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This literature review synthesizes findings from 88 studies on the environmental impacts of Accepted 23 September 2025

onshore wind energy. Most concerned impacts on vegetation, followed by soil and
hydrology. The nature and severity of impacts varied across ecosystems and geographic KEYWORDS

contexts, but despite the growing body of studies documenting impacts that lead to Renewable energy
ecosystem degradation, only a few acknowledged the resulting need for mitigation (24) or ~ development; land use
restoration (23). To bridge this gap, a conceptual framework is presented that links the change; environmental
documented impacts to mitigation potential across all phases of onshore wind energy. This ~ MPact assessrlnent; -
framework illustrates seven key actions to advance the mitigation of environmental impacts 2::;:22222:; f::gig?;gn’
by reinforcing existing mitigation strategies or overcoming persistent knowledge gaps. ecosystem rehabilitation '
These are: (1) Inform decision-making, (2) Standardize environmental impact assessments,

(3) Plan restoration early, (4) Understand feedback-mechanisms, (5) Inform predictive

models, (6) Learn from other sectors, and (7) Evaluate restoration outcomes. By synthesizing

evidence on impacts, presenting mitigation solutions, outlining actionable steps for

improvement, and stressing the emerging need for ecosystem restoration, this review

provides a foundation for more effective mitigation of environmental impacts of onshore

wind energy. Advancing this shift is essential to ensure that renewable energy expansion

aligns with both climate goals and environmental sustainability.

HIGHLIGHTS

+  Onshore wind energy has diverse impacts on vegetation, soil, and hydrology.

« Only 26% of studies considered the need for ecosystem restoration.

- Limited understanding of impacts causes uncertainties in decision-making.

+ Implementing targeted key actions can advance mitigation of environmental.

- Impacts Proactive approach to integrating restoration throughout the project lifecycle
is imperative.
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1 Introduction

To halt climate change, international commitments like the Paris Agreement aim to reduce carbon
emissions by steering energy production towards renewable solutions. By 2040, more than half of the
global energy supply could stem from renewables, with wind energy being the second largest contributor
(25%) after solar photovoltaic (32%), and ahead of hydropower (14%) and bioenergy (4%), according to
the International Energy Agency (2023). Currently, onshore wind power plants account for over 90% of
global wind energy production, and as older plants reach decommissioning, the need for site restoration is
growing (Windemer & Cowell, 2021).

Advancements in onshore wind energy production have also raised concerns about potential conflicts
regarding land use (Frantd et al., 2023), society (Otto & Leibenath, 2014), and the environment (Katzner
et al,, 2019). Most studies on environmental conflicts associated with onshore wind energy focus on
wildlife disturbance in the form of habitat loss (Diffendorfer et al., 2019; Kati et al., 2021; Kuvlesky Jr et al.,
2007), species avoidance and behavior (Barré et al., 2018; Harrison et al., 2017; Thaxter et al., 2017), or bird
and bat mortality (Laranjeiro et al.,, 2018; Thaxter et al., 2017). With wildlife conflicts as a dominant
concern, research has largely focused on operational issues (Delgado et al., 2020; Windemer, 2019), while
long-term impacts on ecosystems remain understudied. To address this gap, the present study focuses
explicitly on ecosystem-level impacts.

Emerging evidence links wind power plants to changes in vegetation, soil, and hydrology. This may
contribute to ecosystem degradation, which has been defined as °[...] a persistent decline in the structure,
function, and composition of an ecosystem compared to its former state’ (Society of Ecological
Restoration, 2024). To limit ecosystem degradation, the mitigation hierarchy emerges as a valuable
framework, linking each project phase with an associated decision gate to reduce negative environmental
impacts (Ekstrom et al., 2015). For onshore wind energy, the prioritized steps include avoiding impacts
during planning, minimizing them during design, reducing them during construction, compensating for
them during operation, and restoring ecosystems at decommissioning (May, 2016). Enhancing our
understanding of impacts across all project phases is therefore key to mitigating degradation and
supporting the restoration of degraded ecosystems.

