, if WPP will be located within foraging habitats in broadleaf 
forests. Apart, the activity of several bat species highly depends on forest 
management and increases after clear fell harvesting in intensively 
managed non-native coniferous forests, raising concerns that activity 

and subsequent collision risk could also increase after small-scale felling 
required for WPP installations in forests (Kirkpatrick et al., 2017). Birds 
also face a proven risk to collide with WPP in forested landscapes. While 
high-flying bird species (e.g. birds of prey) usually collide with rotor 
blades (De Lucas and Perrow, 2017), where blade sweeps exceed forest 
canopy heights (e.g. short-toed snake eagle (Circaetus gallicus), De Lucas 
et al., 2008), low-flying species (e.g. black grouse (Lyrurus tetrix)) have 
been found to collide with wind turbine towers (Zeiler and Grün-
schachner-Berger, 2009; Coppes et al., 2020a). Collisions of griffin 
vultures seem to be associated with weather conditions and seasons, 
because lower temperatures (scarce thermals) in autumn and winter are 
insufficient to lift vultures above turbine blades (Barrios and Rodríguez, 
2004). In contrast, high kestrel mortality in summer might be related to 
aggregations of juvenile kestrels foraging close to wind power plants 
(Barrios and Rodríguez, 2004). 

Species-specific flight behavior might also be altered in landscapes 
comprising WPP. For example, the presence of densely-spaced wind 
turbines along mountain ridges affects the flight behavior of migratory 
golden eagles (Johnston et al., 2014): While golden eagles further use 
wind power plant sites during migration without distinct displacement 
compared to “before construction” situations, flight behavior changes 
post construction. Thereby, the number of crosses at rotor-swept height 
decreases indicating that golden eagles might be able to detect wind 
turbines and to adapt their flight behavior during migration. In contrast 
to low collision risks during migration, extensive use of wind power 
plant sites during breeding periods (associated with aerial display 
behavior and hunting flights) might increase collision risks at wind 
turbines (Johnston et al., 2014). Annual shutdown during single seasons 
or curtailments during specific weather conditions might therefore be 
ineffective to reduce bird fatalities (Smallwood and Bell, 2020). How-
ever, preliminary studies suggest that automated shutdowns of wind 
turbines using cameras installed on the wind turbine can be an effective 
measure to reduce collisions of birds of prey (McClure et al., 2018). 

To estimate mortality on WPP, the number of dead animals found 
underneath the wind turbines is recorded. However, detection of colli-
sion victims is highly depending on several factors like scavenger den-
sities, carcass size, terrain features (DeVault et al., 1994; Arnett, 2006; 
Smallwood, 2007; Smallwood et al., 2010; Paula et al., 2014). While 
human searchers can more easily detect large carcasses (e.g. of the size 
of black kites (Milvus migrans) or larger; Barrios and Rodríguez, 2004), 
they more frequently fail when searching for smaller animals (Barrientos 
et al., 2018). A recent study showed that especially carcasses from small 

Fig. 1. Exact location of wind power plants situated in shrub- and woodlands. Studies focused either on the effect of wind power plants on mammals, on birds, or on 
species of both classes (World Continents, Data source: ArcWorld Supplement, Data location: ESRI Data and Maps\world\continent.sdc). 
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species (e.g. songbirds, bats) are often overlooked by humans; in 
contrast, trained detection dogs can do a much better job in finding even 
small carcasses (Barrientos et al., 2018; Smallwood et al., 2020). A large 
proportion of collision victims might not be recorded in previous 
studies; thus, robust mortality data that are reliable and empirically 
derived are needed (Jones and Pejchar, 2013). Within some studies, 
preliminary experiments are performed to estimate searcher efficiency 
and carcass removal rates and to finally overcome limitations of 
imperfect carcass detection in shrub- and woodlands by accounting for 
detectability when calculating total fatality rates (e.g. Barrios and 
Rodríguez, 2004; Apoznański et al., 2018). Others focus on larger spe-
cies (e.g. black kite, De Lucas et al., 2008), or conduct searches only in 
habitats with high visibility (Arnett et al., 2011). 

