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Abstract 

Wind turbines, a vital component of renewable energy, pose a significant threat to bird populations 

due to collisions and habitat disruption. This comprehensive review synthesizes existing literature on 

the negative impacts of operational wind turbines on small birds, focusing on collision rates, habitat 

loss and displacement, noise, and behavioral disturbances. It also explores various mitigation 

strategies, including site selection, turbine design modifications, operational adjustments, and 

monitoring programs.This systematic review is organized into thematic sections examining the effects 

of disturbance-induced displacement, including barrier and noise impacts. For example, studies have 

shown that Dupont's Lark occurrence and abundance are adversely affected by population segregation, 

while positively influenced by distance to wind farms. Key findings in this systematic review indicate 

that small bird species, such as small passerines, are particularly vulnerable to operational wind 

turbines, with mortality rates varying significantly across wind farms based on factors like turbine 

design, location, and bird species. Small passerines, including sparrows, finches, and warblers, can 

experience significant mortality rates due to collisions, despite their smaller size making them less 

detectable by bird detection systems. Wind farm construction can lead to habitat loss and 

fragmentation, affecting nesting sites and foraging areas for passerines. Collisions with turbine blades 

can occur during low-level flight or foraging near wind farms, while the presence of operational wind 

turbines can disrupt normal behavior, leading to increased stress and reduced reproductive success. 

Habitat loss and displacement resulting from wind turbine installation can further impact small bird 

populations. To overcome these limitations, this systematic review proposes a suite of mitigation 

measures. Site selection is critical, avoiding areas with high bird activity or sensitive habitats. Turbine 

design innovations, such as curved blade tips and bird detection systems, can reduce collision risks. 

Operational adjustments, including curtailing turbine operations during peak bird activity periods and 

implementing bird-friendly lighting, can minimize impacts. Monitoring programs are essential for 

evaluating the effectiveness of mitigation measures and informing future strategies. These findings 

emphasize the importance of implementing these measures to reduce the negative effects of wind 

turbines on small bird populations. By implementing a combination of these strategies, the negative 

effects of wind turbines on birds can be substantially reduced, ensuring that renewable energy 

development align with bird conservation goals. 
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1 Introduction  

1.1 Background 
 
There has been a sudden rise in the advancement of sustainable energy as a result of the necessity to 

fight global warming. Most popular innovative technologies used have been onshore and offshore 

wind farms (Huntley et al., 2006). Regardless of the benefits of carbon reduced carbon dioxide 

emissions, negative relationship between wind power generation and wildlife, particularly birds have 

been extensively discussed (Saidur et al., 2011).Potential impacts can be classified into two primary 

categories: (1) direct mortality resulting from collisions with wind turbines and associated power lines 

(e.g Erickson et al., 2014) and (2) spatial displacement caused by habitat loss, disturbance (including 

visual, noise, and vibration impacts), or barrier effects on movement patterns (e.g de Lucas, 

2004).These impacts can have immediate consequences on species abundance and density. 

Furthermore, long-term displacement effects can compromise population viability by eroding physical 

condition, survival rates, breeding success, and reproductive capacity (Stokke, 2012), ultimately 

affecting species abundance and density in a more subtle yet insidious manner. The most apparent 

negative effect of wind power generation is bird collisions. Bird collisions serve as a basis for direct 

fatality to birds. Birds can colide with rotor blades, towers, the nacelle or other associated facilities. 

Collisions can be a major factor of fatality with possible population effect (Drewitt et al., 2008). 

Fatality rate because of collision with wind turbines differs significantly between wind farms globally, 

with approximate value varying from zero to nearly 40 number of fatality per turbine per year (e.g. 

Marques et al., 2014). 

Research suggests that increasing wind turbine heights may hinder the success of habituation and 

repowering efforts, which involve upgrading turbines to taller heights for example, Capricorn ridge 

wind farm in the US (Pearce-Higgins et al., 2012). However, taller turbines may have minimal 

additional adverse effects on avian species. Studies have shown that breeding birds are less affected by 

taller towers, whereas resting birds exhibit increased avoidance behavior as tower height increases 

(Hötker et al., 2006). On the other hand, higher hub heights have been linked to increased collision 

rates (Loss et al., 2013). Apparently, most of the recorded collisions with turbine towers occurred at 

facilities with white or gray towers, while no fatalities were observed at towers with a green-colored 

gradient fading into white or gray for example, Winkeloog wind farm in the Netherlands, (Dürr, 

2011). According to scientific reports, lattice turbines have been associated with higher bird mortality 

rates compared to other turbine tower types, and the wind farm's location also plays a significant role 

in determining bird mortality rates(Chen et al., 2020). Research has shown a significant correlation 

between the angle of approach between bird flight paths and turbine orientation and collision 
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probability (Holmstrom et al., 2011). The most hazardous areas for birds were identified as the 

terminations of turbine strings, the edges of gaps in strings, and the peripheries of wind turbine 

clusters (Smallwood & Thellander, 2004). Furthermore, elevated bird mortality rates were observed in 

areas where turbines are situated on ridges, upwind slopes, or in close proximity to bird migration 

routes. For instance, when a wind farm is located on a bird migratory route, birds must divert from 

their usual path to avoid the wind farm, resulting in increased energy expenditure and reduced survival 

rates (Langston et al., 2003). Birds are vulnerable to collisions with the fixed framework and the 

rotating blades of wind turbines. Several factors contribute significantly to the collisions e.g wind 

turbine architecture and arrangement of the wind farm, flight flexibility, visual clarity, cognitive 

factors of the bird species, as well as atmospheric condition and environmental lighting( Hull et al., 

2013). Wind farms can cause displacement because of disturbance or act as an obstacles to migrating 

birds, which may possibly end up in habitat loss and make difficulties in movement For example, it is 

widely suggested that wind farms would have a negative impact on the species related with the rate of 

collision during their flight display, with cognitive changes and physical condition because of the 

optical and noise disruption or with high nest fatality rate because of changes in the predator 

assemblage (Rodríguez et al., 2017). These impacts are reflected through the negative effect of wind 

farms on population patterns, occurrence and abundance. Apart from environmental degradation 

related with wind farms, for example The alteration of land surfaces from their natural state can lead to 

the displacement of shrub steppe or grassland passerine birds, for instance, as a result of land use 

changes such as afforestation, new crops, infrastructure development, and agricultural intensification. 

These changes can occur at both the landscape configuration level, including landscape 

homogenization, irrigation, and changes in agriculture and livestock management, and at the plot 

level, with increased use of machinery and agrochemicals (Benton et al., 2003),the visual disturbance 

induced by the turbines, the spinning blades, sonic disturbance and negative consequences emanating 

from turbine sustainable energy production, human or vehicular movement due to the installation and 

renovation activities may induce disruption or disturbance to birds, during both the installation and 

functional phases (e.g Drewitt et al., 2006). These actions may cause an avoidance behaviour that can 

take place at three environmental resolutions: large-scale evasion occurs when birds avoid the wind 

energy infrastructural area as a whole while small-scale displacement occurs when turbine clusters or 

individual turbines are avoided, and small-scale evasion, which comprises last minute avoidance 

movements of the rotor blades.  

Wind energy is garnering significant global investment with $138.2 billion invested worldwide in 

2019 (Ajadi et al., 2020), accounting for approximately half of total global renewable energy 

investment. Onshore wind projects continue to attract the largest share of capital, with a nearly 80% 

market share. Energy companies and institutional investors are driving this trend, acquiring turnkey 
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projects once they are built. However, before such investments can be made, project developers play a 

crucial role in laying the groundwork for wind energy growth (Broughel & Wüstenhagen, 2022). 

When selecting a site for a wind farm, developers prioritize locations with high average wind speeds, 

minimal variation, and consistent wind direction (Bergek et al., 2013). This enables optimal turbine 

placement, minimizing sheltering effects and maximizing energy production. The initial phase 

involves identifying a suitable location with favorable conditions, primarily sufficient wind speeds. To 

accurately assess wind conditions, measurements are taken at the height of the wind turbine hub, 

considering surface obstacles like buildings and trees at onshore sites. A temporary meteorological 

mast is typically deployed to collect data, which is then compared to nearby sites and long-term 

records (IRENA, 2020). Subsequently, a permanent mast is installed at the selected site to monitor 

performance and ensure access to the electricity grid and infrastructure necessary for construction and 

maintenance. This is followed by securing land rights, which often involves negotiations with multiple 

landowners to obtain leases or easements, and may include royalty agreements for land use and 

assessment purposes (Zhang et al., 2015). The subsequent stage involves the permitting process, 

typically requiring an environmental impact assessment. Once all requisite permits have been secured, 

the project's construction phase can commence, followed by the operational phase, during which the 

project generates electricity and yields revenue. Upon completion of the operational phase, the project 

is either decommissioned or repowered with new turbines. Throughout this process, the risk profile 

diminishes, while the project's value appreciates. In the initial stages, the probability of failure is high, 

akin to venture capital investments, prompting investors to develop specialized expertise to mitigate 

elevated risk and uncertainty levels (Lam & Law, 2016). 

One of the paramount risks in wind project development is social acceptance, particularly community 

acceptance (Wüstenhagen et al., 2007). Local stakeholders play a crucial role in securing land rights 

and permits, and their support is essential to a project's success (Enevoldsen & Sovacool, 2016). 

Consequently, successful project developers prioritize effective risk management and stakeholder 

engagement strategies to ensure satisfaction throughout the entire process. Based on the research 

methodology and the structure of wind farm (with arrays/unplanned turbines), it is difficult to totally 

separate small scale and large-scale avoidance behaviour of birds. Displacement can be referred to as 

the reduction in the density of birds emerging close to wind turbines, because of prolonged disturbance 

resulting in loss of habitat connectivity, i.e. the joint effect of large-scale and small-scale (May, 2015). 

In contrast, habitat affinity or attraction can be defined as high population rate of birds in proximity to 

wind farm. Habitat affinity has been illustrated primarily in the offshore wind farms, as infrastructure 

connected with wind energy generation may positively enhance perching conditions or provide a basis 

for enhancing food production (Dierschke et al., 2016). Nevertheless, the impact of habitat affinity is 
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not essentially beneficial for birds, as it raises their probability of negative outcome of collision with 

wind turbines.  

 

1.2 Aim 

Wind energy is a rapidly growing renewable energy source, but its development can pose a threat to 

avian populations, particularly small birds susceptible to collisions with wind turbines. To achieve a 

sustainable energy future that minimizes ecological impacts, a comprehensive understanding of these 

threats and potential mitigation strategies is crucial. This systematic review aims to achieve three key 

objectives that will benefit scientists, government policy on ecological matters and wind developers. 

First, it will analyze recent scientific literature to understand current research directions and analysis 

of the negative effect of operational wind turbines on small birds, especially with effect on Dupont 

lark as model species, particularly regarding  spatial  scales,  vulnerable  bird and specific habitat 

types. The Dupont's lark, a scarce passerine bird in Europe, is classified as "near threatened" by the 

International Union for Conservation of Nature (IUCN), "Endangered" in the Red Book of the Birds 

of Spain and "Vulnerable" in the Spanish National Catalogue of threatened species. Its distribution is 

limited to the Iberian Peninsula and North Africa. Wind farms have been widely recognized as a 

significant threat to Dupont's lark populations, potentially leading to negative impacts on the species, 

including collision risk during aerial courtship displays behavioral and fitness alterations due to visual 

and noise disturbance and increased nest predation rates resulting from changes in the predator 

community. This knowledge will empower scientists to refine their understanding of wind turbine 

impacts and inform wind developers of potential ecological risks associated with their projects. 

Second, the review will evaluate existing research on the negative consequences of wind energy 

development on small birds. This will encompass both direct collisions with wind turbine blades and 

indirect effects like habitat alteration. This knowledge will further equip scientists to develop 

improved mitigation approaches. Finally, the review will assess the effectiveness of operational 

measures currently employed to minimize bird collisions with wind turbines. This analysis will 

consider strategies such as site selection, turbine design modifications, and habitat management 

practices. Based on the limitations and unresolved questions identified, this systematic review will 

conclude with recommendations for future research that could significantly advance understanding of 

wind turbine impacts on small birds and inform the development of more effective mitigation 

strategies. This will empower both scientists and wind developers. Scientists can develop improved 

mitigation approaches, and wind developers and investors can implement practices that minimize 

ecological impact while achieving sustainable energy goals. 
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1.2 Research Questions  

(1)  What are the prevailing research directions and findings on the negative impacts of operational 

wind turbines on small bird populations, especially with effect on Dupont's Lark as model species? 

 (2)  What is the impact of operational measures on reducing bird collisions with operational wind 
turbines? 

 

2 Methodology  

2.1 Study Design 
 

 A systematic review of peer-reviewed and grey literature was conducted to assess research trends and 

current knowledge and the impact of operational wind turbines on small birds. Similar to several other 

studies which have investigated the effect of wind turbines on birds (Marques et al., 2019, Barclays et 

al., 2020, Loss  et al., 2018) this study uses the prisma guidelines for conducting the literature review. 

Two complementary search strategies were employed: a web-based search in Google Scholar for grey 

literature and a database search in Scopus and Web of Science following PRISMA guidelines (Page et 

al., 2021).  

The searches were conducted in April and August, 2024 using specific keywords and combinations 

"bird and wind turbine", "bird and wind farm" with filters for small birds and operational wind farms.  