In theory, the less land is needed to produce (wind) energy, the less land is degraded. In practice,
ecosystem degradation is not restricted to direct land use (i.e. occupation), but can also be caused
indirectly, for example through land transformation (Lindeijer, 2000). While for coal and nuclear energy,
essentially whole ecosystems must be cleared (McDonald et al., 2009), wind power plants require spacing
in between individual wind turbines. This allows for parts of the ecosystem to persist inside the main
operation area. Accordingly, the impacts of wind power plants on ecosystems can be separated into direct
and indirect impacts. Direct impacts are caused by temporary and permanent infrastructure development
and require the clearing of ecosystems. Indirect impacts relate to the total area use of a wind power plant
and include, for example, soil compaction through heavy vehicles, hydrological changes due to drainage,
or microclimatic effects caused by wind turbine operation (Denholm et al., 2009). The land requirement of
onshore wind energy is considered low (1.3 km?/TWh) when only considering direct impacts, but high
(126 km?*/TWh) when also considering indirect impacts (Trainor et al., 2016). While the land requirement
of traditional energy sources like nuclear (0.3 km?*/TWh), gas (1.0 km*/TWh), and coal (15 km?*/TWh) can
be much lower (Gibon et al., 2021), this comes at the cost of substantially higher greenhouse gas emissions
and pollutants that result in broader environmental impacts beyond land use alone (Dale et al., 2011).

Although ecosystem restoration has been explored in traditional energy sources (Bandyopadhyay &
Maiti, 2022; Haden Chomphosy et al., 2021; Prach & Tolvanen, 2016), it received limited attention in the
context of onshore wind, especially during early project phases (Topham & McMillan, 2017; Welstead
et al., 2013). This oversight is particularly problematic given the increasing demand for renewable energy
production and the resulting pressure on ecosystems from more wind power plant constructions. There is
an urgent need to comprehensively understand the environmental impacts of onshore wind energy to
implement robust mitigation strategies.

The primary objective of this literature review is to systematically evaluate the current knowledge on the
impacts of onshore wind energy on ecosystems, with a focus on vegetation, soil, and hydrology. Given that
such impacts necessitate both mitigation and restoration efforts, the review examines whether mitigation
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and restoration are sufficiently addressed in the scientific literature as a response to documented impacts.
By synthesizing these insights, the review aims to provide a framework for understanding current
knowledge gaps and guiding the development of effective strategies to mitigate environmental impacts
and restore degraded ecosystems accordingly.

2 Materials and methods
2.1 Literature search

A systematic literature review was conducted, guided by the PRISMA 2020 framework to ensure
transparency and reproducibility in the selection of studies (Page et al., 2021). The review process
began with a scoping search in Web of Science and the Tethys Knowledge Base to explore available
literature and to inform the development of a comprehensive search string. Twenty initial references were
consulted to guide the formulation of the final search terms. The final search string was developed to
include keywords related to wind energy infrastructure and environmental impacts on vegetation, soil, and
hydrology, while excluding offshore and marine contexts and studies focusing on birds, bats, or dunes. The
search terms used were:

(‘windfarm’ OR ‘windpark’ OR ‘wind energy’ OR ‘wind farm* OR ‘wind park*’ OR ‘onshore wind’ OR ‘wind turbine*’
OR ‘wind power*’) (Topic) AND (‘ecosystem degradation’ OR ‘land degradation” OR ‘fragmentation’ OR ‘microclimate’
OR ‘water turbidity’ OR ‘macronutrient*” OR ‘suspended sediment® OR ‘ocal precipitation” OR ‘flooding’ OR ‘runoff’
OR ‘hydrology’ OR ‘dissolved organic carbon’ OR ‘drainage’ OR ‘DOC’ OR ‘desiccation’ OR ‘oil spill* OR ‘soil
degradation’ OR ‘soil erosion” OR ‘soil compaction’ OR ‘soil disturbance’ OR ‘topsoil’ OR ‘soil loss’ OR ‘peat™” OR ‘peat
slide* OR ‘leaf area’ OR NDVI” OR ‘EVT’ OR ‘plant growth’ OR ‘plant diversity’ OR ‘plant specie*” OR ‘plant cover’ OR
‘vegetation health’ OR ‘vegetation cover’ OR ‘vegetation structure’ OR ‘vegetation disturbance’ OR ‘vegetation growth’
OR ‘plant communit® OR ‘invasive plant*” OR ‘endemic plant*’ OR ‘deforestation’ OR ‘grassland’ OR ‘“flowers’ OR
‘crop’) (Topic) NOT (‘offshore’ OR ‘maritime’ OR ‘sea” OR ‘bird* OR ‘bat*” OR ‘dune*’) (Topic)

Literature was retrieved on 25 July 2024, from Web of Science, Scopus, and ProQuest (Figure 1). For
Tethys, a faceted search strategy was used to retrieve all references listed under land-based wind and linked
to habitat change as a stressor and the physical environment as a receptor. The initial search yielded a total
of 1477 references. All references were imported into the EndNote reference manager (The EndNote
Team, 2013), and duplicates removed automatically.