4.2. Land transformation in shrub- and woodland habitats can affect 
habitat suitability 

Constructing WPP is inevitably accompanied by land transformation, 
since selected areas have to be cleared to build turbine pads, but also to 
set up required infrastructure (e.g. roads, transmission lines, meteoro-
logical towers, operation buildings) related to WPP (Jones et al., 2015). 
Both the surface area needed and the level of land transformation 
required for building WPP are strongly associated with land cover and 
topography and therefore highly site-specific (Diffendorfer and Comp-
ton, 2014; Jones et al., 2015). The extent of land transformed is low if 
facilities will be built on already tilled or agricultural landscapes. Within 
these landscapes road networks already exist. In contrast, high levels of 
land transformation are required to establish new WPP in forests or 
shrublands, as trees must be removed around turbine pads and along 
roads. Even more complex road networks are typically required, when 
turbines are placed along mountain ridges (Diffendorfer and Compton, 
2014). As a consequence, shrub- and woodland habitat features are 
altered, but the extent to which these habitat modifications affect shrub- 
and woodland-dwelling wildlife species depends on species-specific 
habitat requirements and distance thresholds. Land transformations 
might be both relevant for highly mobile species occupying varying 
habitats throughout the year (breeding, foraging, wintering), but also 
for less mobile habitat specialists. This modification of habitat features 
might both induce attractiveness for shrub- and woodland-dwelling 
species and avoidance of other species. 

4.3. Habitat use, abundance and biodiversity are affected by wind power 
plants under construction and during operation 

Apart from habitat loss due to the construction of WPP and related 
infrastructure, fragmentation might be caused by disturbances arising 
from construction work and the subsequent maintenance of operational 
turbines. Correspondingly, telemetry data of American martens (Martens 
americana) showed that high-elevation ridgelines nearby a WPP site are 
not used during the construction phase (Sirén et al., 2016). Disturbances 
due to heavy machinery and blasting might affect high-elevation habitat 
use (Sirén et al., 2016). 

Studies in Scandinavia addressed movement behavior and habitat 
selection of reindeer before and during construction of WPP (Sweden: 
Skarin et al., 2015), and after wind turbines became operational (Swe-
den: Skarin and Alam, 2017; Skarin et al., 2018; Norway: Tsegaye et al., 
2017). Distances between reindeer calving sites and operational WPP 
sites increase (Skarin et al., 2018). Sound and sight of wind turbines 
might disturb females during the sensitive period of parturition (Skarin 
et al., 2018). While the studies in Sweden showed that movement cor-
ridors are less used once construction of WPP has started (Skarin et al., 
2015) and habitats are less used during the operational phase compared 
to the preconstruction phase (Skarin and Alam, 2017), no significant 
differences in reindeer densities were found in Norway before, during 
and after wind power plant construction (Tsegaye et al., 2017). How-
ever, results should be carefully interpreted as the study of Tsegaye et al. 

(2017) was conducted on an island in Norway, where coastlines limit 
reindeer space use. 

Analyzing the number of snow tracks along a distance gradient to an 
operational WPP in Poland showed that habitat use of terrestrial animals 
in adjacent open landscapes is altered, but responses were again highly 
species-specific (Łopucki et al., 2017). In contrast to roe deer and Eu-
ropean hare (Lepus europeaus) which reduced the frequency of use near 
WPP, a positive response was found in common pheasants. Acoustic 
factors could have affected movement behavior of the two herbivorous 
mammals, because close proximity to operational wind turbines may 
impair roe deer’s and European hare’s ability to hear approaching 
predators. Reduced avian predator pressure (due to high mortality at 
turbine blades) might be one reason that common pheasants are found 
and might even be drawn to WPP, as turbine pads provide suitable 
habitats during winters by offering patches with sparse snow cover and 
grit availability (Łopucki et al., 2017). 