Duplicate records were removed using database software, resulting in 580 unique articles. Titles and 

abstracts were screened for relevance to the research questions, yielding 350 articles for full-text 

review. They were considered relevant only if they reported effects of operational wind turbines on 

small birds and irrelevant articles which refer to articles that do not investigate the research questions 

and topic thoroughly are systematically excluded from the database, thereby enhancing the validity 

and reliability of the evidence synthesized and analyzed in the review. Following further assessment 

based on pre-defined criteria i.e does the articles specifically address the impact of wind turbines on 

small birds species?, are the articules relevant to specific region, ecosystem or bird species of 

interests?. 100 articles were included in the final analysis. These criteria ensured studies directly 

addressed the effects of operational wind turbines on multiple small bird species and habitats, 

scientific field investigations related to small birds and mitigation of wind energy's environmental 

impact and operational mitigation and prevention measures for bird collisions with wind turbines. 

This criteria for selecting articles for this review are used to ensure articles included in the review are 

relevant to the research question based on valid research methods and data, reliable, and consistent in 

their findings. This helps to minimize bias, ensure comprehensive coverage, and make the selection 

process transparent and reproducible, ultimately leading to meaningful conclusions and informed 
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decisions. Articles not meeting these criteria, such as those lacking field-based data e.g. the level of 

impacts of collision and fatality rate or focusing solely on large birds, were excluded (n=250). 

Following PRISMA guidelines, 10 new articles were added during a revision stage, resulting in a final 

set of 110 articles for analysis. The PRISMA flow diagram was now completed and included in the 

method section of the final review. This number of articles corresponds with guidelines set by my 

supervisor how many articles I should be left with to have a required literature review for this thesis 

(Moher et al., 2009). 

The included studies spanned the years 2000 to present and encompassed diverse wind farm types, 

geographic regions, habitats, and data collection methods. Evidence of negative impacts on small 

birds was categorized based on established frameworks (Powell et al., 2017), including displacement, 

collision mortality, noise disturbance, habitat loss and avoidance, and inconclusive effects. The study 

used information from Europe and North America almost exclusively. Although there are a few 

reports from other parts of the world as well, i have evaluated them as being of less significance in 

this case. The cited reports have been critically examined, and it is considered that this systematic 

review manages to synthesize the most relevant information, so that this report can be considered 

representative of the current situation. Additional information extracted included the maximum 

distance with an observed effect and relative changes in bird abundance, density, or space use. Study 

areas ranged from single wind farms to complexes with up to 200 turbines. The systematic review 

encompassed research on small bird abundance, density, space use, occurrence probability, presence 

and absence, indirect signs of density, nest site selection, collision rates, and mitigation strategies. 

Critically examining these reports allowed for synthesis of the most relevant information regarding 

the current state of knowledge. This review highlights the need for continued research on operational 

wind turbine impacts on small birds and emphasizes the value of these findings for informing wind 

farm planning and management strategies to minimize negative ecological effects.  
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Figure 1. PRISMA Flow Chart of Literature Search and Selection Process (Page et al., 2021) 
  

3. Result 

The result of this systematic review has identified and revealed the existing knowledge to understand 

current research direction and analysis about how operational wind turbines impact negatively on 

small birds in terms of spatial scales and habitats, which are namely: collision, displacement, noise 

and habitat loss. The rate of fatality caused by collision has been systematically reviewed across 

different wind farms and species of small birds in terms of spatial scale and habitats. The most 

widely discussed issue associated with wind farms is the fatal collisions that occur between small 

birds and wind turbines. Extensive research conducted at both offshore and onshore sites has 

consistently shown that collisions with wind turbines pose the greatest potential threat to small birds 

from any wind farm, regardless of its location. Estimates of small bird fatalities at wind turbine 

facilities have been repeatedly detected through systematic searches for dead birds under wind 

turbines and in the immediate environment. These surveys have enabled the estimation of collision or 

fatality frequencies (e.g. Madders & Whitfield, 2006). The likelihood of small bird collisions is 

heavily dependent on factors related to the location of the wind farm and species flight behavior, 

particularly its response to the presence of wind turbines.  

3.1 Effect of Collision 

Marques et al., (2018), conducted extensive research in many European countries on the effects of 

wind turbines on avifauna. A comprehensive analysis of 44 wind farms in Portugal (2005-2015) 

revealed that the Eurasian Skylark from the Alaudidae family was among the most frequent species 

killed. These ground-feeding species form flocks only during the non-breeding period, and swallows 
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may also be attracted to turbines to feed on insects. Species from the Alaudidae family, which create 

flocks outside of the breeding season, make song flights at great altitudes during the reproductive 

season, and their habitat often coincides with areas of wind farm development. This suggests that 

species from the Alaudidae family may be more susceptible to collisions. A four-year survey of 46 

wind farms at low altitudes in Germany identified bird killings (Hüppop et al., 2006), while a three-

year monitoring action during the operation of a wind farm on Mount Evmorfia, Kefalonia Island, 

Greece, detected no findings during the investigation of possible mortality due to wind farm impacts. 

In accordance with international standards, zero mortality was observed. Studies using radar data and 

automated radio telemetry have provided insights into migration patterns and weather conditions 

associated with nocturnal migration intensity. For example, (Manola et al., 2020) found that nights 

without precipitation and frontal systems, dominated by high pressure systems and tailwinds in spring 

and side winds in autumn, were most suitable for intense migration over the North Sea. Similarly, 

Brust & Hüppop, (2021) found that 25% of migrating individuals used an offshore route through the 

German Bight area in the southeastern North Sea during autumn, with inter-specific variation in the 

tendency to fly offshore. Among birds migrating towards the south west are the Thrushes Redwing 

(Turdus iliacus) and Song Thrush (T. Philomelos) indicated the most significant proportions of 

offshore flights. Additionally, the following species at least one individual  also took an offshore 

route: Common Blackbird (T. merula), Common Starling (Sturnus vulgaris), Blackcap (Sylvia 

atricapilla), Common Whitethroat (S. communis),Garden Warbler (borin),and Dunnock (Prunella 

modulari). Understanding these patterns and variations implies that some species of songbirds might 

be more prone than others to the potential impacts of offshore wind farms, such as collision risk. 

Effective curtailment measures can be facilitated by information on the circumstances of intense 

migration nights. 

Farfán et al., (2009) demonstrated that the risk of collision for Passerines is extremely low. A study 

conducted in southern Spain (Sierra de Aguas) supports this finding. The wind farm, comprising 16 

wind turbines arranged in two rows at an elevation of 815 to 940 meters above sea level, had a 

negligible impact on passerine collisions due to its location. As a result, the detection of collision risk 

and actual collisions were low. For instance, the mortality rate at the "Sierra de Aguas" wind farm was 

0.03 birds/turbine/year, which aligns with extensive research on wind turbine collisions that have 

consistently shown low levels of mortality (de Lucas et al., 2007). In Erickson et al., (2001), they 

evaluated that nocturnal migrating passerine birds are particularly susceptible to collisions with wind 

turbines.See the description of the collision impact in the table 3 below. A study conducted at four 

wind farms in the northern part of the island of Fehmarn found that collision rates were significantly 

higher at night than during the day and varied substantially with height. This finding is supported by 

(Grodsky et al., 2013), who found that small passerines accounted for 17.71% of fatal bird collisions 
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at a wind facility in an agricultural region of southeastern Wisconsin, with half of the observed 

fatalities occurring at night. The behavior and flight patterns of passerines may increase their 

susceptibility to collisions with turbines. A detailed analysis of small passerine fatalities from 

collisions with turbines at wind energy facilities in Canada and the USA was conducted by (Wallace 

et al., 2014),the study found that 15% of operating wind energy facilities in the US and Canada 

reported 4,975 bird fatalities, with small passerines accounting for 62.5% of these fatalities (156 

species). The estimated annual mortality rate for small passerines from collisions with wind turbines 

at wind energy facilities in the US and Canada ranges from 134,000 to 230,000, or 2.10 to 3.35 small 

birds per installed capacity and year. Furthermore, 6 of 24 passerine families accounted for half of the 

bird mortalities at wind energy facilities. In Canada, passerines composed 80% of total mortalities at 

43 wind turbine developments in eight provinces. Based on operating performance of wind turbine in 

the United States and Europe, scientific research shows that a preliminary calculation of the number of 

small birds killed per kilowatt-hour kWh generated for wind electricity, fossil fuel, and nuclear power 

systems. Recent research indicates that wind farms and nuclear power stations are responsible each for 

between 0.3 and 0.4 fatalities per gigawatt-hour (GWh) of electricity (Erickson, 2004).See table 

4.However, in some cases, these numbers underestimate the total mortality rate because they rely 

solely on found carcases, without accounting for scavenging and searcher capability. Recent research 

has consistently shown that scavengers constantly remove carcasses (Smallwood et al., 2018). To 

accurately detect mortality rates, a new method of integrated detection trials was developed to correct 

mortality estimates for the size of fatalities not found. This method aims to enhance the assessment of 

inaccuracy in mortality rates connected to species observation and evaluated time from death. This 

method was applied at 2 wind projects in the Altamont Pass Wind Resource Area (APWRA) in 

Alameda County, California. The observed wind turbines resulted in the annual deaths of an 

estimated 17 Western Meadowlarks (Sturnella neglecta). The conservative method underestimates 

mortality rates at the smallest body sizes and overestimates mortality rates at the largest body sizes. 

This method shows that specific observation of species declines with increasing time between carcass 

removal and carcass observation by searchers, and false information is more likely for smaller birds. 

Small bird mortalities have been inaccurately evaluated in the APWRA due to search distances that 

originally averaged between 30 to 42 days. To evaluate the number of bird collisions, carcass 

searches must be well-structured, and numbers must be adjusted for observation probability, which 

relies on search efficiency, persistence time of carcasses, and the probability of a carcass lying within 

the searched area. The accuracy of a carcass search study increases with increasing frequency of 

searches, narrow transects, and a large surveyed area (Korner-Nievergelt et al., 2015). Janine et al., 

(2018), conducted a systematic carcass search with a high detection probability to obtain a reliable 

estimate of the true number of fatal collisions. Correction factors for search efficiency and 
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persistence time were experimentally determined by placing test carcasses of wild birds in the field. 

The majority of collision fatalities at this study site in the Swiss Jura mountains were nocturnally 

migrating small passerines, primarily kinglets (Regulus sp.). Collisions were linked to migration 

seasons, and within these seasons, it was challenging to clearly delineate carcasses from spikes in 

migratory movements. Variations in atmospheric conditions, which can impede visibility, may 

increase collision risk. Consequently, the constant lights on wind turbines may attract nocturnal 

migrants, an effect likely more pronounced during periods with limited visibility. Kinglets 

accounted for most collision victims in this study, consistent with findings from other areas where 

they are frequent collision fatalities. In Canada, the golden-crowned kinglet (satrapa) is among the 

species commonly involved in wind farm collisions, while in Europe, the Goldcrest (R. regulus) 

frequently collides with illuminated buildings (Zimmerling et al., 2013). A carcass search study was 

conducted to enhance the detection probability of carcasses and improve the accuracy of statistical 

extrapolations for collision victims. This aim was reportedly achieved, as the extrapolation factor of 

three was relatively low (see Table 1), yielding an estimate of 62 collisions from 20 recovered 

carcasses around three wind turbines. The detection probability of carcasses was determined by 

combining three correction factors: search efficiency, persistence time, and the probability of a 

carcass being located within the searched area (Korner-Nievergelt et al., 2015).  

Table 1. List of references with collision rates per wind turbine, total number of 

carcasses found and the fatality estimate of small birds. 

Reference Country Habitat 

Dime
nsion 

(m) 

No of 

searched 
wind 

turbines 

Rate of 
collision per 
Turbine per 
time period 

Total 

number 
of 

carcasses 
found 

Fatality 
estimates of 

small 
passerine 

Extra-polation 
factor 

Krijgsveld 

et al., 2009 

Netherlands Flat 

Agriculture 

100- 

111 

14 28 (19-68) 
year 

14 27% 

Welcker 

et al., 2017 

Denmark Flat Island 100 65 4.1/3.5 
months 

41 27% 

Johnson 

et al., 2002 

US
A 

Forested 

Hill 

52.5
- 

74 

91 0.98-
4.45/8 

Mont

55 62.5% 

Bull 

et al., 2009 

New Zealand 

(scoitzer 
land) 

Hilly Coast 107 24 4.64-
5.83/year 

53 70% 

Grodsky et 
al.,2009 

US
A 

Flat 

Agriculture 

118 29 0.026/day 20 71% 
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Table 2 shows the composition and percentage of passerine fatalities in US wind farms which  refer to 

the proportion of birds from the Passerine group that are killed by operational wind turbines in the 

United States. Passerines, or perching birds, are the most diverse order of birds, making up over half 

of all known bird species. Due to their abundance and diversity, they are frequently found in various 

habitats, including wind farms.   Wind turbines can pose a significant threat to birds, particularly 

through collisions with turbine blades. While many bird species can be affected, passerines often 

represent a substantial portion of the fatalities. This is due to a combination of factors, including many 

passerines inhabit areas that overlap with wind farm development, such as grasslands, forests, and 

agricultural lands.In terms of foraging behavior, passerines often forage near the ground or in low-

altitude flight, increasing their likelihood of encountering turbines. Some passerines have direct flight 

paths that can intersect with turbine blades. 