Identification of new studies via databases and registers Identification of new studies via other methods

Records identified from:
c Databases (n = 4): Records removed before screening: T .
2 ProQuest (n = 658) Duplicate records (n = 504) Reox:;sﬁ;m(ﬂnle_doh)om.
§ Web of Science (n = 498) — Records marked as ineligible by automation OrGarsRons (;‘ -0)
z Scopus (n = 297) toals (n = 504) Cilalign searching (r:— 45)
ﬁ Tethys (n = 24) Records removed for other reasons (n = 0) -
Registers (n = 0)
Records screened Records excluded

(n=973) (n=735)
2 l 5 g
z Reports sought for retrieval Reports not retrieved Reports sought for retrieval Reports not retrieved
] (n=238) (n=41) (n =45) > (n=3)
’ '

Reports assessed for eligibility Reports excluded: Reports assessed for eligibility Reports excluded:
(n=197) Met exclusion criteria 1-5 (n = 127) (n=42) Met exclusion criteria 1-5 (n = 24)

New studies included in review
(n=88)

Reports of new included studies
(n=0)

Included

Figure 1. PRISMA 2020 flow diagram summarizing the selection process for studies included in the literature review. The
diagram was generated using the PRISMA 2020 flow diagram tool (Haddaway et al., 2022).
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A three-step screening process was followed to assess eligibility. First, titles and keywords were screened
to eliminate obviously irrelevant references. Second, abstracts were reviewed for relevance to the core
topics of vegetation, soil, and hydrology in the context of onshore wind energy. Third, full texts were
examined for final inclusion. References were assessed by LS, and no automation tools or machine learning
classifiers were used in the screening process beyond EndNote's built-in duplicate detection.

Studies were excluded when they: (1) were not in English, (2) did not focus on onshore wind energy, (3)
lacked relevance to vegetation, soil, or hydrology, (4) focused on wildlife disturbance, or (5) were not available
as full text. This process resulted in 70 references meeting the criteria for inclusion. Following initial selection, a
backward and forward reference search was conducted using the Web of Science citation map, identifying 18
additional studies that met the inclusion criteria. In total, 88 studies were included in this review.

2.2 Literature categorization

Studies were systematically categorized in three steps: First, they were grouped by their primary environ-
mental focus on vegetation, soil, and/or hydrology. Second, they were classified as empirical or non-
empirical. Empirical studies were defined as generating original data through remote-sensing, on-site
monitoring, or model simulations. Non-empirical studies consisted of theoretical, conceptual, or review-
based analyzes without novel data collection. For empirical studies, further categorization followed a
typology adapted from Ze et al. (2024), which distinguished between three main methodological
approaches. Remote sensing studies use satellite imagery or aerial data to evaluate spatial patterns and
temporal trends in environmental parameters. On-site monitoring studies include field-based data collec-
tion, like vegetation surveys, soil sampling, and hydrological measurements. Model simulations involve the
use of computational models to estimate or predict impacts. Finally, studies were categorized based on the
attention given to mitigation and restoration. Each study was classified as either: (1) Focuses solely on
impacts without mention of mitigation or restoration, (2) mentions (the importance of) mitigation, or (3)
mentions (the importance of) ecosystem restoration.

No formal meta-analysis was conducted in this review due to the heterogeneity of study designs, metrics,
and environmental contexts. Instead, a narrative synthesis approach was used, allowing for the identification
of common findings and methodological patterns across diverse empirical and non-empirical contributions.
This approach was deemed appropriate given the complex, multi-scalar nature of the environmental impacts
under investigation and the diversity of measurement approaches employed across studies.

3 Results
3.1 General description of the dataset

Out of the 88 studies included in this literature review, the majority focused on impacts on vegetation (59
studies), followed by soil (37 studies) and hydrology (26 studies) (Figure 1). The number of studies published
on these topics showed a clear upward trend, particularly after 2010, with a peak of 11 studies in 2023
(Figure 2). Non-empirical studies were less frequent, comprising 26 studies. They typically lacked focus on
specific environmental impacts. In contrast, empirical studies were more frequent (62 studies) and focused on
specific impacts, such as vegetation dynamics (28 studies), water quality (13 studies), and plant community
composition (12 studies) (Figure 3). Remote sensing was the most commonly used methodology, employed in
48% of studies, particularly for studying vegetation dynamics. Of the 28 studies on vegetation dynamics, 23
used remotely sensed data (Figure 3). On-site data monitoring was the second most common methodology,
accounting for 40% of the studies. It was often used to study water quality and plant community composition.
Model simulations were the least common approach, used in only 11% of the studies.