Habitat modifications can alter habitat suitability and habitat use 
which might be reflected on the long-term by changes in species abun-
dance or species assemblages (diversity). A study in Austrian WPP sites, 
situated along mountain ridges, showed that the number of displaying 
black grouse cocks changed after WPP construction, while turbine 
construction itself obviously had no effect on cocks’ displaying behavior 
(Zeiler and Grünschachner-Berger, 2009). Despite heavy construction 
work, males might lek in close vicinity to WPP sites. One year after wind 
power plant construction, still no effect on male black grouse at lek sites 
was evident. However, the number of displaying males at lek sites 
decreased significantly within subsequent four years after WPP con-
struction (Zeiler and Grünschachner-Berger, 2009). Disentangling cau-
ses for declining numbers of black grouse is difficult. While WPP might 
have direct effects on black grouse by disturbing displaying behavior, 
increasing tourism in mountainous regions can also cause significant 
disturbances to animals (Zeiler and Grünschachner-Berger, 2009). In 
contrast, habitat use and abundance of Cantabrian capercaillie in 
northern Spain is affected by disturbances along maintenance tracks 
during WPP construction (González et al., 2016). There, the number of 
droppings collected on WPP sites decreased with starting WPP con-
struction activities, while remained stable and did not significantly 
different before and after WPP construction on control sites (González 
et al., 2016). Similar results were found for effects of WPP constructions 
on Eurasian woodcock within a BACI study (Dorka et al., 2014): In 
contrast to a constant number of displaying woodcocks on reference 
sites, less woodcocks displayed on the wind power plant site after the 
construction of WPP. Thereby, disturbances during and after wind 
power plant construction might be the main cause of reduced display 
activities (Dorka et al., 2014; Schmal, 2015; Straub et al., 2015). 

A study in Italy brought no evidence for WPP-related effects of land 
transformations on breeding bird assemblages in a highly heterogeneous 
oak mosaic landscape (Battisti et al., 2016). Neither mean number, nor 
abundance of breeding bird species differed close to wind turbines or in 
control areas. The extent of land transformation (10% habitat perfora-
tion) related to WPP construction might have not been high enough to 
affect species assemblage and guilds of common breeding birds (Battisti 
et al., 2016). A Spanish BACI study on bird species composition and 
density also did not yield clear indications how WPP construction in 
shrubland affects avian diversity and abundance (De Lucas et al., 2005): 
Relative abundances of nesting birds neither differed throughout three 
study periods (before, during and after construction), nor on the WPP 
site vs. the control site among study years. However, abundances of 
birds nesting on the wind power plant site were lower compared to 
control sites during WPP construction (De Lucas et al., 2005). High 
variation in species-specific responses of birds to WPP also became 
obvious when comparing national population trends of breeding pas-
serines with data collected at a wind power plant site in Italy (Garcia 
et al., 2015). While a decreasing trend was found for some species 
throughout the construction phase, populations recovered in the years 
after construction and show overall similar trends as national population 
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trends. Thus, it seems like WPP construction might disturb nesting birds, 
but increasing population trends afterwards (during operation years) 
indicate that wind power plant sites do not necessarily hamper conser-
vation of breeding passerine populations (Garcia et al., 2015). 