Studies have shown that passerines account for a significant percentage of bird fatalities at US wind 

farms (Eriksson et al., 2003). While exact figures can vary depending on location, specific wind farm 

characteristics, and the time of year, it is estimated that passerines make up between 50% and 70% of 

all bird fatalities at these facilities (Loss et al., 2019). The specific composition of passerine fatalities 

can also vary. While many passerine families can be affected, some of the most commonly reported 

species include: Warblers which are these small, colorful birds are often particularly vulnerable due to 

their migratory behavior and tendency to forage in low-lying vegetation. Vireos, these small, 

insectivorous birds are also frequently found in areas where wind farms are located. Flycatchers, 

These birds, which often catch insects in mid-air, can be at risk of collisions with turbines. It is 

important to note that while passerines are a significant concern, other bird groups, such as raptors and 

waterfowl, can also be affected by wind turbines. To minimize the negative impacts of wind energy 

development on avian populations, it is essential to implement effective conservation measures, such 

as careful site selection, turbine design modifications, and monitoring programs. 
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Table 2: Passerines composition and percentage of fatalities in the US wind farm 
 
 

SPECIES WIND FARM CLASSIFICATION 
NUMBER OF 
FATALITIES 

PERCENTAGE 
OF 

FATALITIES 
REFRENCE 

COMMON NAME SCIENTIFIC NAME      

  Bufallo Ridge     
Black and White 
Warbler 

Mniotilta varia  Nocturnal Migrant 3 5.5 

(Osborn et 
al., 2000) 
 
(Johnson et 
al., 2000b) 

Blackpoll Warbler Setophaga striata  Nocturnal Migrant 1 1.8 

Common Yellow  
Throat  

Geothlypis trichas  
Possible resident to 
Nocturnal migrant 

5 9.1 

Lincoln Sparrow  Melospiza lincolnii  
Possible resident to 
nocturnal Migrant 

1 1.8 

Least Flycatcher Empidonax minimus  
Possible resident to 
nocturnal migrant 

1 1.8 

  
Foote Creek 
Rim 

    

American Pipit Anthus rubescens  Nocturnal Migrant 1 1.0 

(Johnson et 
al.,2001) 

Brown Creeper Certhia Americana  Nocturnal Migrant 2 2.1 

Chipping Sparrow Spizella passerine  
Possible resident to 
Nocturnal Migrant 

5 5.2 

Green   tailed 
Towhee 

Pipilo chlorurus  
Possible resident to 
Nocturnal Migrant 

2 2.1 

Lark bunting  
Calamospiza 
melanocorys 

 
Possible resident to 
Nocturnal Migrant 

1 1.0 

  San Gorgino     

Common raven  Corvus corax  Not determined  2 4.8 (Anderson 
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Western Meadow 
Lark 

Sturnella neglecta  Not determined  1 2.4 
2000a) 

White throated Swift  Aeronautes saxatalis  Not determined  1 2.4 

  
Tehachapi 
Pass 

    

Chipping Sparrow  Spizella passerine  Nocturnal Migrant 1 0.7 

(Anderson 
2000b) 

Dark eyed junco Junco hyemalis  Nocturnal Migrant 1 0.7 

Hermit Thrush  Catharus guttatus  Nocturnal Migrant 1 0.7 

Swainson’s Thrush  Catharus ustulatus   Nocturnal Migrant 4 2.7 

Yellow-rumped  
Warbler 

Setophaga coronate  Nocturnal Migrant 1 0.7 

Western Tanager Piranga ludoviciana  Nocturnal Migrant 3 2.0 

  Vansycle      

Unidentified 
Passerines  

  
Possible resident to 
Nocturnal migrant  

1 9.1 (Erickson et 
al., 2000a) 
 
(Kerlinger 
and Curry 
2000) 

Unidentified Sparrow    
Possible resident to 
Nocturnal migrant  

1 9.1 

White-throated swift Aeronautes saxatalis  Not determined 1 9.1 

White   crowned 
Sparrow  

Zonotrichia 
leucophrys 

 Nocturnal migrant 4 36.4 

  Ponnequin     

White   throated 
Swift 
 

Aeronautes saxatalis  Nocturnal migrant 2 22.2 
(Kerlinger 
2000b) 

McCown s 
Longspur 

Rhynchophanes 
mccownii 

 
Possible resident to 
Nocturnal migrant 

1 11.1 
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Horned lark Eremophila alpestris  Not determined 5 55.6 

  Wisconsin     

American Goldfinch Spinus tristis  Not determined 1 4.8 

(Howe, 
2001) 

Snow Bunting Plectrophenax nivalis  Nocturnal migrant 1 4.8 

Tree Swallow Tachycineta bicolor  Nocturnal migrant 2 9.5 

Golden   Crowned 
Kinglet 

Regulus satrapa  
Nocturnal migrant 

2 9.5 

  Altamont     

Mountain Bluebird Sialia currucoides  Nocturnal Migrant 2 0.3 
(Howell et 
al.,1991) 

Red   winged black 
Bird 

Agelaius phoeniceus  Nocturnal Migrant 2 0.3  

Violet green Swallow 
Tachycineta 
thalassina 

 
Possible resident or 
Nocturnal Migrant 

1 0.2 
(Thelander 
2000) 

Western Bluebird Sialia mexicana  
Possible resident or 
Nocturnal Migrant 

2 0.3 
(Orlaff and 
Hannery 
1996,1992) 

Western ciff Swallow 
Petrochelidon 
pyrrhonota 

 Nocturnal Migrant 3 0.5 
(Howell and 
Didenato 
1991) 

  
Mountezuma 
Hills 

    

American Pipit Anthus rubescens  Nocturnal Migrant 1 2.4  

Common Raven Corvus corax  Not determined  1 2.4 
(Howell and 
Noone 1992) 

Red-wing blackbird Agelaius phoeniceus  Nocturnal Migrant 2 4.8 
(Howell 
1997) 

Western Meadow 
lark 

Sturnella neglecta  Not determined  1 2.4  
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The species composition of avian fatalities reported in various wind power studies exhibits a 

bias towards larger birds, as smaller birds are more challenging to detect and are likely to be 

scavenged more frequently (Johnson et al., 2000b). Table 2 provides a summary of the 

studies included in the species composition analysis and those used in fatality projections. 

Among the 841 avian fatalities reported in California studies, 20.1% were passerines 

(excluding house sparrows and European starlings). Other avian groups accounted for less 

than 10% of the fatalities. Outside of California, diurnal raptors comprised only 2.7% of 

wind plant-related fatalities, while passerines (excluding house sparrows and European 

starlings) were the most common collision victims, accounting for 78.0% of the 192 

documented fatalities. The remaining groups each represented less than 10% of the fatalities. 

Due to the difficulty in determining whether fatalities found during migration are resident 

breeders or nocturnal migrants, low and high range percentages of nocturnal migrant 

fatalities are reported in Table 2. Unlike California, where less than 11% (range 3% to 10%) 

of fatalities were classified as nocturnal migrant passerines, up to 59.9% (range 34.4% to 

59.9%) of avian collision victims elsewhere are likely nocturnal migrants. The percentage of 

total fatalities comprised of likely nocturnal migrants ranged from 19.0% at the Wisconsin 

windplant to 48.0% at the Foote Creek Rim windplant. Songbirds (family Turdidae, which 

includes species like thrushes, robins, and bluebirds) are negatively impacted by wind 

turbines. The presence of wind turbines, especially in areas with many turbines (high turbine 

density), has been linked to declines in songbird populations. This decline is likely due to 

collision mortality as mentioned earlier. In other words, the study by (Kuvlesky et al., 2006) 

found a correlation between the presence of wind turbines and a decrease in songbird 

populations, particularly in areas with a high concentration of turbines. See table 3 below. 
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Table 3. Result summarizing potential impact of operation wind turbines on small birds 

Impact  Description  

Potential effect on small birds with scientific 

reference Reference 

Collision  

Direct contact between birds 

and wind turbine blades due 

to site-specific factors  

Mortality of birds especially for species with poor 

maneuverability (e.g. grouse, cranes) or those that 

migrate at night e.g. song birds) studies suggest 

fatality rates can vary from 0.3 to 0.4 birds per 

gigawatt hour of electricity produced depending on 

location and species composition. 

(Erickson, 2004) (Aumüller 

et al., 2011) (Erickson et al., 

2001) (Parcival, 2005) 

    

Population decline for vulnerable species particularly 

for raptors and passerines  already facing other 

threats (Langston and Pullan,2003)  

Displacement  

Birds avoiding the wind farm 

area due to presence of 

turbines or habitat alteration 

during construction  

Loss of fonding foraging and breeding grounds 

impacting Survival and reproduction  

(Stewart et al., 2004)  

(Drewitt & Langston 2006) 

    

Disruption of migration patterns leading to increased 

energy expenditure and potentially higher predation 

risk    
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Increased competition for resources in surrounding 

areas, potentially affecting neighboring populations   

(Stienen et al., 2007)   

(Williams et al., 2006) 

Avoidance  

Birds altering their flight 

paths to avoid wind turbines  

Increased energy expenditure due to longer flight 

distances, reducing foraging efficiency and affecting 

overall fitness. Potential for increased predation risk 

if birds take less familiar routes with fewer hiding 

places  

(Bevanger et al, 2010)  

(Dahl et al., 2013) (Garvin 

et al., 2011)  

Habitat loss and degradation  

Loss of degradation nesting, 

foraging habitat sue to wind 

farm construction and 

maintainance activities 

Reduced availability of suitable nesting sites, 

impacting breeding success. 

(Percival, 2005) (Fox et al., 

2006) (Kingsley & Whittam 

2005) 

Noise  

Sudden pressure changes 

near rapidly moving turbine 

blades     

  

Noise generated by wind 

turbines during operation. 

Distrution of communication between birds hindering 

terrirorial defense, mate attraction, and chick 

development. Difficulty in locating prey or mates due 

to masking of acoustic signals.  Potential for hearing 

damage in some bird species at close range. 

(Lucke et al., 2009) 

 (Gordon et al., 2009)  

(Bailey  et al., 2010) 

 (Nedwell et al., 2007) 
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3.1.1 Synthesis of Findings on Collision Effects  

Based on the new knowledge that the study provides on this effect of collision of small birds with 

operational wind turbines, it shows that the risk for collision depends on the bird and its life habit and 

behavior, particularly its reaction to the presence of wind turbines, the characteristics of the 

operational wind turbines such as the height above the ground, the length of the rotor blades (sweep 

area), and the presence of artificial light sources at or near the turbine. The location of the turbines in 

relation to the occurrence of birds may be of primary importance. Furthermore, the risk that birds will 

collide with operational wind turbines could also be related to the time of the year and the prevailing 

weather (c.f. Drewitt & Langston, 2008). It is also noted from different studies in the table above that 

nocturnal migratory passerines are very prone to collision fatalities at wind farms in Europe and 

North America. The majority of studies have quoted low collision mortality rates per turbine, but in 

many cases, these are based only on found corpses, leading to under-recording of the actual number of 

collisions due to study design or methodological observations. In this review, with the aim to evaluate 

existing research on the negative consequences of wind energy development on small birds, I have  

used  available  scientific  studies  to  provide estimates of the number of small bird species that are 

killed at various wind farms as shown in tables (1,2, and 3) in a reasonably systematic way because 

they show examples of the level of negative impact a wind turbine or wind park can have on small 

birds. This information is very crucial for conservationists, government policies on wind power, and 

scientists, including wind power investors, to assess the impact of wind turbines on specific bird 

species, understand the magnitude of the effect (e.g. number of birds affected), to identify which 

species are most vulnerable to wind turbine collisions, evaluate  the  effectiveness  of  mitigation  

measures  (e.g. changes  in  turbine  design  or  placement), compare the impact of wind turbines on 

different species and habitats, inform conservation efforts and policy  decisions,  provide  a  

standardized  way  to  report  and  compare  data  across  studies,  help  to prioritize research and 

conservation efforts on the most affected species. By quantifying the impact on specific species, 

researchers and policymakers can make more informed decisions about wind energy development and 

bird conservation.  Even where collision rates per turbine are low, this does not necessarily mean 

that collision mortality is insignificant, especially in wind farms comprising perhaps several hundreds 

or thousands of turbines. Even relatively small increases in mortality rates may be significant for 

populations of some birds, notably so when already rare. Relatively high collision mortality rates have 

been recorded at several large, poorly sited wind farms in areas where large concentrations of birds are 

present (including IBAs), especially nocturnal migratory passerines, e.g. Altamont Pass in California, 

USA, Tarifa, and Navarra in Spain. In these cases, actual fatality resulting from collision are high. 

Collision mortality at poorly sited wind farms may have population-level effects, and cumulative 
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mortality from multiple wind installations may also contribute to population declines in susceptible 

species. 

3.2 Displacement and Habitat Loss 

Based on the effect of Displacement and habitat loss effect of operational wind turbines on small 

birds, displacement refers to the decline in bird populations within or near wind power 

infrastructure due to continuous disturbance, leading to reduced habitat quality. In some cases, 

attraction may also occur due to constant food availability and roosting sites, and this is included in 

the concept of displacement. Displacement involves reduced habitat use, resulting in lower bird 

population rates in the presence of wind power facilities (Smales et al., 2013). See the brief 

description and potential effect in the table 3 above. Indirect ecological displacement is potentially 

the most critical type, as birds may permanently avoid the direct environment of a wind power 

facility, leading to a loss of attraction. Additionally, intensified human engagement during and after 

construction (Kuvlesky et al., 2007) and associated disturbance effects, such as access roads 

enabling forestry and traffic in previously untouched areas, may have significant impacts. These 

effects may appear during construction and continue at varying levels. Direct habitat loss due to 

wind turbine installation is generally not considered a significant threat to birds, depending on 

environmental conditions and land requirements for wind farms and associated infrastructure. 

However, offshore wind farms may potentially impact habitat change due to expanding turbine 

bases and cables in shallow waters. Onshore facilities, including turbine bases, substations, and 

access roads, will involve direct habitat loss, potentially affecting hydrologic balance in vulnerable 

areas. The most significant habitat loss is likely indirect, as connected roads provide access to 

remote areas, inadvertently making them available to forestry and traffic. Such disturbance effects 

may become visible during construction and continue at different levels (Langston & Pullan, 2003). 

The impact of natural habitat loss is assessed by comparing bird populations: (1) at separate 

intervals from existing wind power infrastructure, (2) in one site before and after wind turbine 

facility construction, and (3) in areas with and without wind power facilities. The negative impact 

of disturbance on birds can vary significantly depending on the area's value (Petersen et al., 2006). 