3.2 Environmental impacts

3.2.1 Vegetation dynamics
Vegetation dynamics involve changes in vegetation cover, growth, and physiology. Several studies reported
increased vegetation growth following wind power plant construction. For instance, Luo et al. (2021)
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Figure 2. Number of published studies on the impacts of onshore wind energy on vegetation, soil, and hydrology from
2002 to 2024 (N = 88). The number for 2024 was extrapolated based on publications until July, assuming stable research
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Figure 3. The number of empirical studies on the specific impacts of onshore wind energy on ecosystems. Each impact
group is represented by a stack of bars, with different shades (dark, medium, and light) indicating the proportions of
different methodologies used. The inset displays the overall proportions of methodologies used across all empirical studies
(N=62).* No model simulations were used in studies on water quality and plant community composition.

reported increased evapotranspiration rates and vegetation cover after wind power plant construction on a
grassland dominated by perennial herbs, suggesting increased vegetation growth following construction.
This suggestion was confirmed by studies conducted in the Gobi desert (Xu et al., 2019) and meadow
grasslands (Ji et al., 2023), which both reported higher biomass and improved physiological states
of vegetation near wind turbines, as well as increased biomass correlating with wind power plant
operation.

Negative impacts on vegetation dynamics can result from vegetation clearings prior to construction,
vehicle movement in construction areas (Christol et al., 2021), or wake effects caused by wind turbine
blade movement (Diffendorfer et al., 2022; Li et al.,, 2016). For example, the development of wind power
plants has been linked to deforestation (Balotari-Chiebdo & Byholm, 2024; Diftendorfer & Compton, 2014;
Enevoldsen, 2018) and declines in overall native vegetation cover (Cetin et al,, 2022; Guan, 2023;
Turkovska et al., 2021). The associated vegetation loss can be substantial, with individual wind turbines
contributing to the clearance of up to 3000 m” of vegetation (Shen et al., 2017). On the project level, the
vegetation loss could be as much as 25% of the whole project area (Balik et al., 2017).

Remote sensing studies have confirmed negative impacts on vegetation cover. Qin et al. (2022) found
that 59% of 319 wind power plants across the United States exhibited reduced vegetation growth within
their main operation area. Other researchers reported decreases in the Normalized Difference Vegetation
Index (NDVI), indicating reduced vegetation cover and greenness after wind power plant construction in
coastal regions (Aksoy et al., 2023), alpine ecosystems (Ma et al., 2023), and grasslands (Song et al., 2023;
Tang et al, 2017). Xia and Zhou (2017) also found a decrease in NDVI after wind power plant
construction, although their results were not statistically significant. Lastly, Diffendorfer et al. (2022)
observed both increases and decreases in vegetation greenness within the growing season.
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3.2.2 Plant community composition

Several studies have examined the impacts of onshore wind energy development on plant community
composition. While Ji et al. (2023) documented an increase in species diversity around wind turbines in
meadow grasslands, Fraga et al. (2009) found that species diversity was decreased inside the main
operation area of a wind power plant within a blanket bog. A long-term study by Urziceanu et al.
(2021) found that plots disturbed by wind turbines contained less than 40% of the inventoried rare,
endemic, and threatened species of the characteristic steppe vegetation. Losses of endemic species as a
result of wind power development were also recorded in mixed-grass prairies (Davis et al., 2018), mires
with wet heath vegetation (Fagundez, 2008), and deserts (Keehn & Feldman, 2018).

The takeover of invasive species emerged as a notable concern in several studies. Keehn and Feldman
(2018) observed an increased presence of invasive species within the main operation area of wind power
plants, particularly in highly disturbed sites. Their findings suggest that disturbances from roads and
human activity play an important role in plant community composition following wind energy develop-
ment in desert-like ecosystems. This trend was corroborated by Villarreal et al. (2019), who noted a similar
rise in invasive species abundance following wind energy development in the Mojave and Colorado deserts
of southern California.

Conversely, some studies did not report significant effects on plant community composition. Fagundez
(2008) found no changes in plant community composition over a three-year period following wind power
plant construction on a mire. Similarly, in a study by Patru-Stupariu et al. (2019), wind turbine presence
had no significant effect on the plant community composition of a semi-open pasture landscape, five years
after construction.