4.4. Distance thresholds and habituation 

Distance to wind turbines might drive species’ habitat use, since 
negative effects of wind power plants might vanish with increasing 
distance. Forests clearings and reduced canopy cover at wind power 
plant sites are linked to decreasing densities of forest birds, with nega-
tive effects being significant within distances of 100 m from turbines 
(Fernández-Bellon et al., 2019). Similar results are reported in a more 
recent study, investigating the effect of wind turbines on a woodland- 
dwelling grouse species (Coppes et al., 2020b). Indirect signs of West-
ern capercaillie presence, collected on six study sites across Europe 
(Sweden, Germany, Austria) indicated, that on a regional scale, overall 
observation densities of capercaillie do not differ between wind power 
plant and control sites and over time. However, the study showed that 
the probability of presence of capercaillie is negatively affected by wind 
turbines on a local scale. Habitat selection of areas close to wind turbines 
was negatively affected by turbine predictors (proximity, shadow 
flickering, noise), which are detectable within approx. 650 m distance to 
wind turbines (Coppes et al., 2020b). 

Negative impacts of habitat modifications on sensitive species might 
be large, particularly when wind turbines are situated within specialists’ 
habitats. A study in northwest France showed reduced bat activity 
within 1000 m distances to wind turbines (Barré et al., 2018). Since 
almost 90% of wind turbines in this region are located in close vicinity 
(< 200 m) to wooded edges (forests or hedgerows), bat species with high 
dependence on woodland habitats (e.g. Myotis spp.) might be severely 
affected by habitat loss due to wind turbine avoidance (Barré et al., 
2018). In contrast, movement and habitat use of reindeer seemed to be 
altered across greater distances to WPP: step length increased and 
stopover habitat use decreased within 5 km and 3 km during WPP 
development, accordingly (Skarin et al., 2015). However, the extent of 
avoidance has always to be evaluated in terms of e.g. a species’ home 
range, territory behavior, habitat availability and quality. 

Over time, species can also adapt to modified environments, by 
reducing their avoidance behavior and becoming habituated to WPP 
(Madsen and Boertmann, 2008). Obviously unchanged behavior of 
wildlife species must not be interpreted as absence of responses to WPP 
construction. Being exposed to actual or perceived threats, animals 
might respond more apparently or more concealed, ultimately adjusting 
to environmental changes (Cockrem, 2007). One concealed response, 
being frequently explored in studies, is stress which might be captured in 
terms of changes in glucocorticoid (cortisol or corticosterone) levels 
(Möstl and Palme, 2002; Sheriff et al., 2011). High hair cortisol levels 
indicated that badgers (Meles meles) are physiologically stressed when 
living in close vicinity (< 1 km) to wind power plants (Agnew et al., 
2016). Badgers seem not to become habituated to wind turbines, as 
cortisol levels measured one and four years after WPP start-up date did 
not differ significantly. It is assumed that noise produced by wind tur-
bines causes the increase in stress level (Agnew et al., 2016). A more 
recent study on roe deer also showed that cortisol concentrations seem 
to be positively related to wind power plant size (Klich et al., 2020). 

4.5. Responses to noise and visual effects 

A systematic review of 49 studies brought evidence that the impact 
of infrastructure on birds and mammals is more pronounced in open 
landscapes compared to forested areas (Benitez-Lopez et al., 2010). 
Differences between these two habitat types might be related to a 
reduced visibility of infrastructure in dense vegetation (Benitez-Lopez 
et al., 2010). Nevertheless, shrub- and woodland-dwelling wildlife spe-
cies show behavioral responses to acoustic effects of wind turbines in 

shrub- and woodlands during construction, operation and maintenance. 
Noise being related to WPP and associated infrastructure is assumed 

to affect habitat use, territorial behavior and breeding success of ani-
mals. Habitat quality for forest passerines seems to be negatively 
affected by anthropogenic noise (Bayne et al., 2008). Passerine density 
in areas near noise-generating facilities is lower than density in areas 
near noiseless energy facilities (Bayne et al., 2008). A study in North 
America focused on the effects of WPP construction on the occurrence of 
the Bicknell’s thrush (Lemaître and Lamarre, 2020). Thereby, thrush 
abundance is significantly lower during WPP construction than eight 
years after construction. Noise during WPP construction together with 
the associated infrastructure might affect habitat use (Lemaître and 
Lamarre, 2020). However, noise generated by WPP can also affect bird 
behavior more directly. Wind turbine noise seems to mask territorial 
defense signals of European robins (Erithacus rubecula), since usage of 
low-frequency elements as response to simulated intrusion is reduced in 
presence of wind turbine noise (Zwart et al., 2016). It is assumed that 
noise can thereby hamper breeding success, if bird’s energy re-
quirements increase to deter competitors and defend territories (Zwart 
et al., 2016). 