Displacement can result in reduced fitness and lower productivity, but may have little or no impact 

on population size if birds can find equivalent alternative habitat. It is reasonable to expect that 

birds will adjust over time to the presence of fixed objects like wind turbines after initial 

displacement, especially if valuable resources like undisturbed foraging habitats are available. 

Consequently, displacement may be temporary for species that can habituate to turbine presence. 

Several studies have documented habituation in various species (Hötker et al., 2006).However, the 

effect of wind turbine effects on birds reveals that longer operation periods often lead to greater 



20 
 

declines in abundance (Stewart et al., 2005), suggesting habituation is unlikely in many cases. 

Nevertheless, few studies have sufficient duration to reliably detect long-term distribution changes. 

Fernandez-Bellon et al., (2019) their results has shown that wind turbines can lead to significant 

displacement of bird populations, with a mean value displacement distance of 500m observed in 

avoidance behavior and decreased bird population. See the table 3. This displacement can be even 

more pronounced, up to 4500m, in conservative research on endangered species like the Dupont's lark 

(Chersophilus duponti) in Spain, where species decline is proposed to occur in the presence of wind 

farms. Nighttime lights and wind turbine rotation can disrupt birds and have negative effects on 

communication. Habitat change and reduction in forest cover can also lead to a significant decrease in 

safe habitats for forest-dwelling passerines. In Garcia et al., (2015) their studies have found that low 

population trends were observed in 12 breeding passerine species during wind farm construction, but 

species returned to their previous roosting sites after construction. However, displacement was 

detected in the construction period, and no displacement was found in 16 cases of passerines (Hale et 

al., 2014). Breeding grassland passerines were not detected to respond to wind turbines, possibly due 

to the difficulty of separating the effect of turbine distance from other factors (Hale et al., 2014). The 

Vesper Sparrow (Pooecetes gramineus) was the only passerine species found to be negatively 

affected or displaced by wind turbines (Shaffer & Buhl, 2016).Vegetation and ecological conditions 

were suggested to play a more crucial role than distance from turbines in roosting-site selection for 

the Grasshopper Sparrow (Ammodramus savannarum) (Hatchett et al., 2013). Three out of four 

passerine species showed no displacement from wind turbines, with species-specific predator 

avoidance accredited to the difference in species (Stevens et al., 2013). Social species like Sprague's 

Pipit (Anthus spragueii), Savannah Sparrows (Passerculus sandwichensis), and meadowlarks 

(Sturnella sp.) were found to use meadows, and a significant population size of individuals was 

proposed to help detect predators. Conversely, Le Conte's Sparrow (Ammodramus leconteii) was 

found to conceal in dense vegetation and showed displacement up to 400m (Stevens et al., 

2013).Corvids and Eurasian skylark did not show significant displacement and were more likely to 

emerge near turbines than farther away (Devereux et al., 2008).Functional wind turbines in thick 

vegetative areas displaced few common forest birds, as forest birds in conserved forests are more 

responsive to forest structure than proximity to wind turbines and fly they at low heights (Rehling et 

al., 2023). 
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Table 4. Summary of the significant effects of disturbance in the Passeriformes group observed 
across reviewed 74 test in 15 studies 

Wind Turbine Influence 

 
No of 
Trials/ No 
of studies 

Maximum 

Disturbance with 
influence of wind 
turbine (m) mean 
+SD (Range) 

Relative 

variation in space 
use or Abundance 
(%) mean +SD 
(Range) 

Source 

 6/3 
 
 
 
 

150 + 130 
 

(75:300) 
 

 

7.4% 
 
 
 
 

(Shaffer  etal., 2016) 
(Pearce- Higgins et al.,   2012), 
(Devereux et al., 2008) 
 

 18/5 
 

 248+103 
(80:400) 

 

-40+24% (-15:- 62) 
 

(Shaffer et al., 2016) 
(de Lucas et al., 2004) 
(Stevens et al.,2013) 
(Pearce- Higgins et al., 2012 
& 2009) 

 
  49/6 

 
-` - (Devereux et al., 2008) 

(Lemaitre et al., 2020} 
 

 1/1 - - Hale et al., 2014  

 
 

3.2.1 Synthesis of Findings on Displacement and Habitat loss 

Drawing on the new knowledge developed through the literature review about displacement, result 

of the the effect of operational wind turbines shows displacement of small birds, and there is 

variation in the displacement distances within and among taxa as shown in tables (4 and 5) across 

various studies. The effects of wind power development can extend for several kilometers, as 

described in the literature review, suggesting a significant loss of functional habitat for these species. 

Displacement and collisions create a double-edged sword that causes population decline regardless 

of whether displacement occurs. Information on displacement distances and percentage of fatality 

through collision reported in this study can be used to mitigate the negative effects of wind power by 

avoiding high-quality areas important for threatened species, by minimizing the small-scale habitat 

loss and collisions caused by wind power, and by restoring or creating high-quality habitats to 

compensate for functional habitat loss. The impact of operational wind turbines on small birds focuses 

attention on those species for which there is the greatest concern based on current knowledge of this 
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systematic review. The growth of wind energy and advances in turbine technology will likely increase 

the exposure of small birds to potential adverse impacts. Advances in turbine technology may allow 

wind energy development in regions where it currently is rare, and thus expose new species to 

potential impacts. The identified impact of operational wind turbines with small birds in the literature 

review, together with the new knowledge acquired from this study about ecological or environmental 

impact, operational wind turbines in wind farms  has caused an imbalance in small bird's 

biodiversity and habitat  use. The construction of operational wind turbines 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, meteorological towers, operation 

buildings) related to wind farms (c.f. Jones et al., 2015). Both the surface area needed and the level of 

land transformation required for building a wind farm are strongly associated with land cover and 

topography and therefore highly site-specific. As a result of constructing a wind farm on this natural 

land, 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. Apart from 

habitat loss due to the construction of wind farms and related infrastructure, fragmentation might be 

caused by disturbances arising from construction work and the subsequent maintenance of operational 

turbines. These habitat modifications can alter habitat suitability and habitat use, which might be 

reflected in the long term by changes in species abundance or species assemblages (diversity). 

Negative impacts of habitat modifications on sensitive species might be large, particularly when wind 

turbines are  situated  within  specialists  habitats.  Regarding noise  and  visual  effects,  shrub-  and 

woodland-dwelling small bird species show behavioral responses to acoustic effects of wind turbines 

in shrub and woodlands during construction, operation, and maintenance (c.f. Benitez-Lopez et al., 

2010).  

3.3 Habitat Disturbance due to Noise and Constant Turbine Motion 

Based on the effect of the habitat disturbance due to noise and constant operational wind turbine 

motion, numerous studies have consistently shown that small birds are less likely to inhabit areas 

near wind farms or wind turbines due to the constant noise and motion associated with these 

structures. See the potential impact of on small birds in table 4 above. The noise and operational 

activities can disrupt native breeding and foraging birds, leading to reduced roosting success, 

physical condition, and increased mortality rates. Auditory disturbances can be exacerbated by 
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visual disturbances from the presence of wind turbines or the large, rotational movements of their 

blades. Additionally, increased human activity near turbines, such as maintenance and repair, can 

cause birds to avoid the area altogether. The available literature indicates that wind turbine noise 

affects songbirds auditory communication and habitat utilization. However, the spatial area of 

avoidance around wind turbines by small birds may not be solely due to noise. Different species 

exhibit varying avoidance distances, ranging from a few hundred to 850 meters. The differences in 

the extent of the effect among species, including closely related ones, can be attributed to 

biological traits, intrinsic factors (such as age and sex biases), wind farm characteristics, or site-

specific conditions within an individual wind farm (Santos et al., 2021).  

Lehnardt et al., (2023) demonstrated a direct and severe adverse impact of wind turbine noise on 

songbirds. By transmitting wind turbine noise, the researchers isolated the effect of noise from 

other potential impacts of wind turbines and found a significant 30% decline in mean daily bird 

density during noise transmission. This decline exhibited a well-defined spatial pattern, with 

displacement more pronounced for birds from areas closer and windward of the phantom wind 

turbine. While species diversity remained unaffected, two of the three most common species 

showed clear avoidance behavior, with a 45% and 36% decrease in population for the Lesser 

Whitethroat (Sylvia curruca) and Sardinian Warbler (S. melanocephala), respectively. The 

reduction in bird density suggests that wind turbine noise decreases habitat accessibility for 

several bird species. Notably, there was no variation in avoidance levels between migratory and 

non-migratory species, but the displacement effect on migrants during transition points is 

detrimental from a management perspective. These findings align with previous studies 

(Fernández-Bellon et al.,2019; Stevens et al., 2013) that highlight the role of wind turbines in 

causing habitat loss and ecological degradation, with noise being a contributing factor to the 

observed displacement. This substantial displacement occurs in addition to the harmful effects 

of other factors, such as wake effects, pulsing lights, or others, and is consistent with the results 

of previous studies on the effects of wind turbines on grassland and forest songbirds, which 

reported clear displacement transitions at distances ranging from several hundred to a couple of 

hundred meters.(Mieke et al., 2016) conducted a research that revealed European Robins 

(Erithacus rubecula) significantly reduce their use of low-frequency song components when 

exposed to wind turbine noise during territorial disputes. However, the robins remained 

unaffected by the noise during solo singing. The findings suggest that wind turbine noise may 

have reduced the rate of Robin song, prompting the birds to adjust their frequency usage to avoid 

being hindered. This modification may be linked to communication obstacles, as higher frequency 

song elements can be more easily detected at higher amplitudes, leading birds to adapt to these 

frequencies to enhance signal detection. Moreover, increasing signal magnitude is more crucial 
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for effective communication in noisy environments, as the communication range limit of a signal 

in noise is more impacted by magnitude than low frequency. Interestingly, the results indicate that 

males may perceive an artificial intruder as less threatening in the presence of wind turbine noise 

compared to a serene environment. This finding contradicts the results of (Montague et al., 2013), 

which suggested that anthropogenic noise alters dynamic interaction patterns, providing evidence 

that changing ecological conditions can significantly influence reproductive characteristics. 

Furthermore, (Pedersen et al., 2007) demonstrated that intense noise is a significant factor 

affecting habitat suitability for small forest birds. The report revealed a continuous decline in 

passerine populations along the interface between noise level and distance to compressor 

facilities, providing compelling evidence that intense noise from wind power facilities impacts 

habitat sustainability for small forest birds. 

Mahoney et al., (2016) conducted a comprehensive study to assess the impact of wind power 

generation on prairie bird breeding productivity. The researchers found that landscape modifications 

for wind power may have implicit or indirect effects on songbird breeding success through various 

channels, including predator threat and access to food. Their scientific analysis revealed that the 

installed capacity of wind power generation and turbine distance may not accurately measure the 

impact on breeding success. Instead, they discovered that the average number of wind turbines 

installed per unit area of land over a large geographical region (2-6 km) was a more significant 

predictor of breeding success than any other standard measure of wind power generation. The study 

found no evidence of reduced breeding productivity affecting either species when considering the 

general trends in wind farm performance compared to control sites. The researchers demonstrated 

that the number of turbines per unit area may alter the impact on vegetation abundance, potentially 

suppressing signals used by birds to detect threats and increasing the risk of nest predation. The 

scientific findings also evaluated interannual variation in the impact of associated structural 

development on bird breeding productivity, suggesting that associated structures may only pose 

deleterious threats during years of abundant predator populations or harsh weather 

conditions.(Rehling et al., 2023) found that the expansion of wind turbines leads to an overall change 

in avian population and species diversity, with modifications in bird species population size 

correlated with increased power production. Four dominant species experienced slight displacement, 

and species richness varied across locations with wind turbines having an expanding rotor sweep, 

particularly in forests. The reduction in bird density was primarily attributed to the displacement of 

four abundant bird species in forests with wind turbines featuring large rotor blades, specifically the 

common Chaffinch (Fringilla coelebs), Marsh Tit (Poecile palustris), Nuthatch (Sitta europaea), and 

Coal Tit (Peripatus ater). Concurrently, bird species that typically occur in forests with large 

sweeping areas of wind turbines were absent. The general reduction in species diversity with 
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enlarging rotor sweep (-24.4%) was twice the size of those in species diversity (-12.5%). This 

suggests that larger turbines with larger rotors may intensify the adverse consequences of functional 

wind turbines on songbirds. However, as bird surveys rely on detecting songbirds, a reduction in bird 

vocalizations would conceal this phenomenon. In summary, these findings propose that a plethora of 

small-sized, general resident forest birds, controlled by forest composition, are most responsive to 

variations in forest composition and may not be extremely responsive to wind turbines in the vicinity. 

As a result, the potential negative impacts of human management practices on the natural ecosystem, 

absence of vulnerable species, and presence of adaptable species could have influenced the positive 

correlation between forest bird population size and proximity to wind turbines. Assessment of the 

factors that causes wind farm related disturbance and collision risks shows that careful placement of 

wind farms can significantly mitigate the impact on avian populations.  

 

3.3.1 Synthesis Findings on Habitat Disturbance through Noise 

Building on the insights derived from the literature review on habitat disturbance due to noise and 

constant turbine motion. Noise related to the operation of wind turbines and associated 

infrastructure is assumed to affect habitat use, territorial behavior, and breeding success of animals. 

Habitat quality for forest passerines seems to be negatively affected by anthropogenic noise (c.f. 

Bayne et al., 2008). Passerine density in areas near noise-generating facilities is lower than density in 

areas near noiseless energy facilities. It is assumed that noise can thereby hamper breeding success 

if bird's energy requirements increase to deter competitors and defend territories. Construction of 

new wind farms is related to land transformation, but highly dependent on land cover and topography 

(c.f. Diffendorfer and Compton, 2014). Impacts of wind farm construction on landscape features and 

thus birds might be minimized when sitting wind farms on developed land, as roads and transmission 

lines already exist there (c.f. Diffendorfer et al., 2019). It is assumed that infrastructure associated 

with wind power plants has a greater potential impact on birds than the wind farms themselves (c.f. 