3.2.3 Soil erosion

When vegetation is cleared during the construction phase of a wind power plant, bare soil becomes
susceptible to erosion from wind and rainfall (Nazir et al., 2020). Peatlands, when drained for safer wind
turbine placement, pose a significant risk of carbon loss through erosion (Smith et al., 2014), which can be
intensified by the drying of surface soils, depending on season and wind direction (Wang et al., 2023).
Additionally, the construction of access roads for wind power plants can trigger peat slides, contributing to
further soil loss (Dykes, 2022). In the Karaburun region of Turkey, researchers recorded a total loss of
approximately 18,000 tons of soil organic carbon between 2000 and 2019, likely caused by wind energy
development (Pekkan et al., 2021). When planning the siting of wind power plants in Chile, it was
suggested that the associated soil erosion could increase soil loss by as much as 50% (Marti et al., 2023).
Studies conducted in the Yunnan province of China imply that soil loss may even increase by over 1000%
when accounting for factors like vegetation damage and rainfall (Ma et al., 2023).

3.2.4 Soil physical properties

Soil physical properties encompass factors such as soil texture, structure, density, temperature, and water-
holding capacity (Sanchez, 2019). The construction of onshore wind power plants can alter soil physical
properties through activities like excavation, road construction, and the building of related infrastructure
(Christol et al., 2021). These disruptions can cause the loss of native soils, topsoil disturbance, and
microtopographic changes. They can also lead to soil compaction (Chen et al., 2019), which tended to be
highest near wind turbines and decreased with distance (Xie et al., 2014). Furthermore, alterations in
ground-level microclimate and soil temperature have been measured (Armstrong et al., 2016), along with
changes in nutrient content (Chen et al., 2019; Luo et al., 2021) and soil salinity (Chen et al., 2019). Ji et al.
(2023) also studied the influence of wind power plant operation on soil carbon content but found no
significant impacts. The effects from decommissioning are expected to be similar to the ones from
construction, which is why turbine pads and underground powerlines are often left in situ to minimize
further soil disturbance (Welstead et al., 2013).

3.2.5 Water availability

Onshore wind energy development can affect an ecosystem's water availability via changes in microtopo-
graphy and soil physical properties (Christol et al.,, 2021). Gunn et al. (2002) found that during the
construction of an access road for a wind power plant in a peatland, the organic topsoil layer was
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compacted, causing water to collect on the upslope side. The water availability can also be reduced actively
by inserting ditches to regulate water flow and drain the soil for safer wind turbine placement, which is
common practice in peatlands (Murray, 2012). Ditches can be inserted temporarily during construction to
regulate surface runoff caused by earthwork activities and to prevent wind turbine pads from being
uplifted, or permanently to regulate increased runoff caused by road construction (Stunell et al., 2009). It
was suggested that the effects of drainage for wind energy development can far exceed conservative land
use estimates and need to be backed up by continuous long-term studies on hydrological impacts
(Ramchunder et al., 2009; Renou-Wilson & Farrell, 2009).

In addition to drainage, some studies found impacts of wind power plants on local precipitation.
Jawaheer et al. (2018) observed a decrease in precipitation one year after the construction of the Roches
Noires wind power plant in Mauritius. Similarly, Pryor et al. (2018) found a decrease in summer
precipitation caused by wind power plant operation, though the effect was not statistically significant.
These findings are contradicted in a study by Fiedler and Bukovsky (2011), who used a regional climate
model to demonstrate a significant increase in precipitation resulting from wind power plant operation.

3.2.6 Water quality

Studies on water quality have predominantly centered around wind power plants in peatlands, where peat
degradation can contribute to reduced water quality by mobilizing metals and pollutants stored in the peat
(Evans et al., 1999). The establishment of wind power plants was linked to increases in water turbidity and
nutrient contents (Stunell et al., 2009), as well as dissolved organic carbon content (Ramchunder et al.,
2009) in downstream aquatic habitats. The concentration of dissolved organic carbon and suspended
sediments was higher in streams disturbed by wind power plants compared to undisturbed reference
streams (Grieve & Gilvear, 2009; Heal et al., 2020; Lindsay & Bragg, 2005; van Niekerk, 2012; Waldron
et al., 2009). At the Whitlee wind power plant in Scotland, researchers measured increased macronutrient
concentrations (Zheng et al., 2018) and export rates (Murray, 2012) following wind power plant construc-
tion on peatland. Another study conducted on peatland reported significant impacts on pH and alkalinity
(Millidine et al., 2015). However, studies conducted in a Karst environment found no impacts on
groundwater quality (Valente et al., 2022).