A short-term study in Poland addressed abundance and diversity of 
small mammals trapped close to wind turbines (Łopucki and Mróz, 
2016). While the authors presumed that small mammals might avoid 
wind power plant sites due to negative effects of noise or vibration, no 
differences were found on the paired turbine-control sites. Neither the 
composition of small mammal communities (species diversity, species 
evenness), nor species abundance differed significantly between turbine 
and control sites in this study (Łopucki and Mróz, 2016). Consequently, 
more studies on related effects on both mammalian and avian wildlife 
species are urgently needed, better supporting concrete planning de-
cisions in practical contexts (e.g. location of WPP, mitigations measures, 
permission processes). 

4.6. Suggestions for future research 

To accurately estimate impacts of WPP in shrub- and woodlands on 
wildlife, systematical and authoritative assessments are urgently 
needed. Reviewing studies on the impact of shrub- and woodland WPP 
on wildlife showed that within many studies (37%, n = 10), effects of 
WPP on wildlife are only studied after WPP construction. In contrast, 
studies comparing the effects of WPP before and after the construction of 
WPP and between areas with WPP development and reference sites 
(BACI study design) are rather rare (n = 6). Accurate estimates of effect 
sizes can be gained by using BACI study design, but the choice and se-
lection of adequate control sites is of high importance (Christie et al., 
2019). Location and time specific differences between study and control 
areas can bias results (Underwood, 1992). Thus, robust studies with 
BACI design can therefore only become a constitutive part of approval 
procedures and decisions processes in general, when habitat character-
istics (e.g. vegetation, altitude) of sites are very similar to ensure 
comparability (Hurlbert, 1984). 

Reviewing articles indicated, that effects of wind power plants on 
shrub- and woodland-dwelling wildlife species are highly site- and 
species-specific. Thus, there is an urgent need of further studies, which 
reach beyond the scale of a single case study, but comprise a medley of 
forest sites, forest types and species assemblages (both mammalian and 
avian) to allow for more general conclusions on potential impacts of 
WPP or related mitigation measures. Furthermore, species distribution 
models should be developed on a regional scale, e.g. particularly 
addressing wildlife species, which have been shown to respond sensi-
tively to WPP, are of high conservation concern, or hold an umbrella 
function. This could help to assess potential overlaps between wildlife 
habitat occurrence and existing or planned WPP sites (Roscioni et al., 
2013; Santos et al., 2013; Roscioni et al., 2014). In addition, spatially- 
explicit multi-criteria decision analysis to balance various technolog-
ical, societal and environmental values in the landscape can support 
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decisions in regional spatial planning of renewable energy production 
(e.g. Hanssen et al., 2018). Thereby, spatial aspects like short-distance 
(e.g. foraging, dispersal) and long-distance movements (e.g. migra-
tion) of flying vertebrates (Roscioni et al., 2014) could be adequately 
addressed. However, such large-scale habitat selection analyses or spe-
cies distribution models usually do not provide detailed information on 
the specific location of wind power plants and have thus to be supple-
mented with data of higher spatial resolution (i.e. fine-scaled habitat 
maps). 