Kuvlesky et al., 2007). As wind power plant development will expand to increasingly remote areas 

(e.g. mountain ridges), more miles of infrastructure (roads, transmission lines, etc.) will be required. 

Before wind power plant construction, data on small bird's habitat distribution should be compiled or 

collected to estimate spatial overlap with both already existing and proposed wind farm sites. These 

initial assessments can help reduce the negative impacts of wind power plants, especially for 

endangered species facing risks from disturbance or collision mortality during breeding, migration, or 

wintering.  
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3.4  Effects of Operational Wind Turbines on Dupont's Lark (Chersophilus duponti) 

To analyze recent scientific literature to understand and current research directions and analysis of the 

negative effect of operational wind turbines on Dupont lark as model species particularly  regarding  

spatial  scales,  vulnerable  bird and specific habitat types,the establishment of wind farms exacerbates 

the declining population trends of small-sized birds, particularly endangered species. A case study on 

the Dupont's lark reveals that additional underlying factors contribute to the overall decline (9% 

average decline). Land-use changes, agricultural intensification, and habitat degradation resulting from 

the abandonment of traditional extensive livestock systems (Suárez, 2010) are the primary drivers of 

the widespread decline in population trends (Garza & Traba, 2016),which is further compounded by 

genetic factors (Méndez et al., 2014) see the description and evidence in table 5 below. 

 

Table 5. Result summarizing Duport Lark interactions with operational wind turbine 
with reference 

    
Impact  Description  Evidence  References 

Collision 
Mortality 

Direct strikes with turbine 
blades 

Limited data but studies 
on similar small birds 
suggest potential negative 
impact 

(Erickson et 
al., 2004) 

Displacement  

Birds avoid areas with 
wind turbins due to habitat 
attention or disturbance  

significant decrease in 
Dupont's lark presence 
near wind farms in 
southern spain 

(Acros et al., 
2012) 

Avoidance  
Birds actively alter flight 
paths to avoid turbines 

Documented avoidance 
behaviour in other bird 
species likely applies to 
Duporit's larks 

(Hotker et al., 
2006) 

Noise  

Turbine Noise may disrupt 
communication breeding 
behaviour, and prey 
detention  

Wind farm noise can shift 
vocalization in similar 
bird species, suggesting 
potential impact on 
Duport's lark 

(Hoarall et al., 
2016) 

 

(Gomez et al., (2018) conducted a comprehensive study to evaluate the impact of wind farms on 

small-sized birds, utilizing the Dupont's Lark (Chersophilus duponti) as a model species. 
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The research findings reveal that wind infrastructure has a profound and deleterious effect on populations 

of small, threatened passerine birds. Specifically, the study shows that Dupont's lark populations in areas 

with wind farms experienced a significant average annual decline of 21%, which is approximately four 

times higher than the 5.8% average annual decline in populations without wind farms. Moreover, both the 

occurrence and abundance of Dupont's lark were negatively impacted by proximity to wind farms. The 

research strategy employed identified a minimum distance of 4.5 km from wind farms as a critical 

threshold, which should be considered when planning new wind facilities within the Dupont's lark's 

distribution. The naturally fragmented distribution of preferred landscapes in the study area may 

contribute to this threshold, due to the presence of unsuitable landscapes surrounding each subpopulation. 

Notably, this threshold distance suggests that wind farms contribute to the extinction of Dupont's lark 

populations, as displacement is unlikely for this species, which is characterized as a short-distance 

disperser (with adult dispersal distances of less than 2 km) (Vögeli et al., 2008).Research reveals that the 

Dupont's lark demonstrates remarkable adaptability in response to wind turbine noise, exhibiting 

phenotypic plasticity by modifying its vocalizations to cope with the challenging acoustic environment. 

This finding is consistent with numerous studies that have shown that species develop intricate strategies 

to enhance acoustic communication and overcome the limitations imposed by wind wind farm. Notably, 

this study reveals novel adjustments in the vocal repertoire of the Dupont's lark, including the emergence 

of more complex structures and a shift in the dominant note towards longer and higher-pitched 

notes(Parris & McCarthy, 2013). These vocal adaptations suggest that wind turbine noise poses a 

significant behavioral disturbance for the species, with potential consequences at both the individual and 

population levels (Barber et al., 2010). These findings have important implications for conservation and 

management efforts aimed at mitigating the impacts of wind energy development on wildlife populations. 

Having evaluated the existing research on the negative consequences of wind energy development on 

small birds mitigation of the environmental impact of wind energy development on bird populations, 

especially endangered species small passerines that habituate shrub and woodlands, appropriate measures 

can already be taken at the planning stage. Sitting 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 placement of wind turbines.  

The prevailing research directions and findings on the negative impact of operational wind turbines on 

small birds like collision, displacement and habitat loss and noise, evaluated in this systematic review 

suggests that operational wind turbines can have negative impacts on small bird populations, including the 
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Dupont's Lark. The primary concern is direct and indirect collision with operational turbines, can lead to 

mortality, displacement and habitat loss. Studies in this review have shown that the risk of collision is 

influenced by factors such as turbine design, bird species, and habitat conditions. The Dupont's Lark a 

small passerine bird, has been identified as particularly vulnerable due to its low-altitude flight patterns 

and habitat preferences. Research has also indicated that wind farms can lead to population declines in 

this species.  

3.5  Operational Measures to Minimize the Negative Effect of Operational Wind Turbine  

To minimize the negative impact, wind power generation should evade location with high conservation 

significance, majorly those occupied by sensitive species or characterized by increased collision risk, as 

demonstrated by the factors discussed above. The following mitigation is suggested: Wind power 

generation should prioritize avoidance of areas with high usage by species vulnerable to collision or 

disturbance. This includes habitats vital to small birds, such as mountain ridges and key foraging sites. In 

addition, wind farms should not be situated in region with high concentrations of sensitive specie's flight 

paths, including migration corridors, habitat connectivity pathway, and other key migration bottlenecks. 

By adopting a cautious and informed approach to wind farm placement, the risk of adverse impacts on 

vulnerable species can be reduced and promote coexistence with renewable energy production (Hötker et 

al., 2006 ).Wind power generation should desist from areas assigned as, or meeting the criteria for, 

internationally or nationally recognized sites of significant nature conservation importance, (Langston & 

Pullan, 2003).For instance, this includes areas protected under international agreements, such as Ramsar 

Sites, UNESCO World Heritage Sites, and national designations like National Parks, Wildlife Reserves, 

and Areas of Outstanding Natural Beauty. Wind farm placement must be ensured to aligning turbines 

parallel to the primary flight direction (Hötker et al., 2006). This strategic positioning can be achieved by 

situating wind farms parallel to established migration corridors or flight paths connecting roosting and 

feeding areas, thereby minimizing potential avian impacts. Wind farms should be well structured with 

designated corridors to facilitate unimpeded flight paths between turbines, enabling birds to fly easily and 

safely through the area, as recommended by Hötker et al. (2006). This ls your consideration helps 

minimize the risk of bird collisions and supports the coexistence of wind energy production and wildlife 

conservation. Wind turbines should be designed to reduce bird attraction, avoiding features such as 

perching opportunities, nesting sites, and other enticements that could lure birds into the vicinity of the 

turbines, (Hötker et al.,2006). This design consideration helps reduce the risk of bird collisions and 

supports the coexistence of wind energy production and wildlife conservation. The mast height should be 

carefully selected to minimize the risk of bird collisions and reduce potential disturbance to the lowest 
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possible level, as recommended by (Hötker et al., 2006). In Europe, regulatory agencies mandate 

Environmental Impact Assessments (EIAs) as a prerequisite for wind farm development, ensuring that 

potential environmental consequences are thoroughly evaluated and mitigated before projects proceed. 

3.5.1 Suggested Mitigation Measures for Reducing the Negative Impact of Operational Wind 

turbines on Small birds 

Based on the new knowledge accrued from the cumulative impact of operational wind turbines on small 

birds that is extensively examined, this study has systematically categorised mitigation measures or 

strategies required to reduce the impact of operational wind turbine on small birds in the table below.  In 

this review, with the aim to assess the effectiveness of operational measures employed to minimize bird 

collisions with wind turbines, this table below summarizes various mitigation strategies both 

(operational and environmental), how effective they are, the advantages and shortcomings of these 

impacts in order to address the  negative  impacts of  wind  turbines on  small birds.  For collision of 

small birds  with operational wind turbines reduction mitigation strategy, Strategic Sitting is the 

cornerstone of mitigating collision risk and it is highly effective. Pre-construction surveys are crucial, 

(c.f. Fernández-Bellón et al., 2018). These surveys identify important bird areas (IBAs), migration 

corridors, and flight patterns. Avoiding development in these areas significantly reduces the risk of 

collisions for high-risk species. Curtailment strategy which involves temporarily shutting down turbines 

during periods of high collision risk and it is moderately effective. Curtailment during low-light 

conditions can significantly reduce fatalities. Similar benefits are expected for birds during migration or 

low-visibility weather. However, curtailment can impact energy production, requiring  careful  

consideration  of  risk  versus  benefit. Diverter Devices involves painting turbine blades with black and 

white patterns in specific configurations aims to increase bird visibility. Its effectiveness is uncertain 

evidence for deterring raptors proves to be effective, but effectiveness  varies  across  species.  More 

research  is  needed  to  determine  optimal patterns  and  broader  applicability. (c.f. Hüppop et al., 

2006).  Radar  and LiDAR  technology which is promising but under development. These technologies 

have the potential for targeted deterrents or curtailment. It is shown that radar can effectively detect and 

deter birds from wind farms. However, the technology  is  still  under  development,  requiring  further  

refinement  and  cost  reduction  before widespread adoption. (c.f. Desfouleur et al. 2019). For 

displacement mitigation, establishing habitat buffer zone in undisturbed areas around wind farms can 

provide refuge for displaced birds. Buffer zones can be effective for some bird species, particularly 

ground nesters and open-habitat birds sensitive to disturbance. This mitigation measure proves to be 

moderately effective. The size and management of these zones are crucial factors in their success.  
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(c.f. Drewitt & Langston 2006). Habitat enhancement which is moderately effective involves restoring 

or creating new nesting and foraging habitat that can compensate for lost areas due to wind farm 

development. This mitigation strategy highlighted the value of habitat restoration in promoting 

biodiversity. However, establishing new habitat takes time to mature and become suitable for birds. 

Concerning flight diverters, the deterrents include reflective streamers, flashing lights, or bird distress 

calls. It is also noted the uncertainty surrounding their effectiveness. More research is needed to 

determine if and how these deterrents work for specific bird species and flight patterns. (c.f. Hüppop et 

al., 2006). For noise reduction, turbine design for example quieter turbine designs can minimize noise 

disturbance for birds and surrounding communities. Scientist has explored noise reduction technologies 

for wind turbines, demonstrating their potential to lessen the impact. However, quieter turbines may be 

more expensive and require ongoing maintenance. This mitigation strategy to reduce  noise of 

operational wind turbine on small birds is promising but is still under development.  Another  

mitigation  strategy  to  reduce  the  noise  of  operational  wind  turbine  is construction Scheduling 

which is moderately effective. Scheduling noisy construction activities outside of  peak  breeding  

seasons  can  minimize  disturbance. There  is  need to  consider  the  importance  of sensitive breeding 

periods for birds during construction planning. This helps to protect birds during their most vulnerable 

times. Habitat loss offsets involves habitat restoration which is moderately effective: As mentioned 

earlier, restoring lost habitat is crucial for mitigating the overall impact of wind farm development. This 

strategy is very crucial in habitat restoration and biodiversity for small birds. Techniques  can  include  

planting  native  vegetation,  creating  nesting  boxes,  and  managing  existing habitats for optimal bird 

use (c.f. Holl & Aide 2011). Land use management mitigation strategy involves implementing practices 

like planting native vegetation or creating nesting structures near wind farms can benefit birds. It 

ensures how land management practices in agricultural landscapes can influence bird communities. 

This strategy is moderately effective. Working with landowners to implement bird- friendly practices on 

surrounding lands can further enhance the effectiveness of mitigation efforts. The effectiveness of each 

mitigation strategies depends on various factors like the specific bird species, location, wind farm 

characteristics, and implementation details. Combining multiple approaches often leads to the best 

results. Ongoing monitoring and research, as highlighted in the table are essential to evaluate the 

effectiveness of mitigation measures and develop new approaches. By implementing these strategies and 

fostering collaboration between wind farm developers, conservationists, and researchers, we can strive to 

minimize the impact of wind farms on birds and promote a sustainable future for both clean energy and 

birds (c.f. Madders et al., 2014). 
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Table 6. Mitigation strategies for wind farm impacts on small birds 

 

Impact 
Mitigation 
Strategy Description  Effectiveness  Advantage  Shortcomings 

Collision  Strategic Siting  conduct thorough pre-
construction surveys to 
identify important bird 
areas and migration 
corridors. Avoid siting 
windforms in these 
locations 

Highly 
effective 

reduces risk for high-
risk species 

may limit suitable 
wind development 
areas 

  

Curtailment  Temporarily shut down 
turbines during high risk 
periods for bird Collison, 
such as low light 
conditions or pack 
migration times. This can 
be informed by radar or 
visual detention systems 

Moderately 
effective 

Reduces collisions 
but can impact energy 
production  

Requires accurate 
monitoring and 
potential less of 
revenue. 
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Diverter devices Paint turbines blades black 
or white in specific 
patterns to increase 
visibility for birds. Test 
different visual deterrents 
to find these most effective 
for specific purpose 

Effectiveness 
uncertain  

May be effective for 
some species but 
research is still 
ongoing 

Relatively in 
expensive and easy to 
implement  

  

Radar and 
LiDAR 
technology 

Use radar and LiDAR  
(light Detention and 
ranging) systems to detect 
approaching birds and 
trigger deterrents or 
curtailment   

Promising but 
under 
development  

May offer a more 
targeted approach to 
reducing collisions 

High upfront costs 
and requires ongoing 
monitoring and 
development 

Displacement  Habitat Buffer 
zones 

Establish buffer zones 
around wind farms where 
no turbines are placed to 
provide undisturbed habitat 
for birds 

moderately 
effective  

creates refuges for 
birds but reduces 
potential energy 
production area  

May not be feasible 
for all wind farm sizes 

  

Habitat 
Enhancement  

Restore or create new 
nesting and foraging 
habitat near wind farms to 
compensate for lost areas. 
Plant native vegetation and 
create nesting boxes 

Moderately 
effective 

provides attentive 
habitat for displaced 
birds but take time to 
establish  

Requires ongoing 
maintenance and 
monitoring 
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Noise  

Turbine Design  Invest in quieter turbine 
designs or retrofit existing 
turbines with noise 
reduction technology  

Promising but 
under 
development  

Reduce overall noise 
disturbance for birds 
and surrounding 
communities   

May be expensive and 
require ongoing 
maintenance  

  

Construction 
scheduling  

Shedulenoisy construction 
activities outside of pack 
breeding seasons for small 
birds  

Moderately 
effective  

Reduces noise 
disturbance during 
critical times for birds 

May impact 
construction timelines 
and costs 

Habitat loss 
Habitat 

restoration  

Restore or create after 
construction to replace lost 
areas. Plant native 
vegetation and create 
nesting boxes 

Moderately 
effective 

Prondes attentative 
habitat for displaced 
birds but takes time 
to establish  

Requires ongoing 
maintenance and 
monitoring 

  

Land use 
management 

Implement land 
management practices near 
wind farms that benefit 
birds such as planting 
native vegetation or 
creating nesting structures 

Moderately 
effective 

Provides additional 
habitat for birds and 
promotes biodiversity 

Requires 
collaboration with 
landowners and long 
term commitment 
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This systematic review has shown that operational measures can significantly reduce bird collisions with 

wind turbines. One effective strategy is curtailing turbine operations during periods of high bird activity, 

such as migration or breeding seasons. This can be achieved through various methods evaluated in this 

review, including automated bird detection systems that monitor bird presence and trigger turbine 

shutdowns or slowdowns. Additionally, habitat management practices, such as creating or restoring 

natural habitats away from wind farms, can help divert birds from collision-prone areas. Visual deterrents, 

like bird-safe turbine blade coatings or reflective markers, can also reduce bird attraction to turbines. 

While these measures have shown promising results, their effectiveness can vary depending on factors 

such as bird species, wind farm location, and specific operational conditions. Ongoing research and 

development are essential to refine and optimize operational measures for continued bird conservation in 

the context of renewable energy development. 

 

4 Discussion  

The rise of wind energy, in the fight against climate change, presents a complex challenge for bird 

conservation, particularly for small songbirds. In this review, with the aim to show the current status of 

the knowledge about the impact on wind energy on small birds, shows that that while wind turbines offer 

a sustainable energy, their fast-moving blades create a zone of danger for avian life. Unlike larger birds 

with limited maneuverability, small songbirds might seem less susceptible due to their agility. However, 

their smaller size presents a unique problem.  Smaller bodies are inherently more difficult to detect on 

radar, potentially leading to underestimates of collision risk (Erickson et al., 2001). This makes it 

challenging to accurately assess the true impact on small bird populations. The ecological impact extends 

far beyond direct collisions. Wind farm construction can dissect existing bird habitats, fragmenting 

nesting sites, foraging grounds, and crucial breeding areas for small songbirds. These fragmented habitats 

can disrupt established breeding cycles and reduce overall nesting success. Additionally, the constant 

noise and visual disturbances from turbines can further push birds away from these otherwise suitable 

areas (Percival 2005). This "sublethal effect," where birds avoid seemingly viable habitat due to human 

activity, can be difficult to quantify but may have long-term consequences for population health. Small 

birds are vulnerable to collisions with wind farm structures, and various factors enhance these 

collisions, including wind turbine architecture and wind farm layout, flight flexibility, visual precision, 

and cognitive factors of bird species, as well as weather and light conditions (May et al., 2015). 

Environmental factors further complicate the issue for small birds. Low visibility due to fog or storms 

can exacerbate collision risks, especially during migration when small birds often fly at lower altitudes, 
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increasing their overlap with the danger zone created by turbine blades. Additionally, the cumulative 

impact of multiple wind farms strategically placed along migration routes can have a significant 

population-level effect (Smallwood et al., 2009).  Estimating bird fatalities for small birds remains a 

particular challenge due to the difficulty in locating carcasses in complex terrain. Long-term studies that 

incorporate innovative monitoring techniques are crucial for obtaining robust data to understand the true 

scope of the problem. Researchers are actively investigating this complex interplay between wind energy 

production and avian conservation, with a particular focus on the challenges faced by small songbirds. 

Acknowledging the potential negative effects of wind turbines on small bird populations is critical (De 

Lucas et al., 2004). This knowledge can inform decisions about wind farm development and siting, 

striking a balance between harnessing renewable energy and minimizing ecological impacts. The path 

forward likely involves advancements in turbine design to improve visibility for smaller birds, strategic 

placement to avoid sensitive migration corridors and habitats, and ongoing research to develop better 

monitoring techniques. By acknowledging the challenges faced by small birds and actively seeking 

solutions, a more sustainable future for both wind energy and avian populations can be achieved. To 

discuss the effectiveness of mitigation measures used to prevent small birds from colliding with 

operational wind turbines in relation to the aim of this review, it is essential to examine the framework 

used to prioritize and implement measures that prevent dangerous locations during the planning of new 

wind farms by applying risk assessment and monitoring and compensation for unexpected or inevitable 

negative consequences. Conservation, of ecosystems that support small bird species is an indirect 

approach to reduce the vulnerability of bird collisions with wind turbines without the need for 

observation and tracking activities or systems to detect and respond to potential threats (May et al., 

2015). On-site modifications focus on reducing various behaviors and actions exhibited by birds within 

the wind farm, achievable by clear-cutting forests or decreasing the attractiveness of the vicinity of wind 

turbines. In contrast, off-site alterations aim to boost various behaviors and actions exhibited by birds in 

regions beyond the wind farm, such as creating new areas for grazing land and reproductive locations 

distant from the wind farm (Marques et al., 2014). 

4.1 Strategic Siting Mitigation Strategy to Reduce the Collision Effect of Operational Wind turbines 

on Small birds  

Having identified the dominant research directions and principal findings on the negative consequences of 

operational wind turbines on small bird populations, this study undertakes a comprehensive evaluation of 

the operational measures employed in strategic siting, with the primary aim of assessing their 

effectiveness in preventing collisions between small birds and operational wind turbines. The evaluation 
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is expected to encompass present challenges of implementing strategic siting and analysis of the 

effectiveness of this mitigation techniques, identification of areas for enhancement and improvement. The 

implementation of strategic siting mitigation strategies to minimize small bird collisions with wind 

turbines is a complex and evolving field. Several key challenges persist, including understanding the 

flight patterns, habitat preferences, and seasonal movements of various small bird species. These factors 

are crucial for accurate risk assessment and reducing the impact of operational wind turbines on small 

birds. However, scientific data gaps and species-specific complexities often limit the ability to predict 

collision hotspots. Environmental factors, such as weather conditions, habitat characteristics, and 

landscape features, significantly influence small bird flight paths and collision risks. Incorporating these 

variables into predictive models remains a challenge. While various mitigation measures have shown 

effectiveness, their impact varies depending on site conditions and bird species. Balancing the costs of 

implementing mitigation measures with potential benefits in reducing bird collisions can be difficult, 

especially for large-scale wind energy projects. Strategic siting often involves trade-offs between 

maximizing energy production and minimizing bird collisions. Finding optimal locations that meet both 

objectives can be challenging. Studies  have extensively discussed strategic siting mitigation strategies to 

reduce the negative impacts of operational wind turbines on small birds (e.g., Garcia-Rosa et al., 2023; 

Marques et al., 2014; Garton et al., 2017). To enhance the effectiveness of these strategies, several key 

areas require improvement. Developing refined models that incorporate detailed small bird species-

specific behavior, habitat preferences, and seasonal movements, utilizing real-time data from bird-

detection systems, weather stations, and other sources to improve risk assessments, investing in research 

and development of reliable and cost-effective bird-detection systems, implementing adaptive turbine 

management systems that adjust operations based on real-time bird activity and weather conditions, 

developing standardized guidelines and strengthening enforcement of regulations, involving stakeholders 

in project planning and maintaining open communication throughout the project lifecycle and 

implementing effective monitoring and evaluation programs. Addressing these challenges requires a 

multidisciplinary approach involving scientists, engineers, policymakers, and stakeholders. Continued 

research, technological advancements, and effective collaboration are essential to minimize the impact of 

wind energy development on small bird populations. 
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4.2  Habitat Enhancement Mitigation Strategy to Reduce Displacement effect of Operational Wind 

turbines on Small birds 

Following the identification of key research directions and findings on the adverse impacts of operational 

wind turbines on small bird populations, this study conducts a thorough assessment of the operational 

measures implemented in habitat enhancement, with the primary aim to evaluate the efficacy of these 

measures in preventing collisions between small birds and operational wind turbines. The evaluation will 

comprise understanding of current challenges associated with habitat enhancement implementation, an 

analysis of the effectiveness of this mitigation techniques, and the identification of areas for 

enhancement and improvement. Habitat enhancement mitigation strategies face several challenges in 

addressing bird displacement caused by wind turbine development. The diverse habitat requirements of 

different bird species make it difficult to develop universal mitigation measures. The effectiveness of 

habitat enhancement strategies varies depending on local environmental conditions, such as climate, 

topography, and existing habitat quality. Creating or restoring habitat at a scale sufficient to 

accommodate displaced bird populations can be challenging, particularly in areas with limited available 

land. Timely implementation of mitigation measures is crucial, as delayed action can disrupt established 

bird territories or breeding grounds. Restoring degraded habitats to a state suitable for bird use can be 

time-consuming and resource-intensive, requiring ongoing management to maintain habitat quality. 

Wind farm development can contribute to habitat fragmentation, isolating bird populations and limiting 

their access to resources. Creating habitat corridors to connect fragmented areas can be difficult and may 

require coordination with multiple stakeholders. Assessing the effectiveness of habitat enhancement 

strategies in mitigating bird displacement can be challenging, requiring long-term monitoring and data 

analysis. Relevant studies have evaluated the challenges and effectiveness of habitat enhancement 

mitigation strategies (e.g., Johnson et al., 2016; Miller et al., 2016; Garton et al., 2018; Delong et al., 

2019). 

To improve the effectiveness of habitat enhancement mitigation strategies, it is essential to develop 

species-specific mitigation plans considering factors like foraging preferences, nesting habits, and 

seasonal movements, consider the broader landscape context when designing habitat enhancement 

projects, focusing on creating or restoring habitat corridors, assess the cumulative impact of multiple 

wind farms and other land-use changes on bird populations and adjust mitigation strategies accordingly, 

employ advanced ecological restoration techniques to accelerate habitat recovery and improve restored 

area quality, establish seed banks to preserve native plant species and facilitate rapid revegetation of 

disturbed areas. Implementing robust monitoring programs and using advanced data analysis techniques 
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are essential for adaptive management. Public education and collaboration with local communities, 

landowners, and conservation organizations are crucial for ensuring buy-in and support for habitat 

enhancement projects. Strengthening regulatory frameworks and providing financial incentives can also 

encourage participation in habitat enhancement projects. By emphasizing these areas, it is possible to 

significantly improve the effectiveness of habitat enhancement mitigation strategies and minimize the 

negative impacts of operational wind turbine development on small bird populations. A collaborative and 

science-based approach is also essential to achieve these goals. 

4.3  Turbine Design Mitigation Strategy to Reduce the Noise Effect of Operational Wind turbines 

on Small birds  

Building on the identification of key research directions and findings on the adverse impacts of 

operational wind turbines on small bird populations, this study conducts a thorough assessment of the 

operational measures implemented in turbine design, with the primary aim to evaluate the efficacy of 

these measures in preventing collisions between small birds and operational wind turbines. The 

evaluation will comprise understanding the current challenges associated with turbine design 

implementation, an analysis of the effectiveness of this mitigation techniques, and the identification of 

areas for enhancement and improvement. 

The expansion of wind energy has made a significant contribution to a more sustainable future. 

However, the potential impact of wind turbines on avian populations remains a primary environmental 

concern. Noise pollution generated by turbines can disrupt bird behavior, leading to habitat avoidance, 

reduced foraging efficiency, and direct collisions. Elucidating the mechanisms of noise generation and 

propagation, as well as the specific behavioral responses of bird species to turbine noise, poses a 

complex challenge. 