There are numerous studies focusing on collision fatalities on WPP 
throughout the world (see Thaxter et al., 2017), but many studies are 
limited in timeframe and/or spatial extent. Corrections to account for 
loss of carcasses from scavenging (DeVault et al., 1994; Smallwood et al., 
2010; Paula et al., 2014) and detection bias (Smallwood, 2007; Bar-
rientos et al., 2018) should be applied when calculating fatality rates 
related to wind power facilities. However, number of fatalities at wind 
turbines is not necessarily related to species abundance (see De Lucas 
et al., 2008), as collision risk is also dependent on topography, weather, 
season and flight behavior (Drewitt and Langston, 2006) and varies 
throughout seasons (breeding, migration, wintering). This has to be 
considered when modelling collision risks to predict impacts of wind 
power plants on volant species (Thaxter et al., 2017). 

4.7. Mitigation measures 

To avoid negative effects of shrub- and woodland WPP on wildlife, 
appropriate measures can already be taken at an early (planning) stage. 
Siting of wind turbines inevitably overlaps with species’ habitats, and 
rare and endangered species with long lifespans and low reproduction 
rates are facing a high risk of extinction, when wind power plants might 
cause demographic consequences. Mortality at wind power plants can 
be reduced by careful placing of wind turbines (see Hanssen et al., 
2020). 

To reduce the risk of collision several mitigation measures can be 
considered (e.g. curtailment, painting). Restricting the operation phases 
of wind turbines during low wind speed periods might lead to a strong 
reduction in the number of fatalities among bats, since the activity of 
bats is increased on warm, low-wind days (Baerwald et al., 2009; Arnett 
et al., 2011). Curtailment of wind turbines during low speed periods in 
comparison to fully operational turbines decreases number of bat fa-
talities by an average of 72–82% (Arnett et al., 2011). Similar results can 
be found in open, agricultural landscapes, where altering operational 
parameters of wind turbines also leads to a significant reduction in bat 
fatalities (Baerwald et al., 2009). An additional temporary curtailment 
of WPP during the period of the strongest migratory movements might 
also have positive effects on the number of collisions of bats with rotor 
blades (Northrup and Wittemyer, 2013; Smallwood and Bell, 2020). In 
contrast, curtailment of WPP solely to hours with low wind speeds may 
not have a strong impact on the number of collision victims among birds, 
because great differences in the susceptibility of bird species exist. 
Reducing bird fatalities on WPP requires high temporal flexibility in 
curtailment measures, as collision risk are highly dependent on seasons 
and weather conditions. Constant development of technology and soft-
ware might allow for more accurate curtailment of WPP by using 
automated shutdown systems (McClure et al., 2018). 

As many bird species are susceptible to collide with stationary tur-
bine components (Smallwood and Bell, 2020), painting of lower parts of 
turbine towers (Stokke et al., 2020) and rotor blades (see May et al., 
2020) could reduce number of bird collisions. Two first pilot studies 
were performed in open terrain with comparatively small sample sizes of 
painted WPP (10 turbines with marked turbine towers, Stokke et al., 
2020; 4 turbines with marked rotor blades, May et al., 2020); thus 
additional studies in wooded landscapes are required to get a broader 
insight into the effectiveness of painting part of WPPs in shrub- and 
woodlands. Bird mortality attributed to WPP also includes electrocution 
of large species with poor maneuverability at transmission lines or 

collisions of birds with vehicles (see review of Jones et al., 2015). 
Additional mitigation measures to reduce the risk of collisions include 
the installation of power lines underground (see review of Gasparatos 
et al., 2017). 