Evaluating the efficacy of mitigation measures and identifying optimal strategies for specific sites, 

while assessing the cumulative impact of multiple wind farms on bird populations, particularly in areas 

with high avian diversity, presents implementation challenges. Keeping pace with rapid advancements 

in turbine technology and ensuring the continued effectiveness of mitigation strategies is crucial. Birds 

exhibit intricate behaviors, and understanding their reactions to turbine noise is essential. Species-

specific assessments are necessary to identify sensitive bird species and their habitats. Enhancing 

turbine design to minimize the impact on small birds requires advancements in noise modeling and 

noise-reducing designs. Studies have evaluated the cumulative mitigation strategy of noise impact on 

small birds (Boland et al., 2012; Johnson et al., 2014; Pierotti et al., 2013). Recommendations for 

effective improvement of this mitigation strategy includes utilizing advanced noise modeling techniques 
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to predict noise levels and identify areas of high bird activity, incorporating noise-reducing features, 

such as blade tip modifications and optimized rotor geometries, conducting species-specific assessments 

and habitat selection studies, implementing long-term monitoring programs to assess the effectiveness 

of mitigation measures, considering cumulative effects and coordinating mitigation efforts across 

multiple wind farms. Research and development, regulatory frameworks, and stakeholder engagement 

are essential for addressing emerging challenges and promoting best practices. International 

collaboration and knowledge sharing can enhance understanding and develop effective mitigation 

strategies. By addressing these challenges and implementing this robust mitigation strategies, the 

negative effects of operational wind turbine noise on small birds populations can be minimized while 

harnessing the benefits of renewable energy. 

4.4 Land use Management Mitigation Strategy to Reduce Habitat loss Effect of Operational Wind 

turbines on Small birds  

Having identified the dominant research directions and principal findings on the negative consequences of 

operational wind turbines on small bird populations, this study undertakes a comprehensive evaluation of 

the operational measures employed in land use management, with the primary aim of assessing their 

effectiveness in preventing collisions between small birds and operational wind turbines. The evaluation 

is expected to encompass present challenges of implementing land use management and analysis of the 

effectiveness of this mitigation techniques, identification of areas for enhancement and improvement. 

While wind energy offers a renewable and environmentally friendly source of power, its development 

can have detrimental effects on bird populations, primarily through habitat loss and collisions with 

turbines. Effective land use management strategies are crucial to mitigate these impacts, but several 

challenges persist. Seasonal variations in bird migration patterns, foraging habits, and nesting behaviors 

pose difficulties in predicting and avoiding high-risk areas. Geographic variations in small bird species 

composition and habitat preferences necessitate tailored mitigation measures. Changing environmental 

conditions can alter bird behavior and habitat use, making it challenging to anticipate future impacts. 

Balancing renewable energy goals with conservation objectives remains a key challenge. The demand 

for renewable energy often conflicts with conservation goals, as wind farms are frequently located in 

areas with high wind speeds, which may also be critical for bird habitat. Negative public sentiment 

towards wind energy development can hinder conservation efforts, particularly in areas with significant 

bird populations. Some mitigation measures have shown limited effectiveness in reducing bird impacts. 

Implementing effective mitigation measures can be costly, especially for large-scale wind energy 

projects. The lack of standardized guidelines for assessing and mitigating bird impacts from wind energy 
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development leads to inconsistencies in project planning and implementation. Inadequate long-term 

monitoring of bird populations and their interactions with wind turbines hinders the evaluation of 

mitigation measures and the development of improved strategies. The cumulative impacts of multiple 

wind farms in a region can have significant negative effects on bird populations, especially in areas with 

high bird diversity or sensitive habitats. The combined effects of wind energy development with other 

human activities can further exacerbate bird population declines. Addressing these challenges requires a 

collaborative approach involving scientists, policymakers, industry representatives, and conservation 

organizations. Improving our understanding of bird behavior and habitat use, developing more effective 

mitigation measures, and implementing standardized guidelines can minimize the negative impacts of 

wind energy development on bird populations while supporting the transition to a sustainable energy 

future. Studies have discussed the current challenges and improvement strategies for land use 

management mitigation strategies to reduce the effects of operational wind turbines on small birds (May 

et al., 2016; Li et al., 2018; Hall et al., 2017). To improve the effectiveness of mitigation strategies, 

several areas need to be addressed. Continuous research to better understand bird migration patterns, 

foraging habits, and nesting behaviors, utilization of advanced technologies to monitor bird movements 

and identify high-risk areas, incorporation of climate change projections into bird habitat modeling and 

mitigation planning exploration and development of new technologies to reduce bird impacts, 

prioritization of habitat restoration and enhancement projects, implementation of adaptive management 

approaches, establishment of standardized guidelines for assessing and mitigating bird impacts, 

comprehensive long-term monitoring of bird populations and their interactions with wind turbines, 

promotion of data sharing and collaboration among researchers, industry representatives, and 

conservation organizations, stakeholder engagement through open and transparent communication, 

interdisciplinary collaboration among scientists, engineers, policymakers, and conservation experts, 

strategic planning of bird conservation into the early stages of wind energy project planning, regional 

planning to evaluate the cumulative impacts of multiple wind energy projects, implementation of 

mitigation banking programs to offset the negative impacts of wind energy development. By addressing 

these areas, it is possible to significantly improve the effectiveness of mitigation strategies for wind 

turbine impacts on birds, thereby promoting the development of renewable energy while safeguarding 

biodiversity. 
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4.5 Mitigation Strategy Evaluation  

The spinning motion of turbines induces an impact referred to as motion streak, making the spinning 

blades appear transparent to birds (Hodos, 2003). Experimental tests suggest that applying black color to 

one blade can decrease motion streak and impact risk (Hodos, 2003). Applying color to turbines to 

enhance visual resolution is relatively easy and minimizes expenses. However, coating rotor blades 

ahead of building wind farms is suggested, as on-site coating incurs huge expenses and requires highly 

skilled professionals (May et al., 2015). A limitation of this approach is that the action decreases in 

effectiveness in limited light during unfavorable atmospheric conditions or at night. Moreover, 

decreasing motion streak by coating rotor blades is not efficient for species that frequently focus 

downwards when soaring (Marques et al., 2014). Recent scientific research at the Smøla wind farm in 

Norway has experimentally tested the assumption that coating a single turbine blade in black color 

decreases motion streak and coating the tower to increase contrast against the background, lowering the 

collision risk of birds with wind turbines. 8 wind turbines were examined to assess the outcome of 

coating one turbine blade in black, and 20 turbines were subject to observational and analytical studies 

with the tower. In a separate test, 50% were coated, while the remaining uncoated turbines served as 

"control turbines" to minimize the effect of variables and increase the reliability of the result under the 

same environmental sustainability (Stokke et al., 2020).Turbine curtailment is a viable mitigation 

procedure that depends on observing birds prior to activity to prevent potential collisions. Human 

surveillance, radar, image-capture systems, or integrated solutions have been demonstrated for observing 

birds in the area of wind farms. Curtailment and temporal closure of wind turbines are mitigation 

strategies for birds soaring at the rotor swept altitude. Temporary closure or curtailment can be 

performed anytime a bird is observed in a large region of the rate of collision or between boundaries of 

the wind farm, also known as curtailment awareness. Besides, brief closure can be performed during 

seasonal movement or several atmospheric conditions (Smallwood et al., 2020).A newly implemented 

innovation called turbine speed regulation, also known as SKARV, aims to prevent collisions between 

birds and wind turbines. This innovative idea comprises slight modifications to the rotational speed to 

enable birds to fly over the area covered by the rotor blade without being affected by the blades. This 

mechanism is essential to discover and trail birds close to a wind turbine using surveillance systems like 

radar, LIDAR, or cameras. The SKARV innovation can be optimized to contemporary wind turbines' 

velocity dynamics. In a situation like that, the innovation might be executed in a digital system that 

evaluates instantaneous bird migration path estimation and optimal rotational velocity modification to 

reduce the negative impact of collision. The rotational velocity modification may be a control signal to 

the integrated wind turbine control solution that regulates the rotor velocity of the turbine over wind 
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turbine blade angle adjustment and generator traction management. The velocity control may be a minor 

disturbance to the real rotor velocity, either an increase or decrease (Merz et al., 2016). Importantly, this 

is significantly varied In the context of curtailment, where wind turbine speed is significantly reduced to 

mitigate environmental impacts, the SKARV system is designed to dynamically adjust turbine rotational 

speed to avoid potential bird collisions while minimizing generation losses. By making only slight 

adjustments to rotor speed, energy production is largely preserved. However, in situations where bird 

flight paths are highly unpredictable, such as with species exhibiting erratic flight patterns, turbine 

shutdown may be necessary to ensure avian safety. Similarly, if a flock of birds is approaching, shutdown 

may be the most appropriate measure to prevent collisions and prioritize wildlife conservation. The study 

of the impact of operational wind turbines and how to reduce its effect on small birds is crucial to the 

scientific community, wind developers and investors for several reasons. It is very important to 

minimizing bird deaths by quantifying Impacts by understanding the scale of bird mortality from wind 

turbines helps assess the overall environmental impact of wind energy. This allows for comparisons with 

the environmental costs of traditional energy sources like fossil fuels. Studies on bird behaviors near 

turbines as illustrated in the literature review help scientists to develop strategies to reduce collisions. This 

includes turbine design modifications, optimizing placement to avoid migration routes, and deterrents like 

visual or auditory signals. 

4.5.1 Significance of the Cumulative Results  

The knowledge accrued from the study will help scientists in understanding habitat Impacts and habitat 

Fragmentation. Wind farm construction can fragment bird habitats, impacting breeding, foraging, and 

migration patterns. Studying these effects helps minimize habitat disturbance during construction and 

plan for habitat restoration projects. This study will help researchers to Identifying Vulnerable Species. 

This research helps pinpoint specific bird species most at risk from wind farms. This knowledge allows 

for targeted conservation efforts and informs decisions about wind farm placement. This study will help 

scientific communities to know displacement and disruption. Wind farms might displace birds from their 

habitats due to noise or visual disturbances. Studying these behavioral changes helps to assess the 

broader ecological impact on bird populations. This topic is also important to scientists in balancing 

energy needs with Conservation and sustainable energy Solutions. Wind power is a vital renewable 

energy source for combating climate change, which is a major threat to birds. Studying the wind-bird 

interaction helps develop sustainable energy solutions that minimize harm to avian populations. 

Consequently, this study can also be used for data-driven Policy and informing future technologies. 

Scientific data from these studies inform policy decisions regarding wind farm development and 
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regulations. This ensures a balance between promoting sustainable energy and protecting bird 

populations. Studying bird-turbine collisions helps engineers develop safer turbine designs with 

improved visibility  for  birds  or  features  to  deter  them  from  flying  too  close.Also  it  ensures 

advancements in renewable energy for scientists. Research on wind-bird interactions can guide the 

development of other renewable energy sources to minimize their ecological footprints. By studying the 

effects  of  operational  wind  power  on  birds,  the  scientific  community  can  develop  solutions  that 

promote clean energy production while safeguarding avian biodiversity. This knowledge is crucial for a 

sustainable future. The study of operational wind turbines effect on birds also holds significant 

importance for wind  power  developers  and  investors  for  several  reasons  related  to  economics, 

regulations, and public perception. It will help developers and investors in wind power sector to reduce 

risk and costs of project. Many countries have regulations requiring wind farm developers to assess 

potential impacts on birds before construction. Studies demonstrating minimal bird impacts can 

significantly expedite the permitting process, saving time and money. It lowers mitigation cost. 

Understanding bird behavior and collision risks helps developers plan wind farms that minimize bird 

mortality. This can reduce the need for expensive mitigation measures like turbine shutdowns or habitat 

restoration projects. It reduced liability. By conducting thorough bird studies and implementing effective 

mitigation strategies, developers can minimize their liability for bird deaths. This protects them from 

potential lawsuits or fines from regulatory bodies. The knowledge accrued from this topic ensures 

project optimization and Increased revenue through proper  turbine  siting and layout optimization. 

Studies on bird migration patterns and habitat use can inform optimal turbine placement within the 

wind farm. This can avoid high-risk areas for birds, maximizing wind energy capture while minimizing 

mortality. It will also Improve project viability. Demonstrating minimal bird impacts can improve project 

viability for investors. This increases the project's attractiveness by lowering perceived environmental 

risks. This topic is of great importance to practitioners in wind power industry by maintaining public and 

Investor confidence by addressing public concerns. The wind industry faces public scrutiny regarding 

bird deaths. Studies that showcase responsible development practices and minimal bird impacts can 

help address public concerns  and maintain social acceptance  of wind energy  projects  and also  by 

meeting environmental, social, and governance (ESG) Standards. Many investors today prioritize 

companies with strong ESG practices. Demonstrating a commitment to minimizing environmental 

impacts, including bird safety, helps developers attract environmentally conscious investors. Overall, 

studying the effect of wind power on small birds is an investment for developers. It allows them to 

navigate  regulations  smoothly,  minimize  costs,  optimize  project  design,  and  maintain  public  and 

investor confidence. Conducting thorough bird studies is not just an environmental responsibility, but a 
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sound business decision for wind farm developers and investors. The result facilitate a crucial discussion 

on balancing the need for clean energy production with the protection of bird populations. To the wind 

developers, investors and government policy, the results of this study brings Increased awareness and 

improved practices. The impact of the result bring attention to the potential negative effects of wind 

turbines on birds and encourage the development of solutions. The research findings inform regulations 

and best practices for wind farm development, leading to more bird-friendly turbine designs and siting 

strategies. For Ongoing studies continuously improve scientific understanding of bird behavior and 

turbine interaction. This knowledge informs the development of even more effective mitigation strategies 

in the future. In simpler terms, the results are a crucial tool for finding a balance between using wind 

energy as a clean power source and protecting bird populations. They highlight the challenges, promoting 

sustainable wind energy by minimizing bird deaths. The research paves the way for a more sustainable 

approach to wind energy development, guiding wind developers and investors in developing sustainable 

wind farm practices. By minimizing bird deaths, the research paves the way for a more sustainable 

approach to wind energy development. The impact of the results is significant, highlighting potential 

problems and offering crucial insights to develop solutions, ensuring wind energy remains a viable and 

responsible source of clean power.  The impact of the results on wind  turbines  and  birds  varies 

depending  on  the  stakeholder.  For scientists, the results open  doors  for  further  research  on  bird 

behavior, improving avian radar technology, and investigating alternative deterrents. This fosters 

collaboration opportunities between scientists, wind farm developers, and conservationists to develop 

and test new mitigation strategies. The documented results can lead to increased funding for research 

on minimizing bird mortality from wind turbines, driving innovation in turbine design and operation to 

minimize bird fatalities. Research findings can inform stricter regulations, potentially impacting project 

timelines and costs. This could lead to the development of more bird-friendly turbines, creating a 

competitive advantage for developers who adopt such technologies. The impact of the results can boost 

investor confidence, reassuring investors that wind energy can be developed responsibly. The results 

present both challenges and opportunities for developers and investors, helping to factor in potential 

bird impact during planning stages and budget for mitigation measures. Overall, the impact of the 

results pushes both scientists and the wind industry towards a more sustainable future, developing wind 

energy that is both clean and bird-friendly. 

The difference between previous studies and the result of this systematic review is, the previous studies 

primarily concentrated on the risk of bird collisions with wind turbines, particularly large birds 

(c.f.Thelander et al., 2003). The main concern was direct mortality. The Methods of the Studies relied 

heavily on carcass searches. Researchers searched for bird carcasses under turbines to estimate mortality 
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rates, observed bird behavior and counted birds in the vicinity of wind farms and basic models predicted 

bird mortality based on wind turbine density and bird abundance. The estimated bird mortality rates 

ranged from tens to hundreds of birds per turbine per year. Some studies suggested significant population-

level impacts due to lack of consideration for bird behavior, habitat, and environmental factors 

particularly for vulnerable species and their results were often extrapolated to estimate large-scale impacts 

without considering local factors. The results of this systematic review about the negative impact of 

operational wind turbine on small birds has expanded to include habitat disruption by Investigating 

changes to bird habitats and ecosystems, studying how wind farms affect bird distributions and behavior 

and examining how operational wind turbines influence bird activity patterns. The methods mostly used 

in the literature for this review incorporate advanced technologies like camera traps to capture images of 

small birds interacting with turbines, Radar to tracks bird movements and behavior, GPS tracking to 

monitors individual bird movements. In terms of Statistical modeling, sophisticated models were used to 

account for environmental factors and bird behaviors. Result of small birds fatality rate were integrated 

from multiple wind farms and regions. The results of this review suggests wind farms can be designed 

and sited to minimize impacts. Importance of considering bird behavior, habitat, and environmental 

factors is highlighted in the review and results show varying impacts across species, regions, and wind 

farm designs. This study and its results explore the cumulative impacts of operational wind turbines on 

small birds bird populations across  landscapes  while  previous  studies  emphasized  on  multiple  species  

of  small birds. Based on similarities, both previous studies and this study with the results highlight bird 

fatalities from collisions as a major concern (c.f. Erickson et al., 2001). However, this study 

acknowledge some o f  the limitations in older studies in the literature review which often relied on 

visual surveys that might underestimate fatalities. Radar technology and improved carcass search methods 

in the literature used for this systematic review provide a potentially more accurate picture than some of 

the previous study (c.f. Allison et al., 2014). The susceptibility of small birds with operational wind 

turbine was given a little attention by scientists in the previous studies but this systematic review and its 

results gives a broader scientific view about the impact of operational wind turbines on endangered 

species of small birds and it will remains a consistent finding in scientific communities. Understanding 

the impact of the impact of operational wind turbines on vulnerable  species  of  small  birds  is  crucial  

for  developing  targeted mitigation strategies. Site selection to avoid sensitive habitats and migration 

corridors is paramount. This minimizes collision risk and protects critical bird populations. These 

study and its results delve deeper into the direct and indirect effects of operational wind turbines on 

small birds than the previous studies. Habitat disturbance, displacement from suitable areas, and 

disruptions to breeding or foraging can all impact birds. Understanding these broader impacts requires a 
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more holistic approach to wind energy development. This study and its results acknowledge the 

systematic complexity of factors influencing bird mortality than some previous studies  e.g.  Weather 

patterns, prey availability, and turbine operation all play a role in mortality rate because researchers are 

more cautious in interpreting data and emphasize the need for long-term monitoring to understand 

population trends. In terms of technology advancements in research methodology (c.f. Allison et al., 

2014), this study explores the impact of larger, slower turbines compared to older models typically 

studied previously. In terms of mitigation measures both previous and new approaches in this systematic 

review results emphasize careful site selection to minimize risk. Avoiding sensitive bird habitats and 

migration corridors is crucial (c.f. Drewitt & Langston, 2006).  Both previous studies  and  this  study  

with  its  results  emphasize  on  habitat  management mitigation strategy for birds by modifying the 

surrounding habitat to make it less attractive to birds continues to be a strategy. This might involve 

removing perches or restoring native vegetation. In terms of technological advancements on mitigation 

strategy, previous studies on mitigation strategies may not have considered the impact of larger, slower-

rotating turbines with longer blades. Recent approaches in this systematic review address the specific 

challenges of operational wind turbines on small birds with appropriate mitigation strategies and 

measures and with newer technologies pose (c.f. Allison et al., 2014). This study and its results 

emphasize the importance of ongoing monitoring and evaluation to assess the effectiveness of mitigation 

strategies and adapt them as needed as against the previous studies. Previous studies focuses more on 

traditional methods often focused on passive deterrents like strategically placed reflectors or diverters (c.f. 

De Lucas et al., 2014) This study actively explores more active measures like turbine shutdowns during 

peak migration periods and advanced deterrents like visual Deterrents and auditory deterrents. These can 

include holographic small birds projections, which weren't readily available earlier. This study and its 

results on mitigation strategies are increasingly informed by data on bird behavior, migration patterns, 

and collision risk factors. This allows for more targeted and potentially more effective mitigation 

compared to previous studies (c.f. Shaffer et al., 2004). By acknowledging both the similarities and 

differences between previous and this study and its result, researchers will gain a more comprehensive 

understanding of operational wind turbines's impact on small birds. This knowledge can inform 

responsible wind energy development that balances sustainable energy needs with the protection of small 

birds and their habitats. 

4.5.2 Recommendation for Future Studies  

Wildlife researchers and stakeholders should have a comprehensive understanding of the factors 

contributing to bird collisions with wind turbines. This systematic literature review has identified key 
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drivers of fatalities and acknowledged the intricate relationships between them. Notably, lighting remains 

the least understood aspect, warranting further investigation through rigorous testing of various lighting 

protocols on wind turbines and their impact on bird fatalities, particularly during migratory periods and 

adverse weather conditions. The expansion of wind energy into novel areas with unique landscape 

features and bird communities, or the adoption of innovative turbine technologies, may pose new 

challenges and questions for the scientific community, as seen in offshore developments. Detection of 

small bird behavior in poor climatic conditions is limited, but remote technologies such as radar and 

thermal imagery can enhance monitoring capabilities. Additionally, predicting climatic conditions that 

increase collision risk can inform risk assessments. Most scientific research has focused on arrays of small 

turbines, but larger turbines in wind farms may pose different risks. Wind farm site and arrangement play 

a vital role in identifying bird collision risk; therefore, turbines, meteorological masts, power lines, and 

associated structures must be examined through risk assessment.  A significant hurdle in offshore wind 

farms is implementing effective monitoring plans and accurately predicting collision risk due to logistical 

constraints, such as assessing accurate fatality rates and studying bird movements and behavior at 

offshore wind farms, which often requires deploying advanced sampling devices like radar or camera 

equipment (e.g., Desholm et al., 2006). Given the complexity of factors influencing collision risk, 

mitigating bird fatalities is a complex task requiring a multifaceted approach. Therefore, mitigation should 

be a priority research area in the near future. Researchers should strive to develop guidance on species-

specific mitigation methods that are adaptable to the unique characteristics of each site and wind farm 

features, considering the importance of species-specific factors in bird collisions. Moreover, appropriate 

siting of wind farms remains the most effective measure to avoid bird fatalities, and developers should 

work to develop and implement effective siting strategies that balance energy production with bird 

conservation. Validating predictive methodologies is crucial when developing new wind energy projects 

and assessing their environmental impacts. Comparing predicted risks with actual fatalities during 

operational phases is essential to ensure accuracy. While pre-construction assessments may be sufficient 

in some cases, integrating them with minimization techniques may be necessary to mitigate bird fatalities. 

The drive for renewable energy is leading to wind farm development in various areas, but a significant 

knowledge gap remains regarding real avoidance rates among bird species. Addressing this gap requires 

accumulating data from rigorous investigations at operational wind farms to understand bird behavior 

around turbines. Further research is imperative to improve predictive modeling, alleviate public concerns, 

and inform evidence-based mitigation strategies. Correction factors based on observer efficiency and 

scavenging rates are essential for accurate bird fatality estimates. However, these factors should be 

calculated using site-specific, season-specific, and vegetation-specific data to account for variability. 
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Scavenging trials should be designed to detect asymptotes in loss, informing optimal carcass search 

intervals. Estimates should be adjusted for searcher bias and carcass removal bias (Morrison, 2002). Field 

methods and experimental trials should be reviewed and refined before beginning studies. Future research 

should investigate turbine noise effects on acoustic parameters like signal amplitude and explore 

innovative mitigation strategies. As the renewable energy landscape expands, rigorous planning, 

independent environmental assessments, and evidence-based decision-making are crucial (Serrano et al., 

2020). Fine-scale noise assessments must quantify chronic noise exposure impacts on wildlife in future 

wind energy projects to ensure sustainable development. 

5 Conclusion  

Policy makers, wind energy developers, and investors must consider the adverse impact of wind energy 

on bird populations when formulating policies or developing new wind energy facilities (Saidur et al., 

2010). Wind turbine development significantly impacts small bird populations through increased 

mortality and habitat loss, necessitating effective mitigation strategies to balance renewable energy with 

avian conservation. The findings of this review have significant implications for wind energy policies and 

developments. Firstly, the results indicate that wind turbines have a detrimental effect on small bird 

populations within a shorter radius, with the impact diminishing rapidly as the distance increases. 

Specifically, wind turbines pose a negligible threat to breeding small birds beyond 1600 meters. 

Consequently, wind energy policies should establish buffer zones of at least 1600 meters between wind 

turbines and high-density bird areas (Isselbächer, 2001). Taller turbines (over 200 meters) require even 

greater distances, exceeding 2000 meters, and in some cases, larger distances are recommended, such as 

at migratory bird stopover sites (Köhler et al., 2014). Research estimates suggest that adding a single 

turbine near a bird observation area results in the disappearance of 1-3 breeding birds, depending on the 

buffer zone size. Conversely, adding a turbine may lead to a small increase (0-0.81) in grassland bird 

abundance around the observation area (Saidur et al., 2010).The presence and noise of turbines may 

prevent birds from utilizing nearby areas, and limited studies account for diurnal and nocturnal behavior 

differences. Inappropriately positioning wind farms can have population-level effects, and cumulative 

mortality from multiple installations can contribute to population declines. Projecting wind turbine-

related avian fatalities is challenging due to limited data; however, evidence suggests that areas with 

high bird use, especially by species of conservation concern (e.g., threatened passerines), are unsuitable 

for wind farm development. Site selection is critical to minimizing collision mortality, and the 

precautionary principle should be applied in areas with high concentrations of species of conservation 

importance. Alternative locations should be proposed for wind farms that can impact deleterious threats 
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to small birds (García-Antón et al., 2021). I have structured this review to improve clarity and flow, 

emphasizing the importance of considering wind farm location and layout, remote technologies, and 

diurnal and nocturnal behavior differences in assessing bird collision risk. Additionally, I have 

highlighted the need for post-construction evaluation and the application of the precautionary principle 

in areas with high conservation importance. 

 This review is practically significant, aiding wind energy developers in making informed siting decisions 

that balance wind energy production and bird conservation. Moreover, monitoring programs should 

employ robust experimental designs, such as the Before-After-Control Impact (BACI) approach 

(Strickland et al., 2011), to ensure effective assessment and mitigation of wind energy's impact on bird 

populations. By adopting a evidence-based approach, wind energy development can reconcile with bird 

conservation, minimizing harmful impacts and promoting sustainable coexistence. Wind farm developers 

should, whenever possible, avoid areas with high concentrations of vulnerable bird species, to minimize 

potential impacts on avian populations. In situations where avoidance is not feasible or data on bird 

populations is lacking (particularly in offshore environments), comprehensive and sometimes long-term 

environmental impact assessments are essential. While existing bird data may inform these assessments, 

original data collection on bird populations, distribution, and migration patterns is crucial to predict 

potential impacts and inform mitigation strategies. Onshore, the methods and technology for conducting 

these assessments are well-established, although some techniques (e.g., collision risk models) require 

further refinement and validation to ensure accuracy and reliability. The Before-After-Control-Impact 

(BACI) design is widely regarded as the most effective approach for detecting impacts, providing robust 

and reliable results. However, careful consideration must be given to the constraints and assumptions 

associated with BACI studies to ensure their effective implementation. Moreover, it is imperative to 

establish and implement robust monitoring programs that yield comprehensive and reliable results, and to 

publicly share findings on bird fatalities and mitigation measure effectiveness(Subramanian, 2012). By 

sharing knowledge and best practices, we can continually improve the mitigation hierarchy and develop 

wind farms with reduced collision risks, promoting sustainable coexistence with bird populations and 

minimizing environmental impacts. While wind energy is a vital component of a sustainable future, its 

detrimental impact on small bird populations cannot be overlooked. The collision of birds with turbine 

blades, habitat disruption, and cumulative effects of multiple wind farms pose significant threats to avian 

biodiversity. To mitigate these issues, comprehensive research, the development of effective deterrents, 

and careful site selection are essential. Striking a balance between renewable energy production and bird 

conservation is crucial for preserving our natural inheritance. 
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