4.8. Implications for WPP construction in shrub- and woodlands 

Construction of new WPP is related to land transformation, but 
highly dependent on land cover and topography (Diffendorfer and 
Compton, 2014). Impacts of WPP construction on landscape features 
and thus wildlife might be minimized, when siting WPP on developed 
land, as roads and transmission lines already exist there (Diffendorfer 
et al., 2019). Infrastructure, associated to wind power plants, is assumed 
to have an even larger potential impact on wildlife than the WPP 
themselves (Kuvlesky et al., 2007). As wind power plant development 
will expand to increasingly remote areas (e.g. mountain ridges, Hastik 
et al., 2015; Jones et al., 2015), more miles of infrastructure (roads, 
transmission lines etc.) will be required. Before wind power plant con-
struction, data on wildlife habitat distribution should be compiled or 
collected to estimate spatial overlap with both already existing and 
proposed WPP sites. These initial assessments can help to reduce the 
negative impacts of wind power plants, especially for endangered spe-
cies facing risks from disturbance or collision mortality during breeding, 
migration or wintering (Pearse et al., 2016). A study in Canada showed, 
that after applying careful siting of wind turbines with respect to a 
species’ occurrence no effects of wind power plants on shrub- and 
woodland-dwelling wildlife can be detected. Micro-siting of wind tur-
bines was an effective strategy to reduce the impact of habitat loss and 
disturbance on Bicknell’s thrush (Lemaître and Lamarre, 2020). Thus, 
the extent of habitat loss and fragmentation affecting wildlife species 
can be reduced by carefully placing turbines at appropriate sites, within 
already disturbed areas (Jones and Pejchar, 2013). In addition, con-
structions of WPP in critical regions or vulnerable areas should be 
avoided, since reduced connectivity among habitats and populations can 
reduce gene flow and metapopulation dynamics (Frankham et al., 2010; 
Balkenhol et al., 2016). Maintenance of undeveloped land is of major 
importance, as these landscape sectors can provide refuge areas for 
several species. However, since species habitat requirements (roosting, 
breeding, foraging, migration) can change throughout the year, siting of 
wind power plants remains a challenging spatial planning task 
(Northrup and Wittemyer, 2013). 

5. Conclusion 

Reviewing scientific literature on effects of WPP on shrub- and 
woodland-dwelling wildlife species indicated that current knowledge is 
rather scarce and as well controversial. Published peer-reviewed liter-
ature yielded evidence that construction, operation and maintenance of 
wind facilities might affect mortality and behavior of mammals and 
birds as well as habitat suitability. However, different studies yielded 
either negative, positive or even no responses of wildlife species to WPP 
in shrub- and woodlands, and some studies did not generate clear pat-
terns. Such controversial results might exist even within one wildlife 
species (e.g. reindeer), potentially deriving from largely varying study 
settings in terms of addressed habitats, study design, season, length of 
observations, sample sizes and more. Different response types within 
one species might also be related to demographic differences, to indi-
vidual life histories or to behavioral switching. All these aspects might 
have considerable implications for the significance and informative 
value of studies and it might lead to a large remaining uncertainty about 
their generality – both for their significance for population biology and 
for conclusions on potential management and mitigation strategies. 
Highly site- and community-specific studies as well as results from short- 
term studies are beyond the most important constraints for inferring 
general patterns, which should urgently be overcome by future multi- 
annual, multi-site studies following a BACI design. Additional studies 
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in shrub- and woodlands are also required to get insight into the effec-
tiveness of mitigation measures and micro-siting of WPPs. Thereby 
gained knowledge is required to support planning decisions in practical 
context. 

Glossary 

A After 
B Before 
D During 
CI Control impact 
BACI before-after control-impact study design 
WPP wind power plants including wind turbines and associated 

infrastructure related to the turbines, e.g. roads, transmission 
lines, meteorological towers 

The full electronic search strategy for the two databases (e.g. search 
term combinations, date searched, etc.; Table A1), a flow diagram for 
systematic reviews (Fig. A1), a list of all journal articles detected in the 
initial article search (825 journal articles, References A1), a list of 
additional journal articles detected after screening reviews/meta-
analyses (103 journal articles, References A2) and a list of articles and 
additional articles from reviews/meta-analyses, passing the first stage of 
our two-stages process (326 journal articles, Reference A3) are available 
online. The authors are solely responsible for the content and func-
tionality of these materials. Queries (other than absence of the material) 
should be directed to the corresponding author. 
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