3.3 Consideration of mitigation and restoration

The majority of studies (41 studies) focused exclusively on impacts, while fewer considered the subsequent
need for mitigation (24 studies) or restoration (23 studies) (Figure 4). This was especially apparent in
empirical research, where more than half of the studies (35 out of 62 studies) focused exclusively on
impacts, while only few acknowledged the subsequent need for mitigation (16 studies) or restoration (11
studies). In contrast, only 6 of the 26 non-empirical studies focused exclusively on impacts, while the
majority addressed the need for mitigation (8 studies) or restoration (11 studies).

Another emerging trend was the low concern for restoration in studies that analyzed vegetation impacts
(Figure 4). The share of vegetation studies was 58% in the studies exclusively focusing on impacts, and 55%
in those mentioning mitigation. This trend was reversed in the restoration group, where most studies
concerned soil-related impacts (45%), but only 30% concerned impacts on vegetation, despite the overall
dominance of vegetation studies in the reviewed literature. For hydrological studies, no clear trend was
observed regarding their consideration of mitigation and restoration.

4 Discussion
4.1 Highlights

This literature review analyzed 88 studies on the impacts of onshore wind energy on vegetation, soil, and
hydrology. Empirical studies were more common than non-empirical studies. They primarily focused on
vegetation dynamics and highlighted both positive and negative effects, such as increased biomass in
grasslands and deserts, but significant vegetation loss in forests. For impacts on soil and hydrology,
empirical evidence remained limited. Few studies included direct field-based measurements of soil
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Figure 4. The distribution of studies addressing impacts, mitigation, and restoration in the context of onshore wind
energy (N=288). The size of each circle corresponds to the number of studies. The colored segments indicate the
proportion of different topics studied: Vegetation, soil, and hydrology.

compaction or hydrological alterations, and only a small subset monitored long-term recovery. Moreover,
most empirical research lacked standardized methods or site replication, making it difficult to generalize
findings across studies. Importantly, nearly half of the studies focused solely on identifying impacts, while
few acknowledged the subsequent need for mitigation or restoration. This trend was reversed for non-
empirical studies. This imbalance highlights the need to more actively consider how environmental
impacts can be mitigated and how degraded ecosystems can be restored in the context of onshore wind
energy.

4.2 Opportunities for mitigating environmental impacts

The mitigation hierarchy outlines a systematic framework for addressing environmental impacts at
different project phases (Ekstrom et al., 2015; May, 2016). While early-phase measures can help avoid,
reduce, minimize, or compensate for some impacts, restoration is often necessary at decommissioning to
address residual effects (Bennun et al., 2021). Figure 5 provides a conceptual framework linking knowledge
on vegetation, soil, and hydrological impacts to mitigation potential across the wind energy project
lifecycle in order to inform mitigation strategies and external factors like regulations or decommissioning

bonds.

4.2.1 Planning and design
During planning and design, impacts can be avoided and minimized by implementing regulations that
restrict wind energy development in ecologically sensitive areas (Guan, 2018; Hajto et al., 2017; Sawin,
2001) or by using siting tools that rate a site's suitability for wind power plant installation based on
environmental parameters (Hanssen et al., 2018; Hofer et al., 2016; Latinopoulos & Kechagia, 2015;
Salkanovi¢, 2023; Tsoutsos et al., 2005). Siting tools can help avoid areas with dense native vegetation
or rare plant species, as observed by Urziceanu et al. (2021), thereby preserving local plant communi-
ties. They can also be informed by established soil models like RUSLE (Renard, 1997) or PESERA
(Kirkby et al., 2008) to avoid negative impacts on hydrology, soil loss, and carbon emissions (Smith
et al., 2014).

Environmental impact assessments (EIAs) can increase the knowledge on potential impacts (Figure 5),
but were found to be incomplete and insufficient in many wind energy projects (Welstead et al., 2013).



SUSTAINABLE ENVIRONMENT @ 9

Pre-Impact Impact Phase(s) Post-Impact
|Tnning&Design L Construction I_ Operation Ecommissioningl | Restoration |
—| Avoid & = Compen- ey
Minimize educe B'Z‘:f";:;:'w sate {‘Monitoring \ Restore
A A tee—en - A e ~
_____ i 1 1 H 1 (oo™

P
—l\ Regulations - ~ _
- e . = .~ 2
- '{E} Vegetation Impactsdependon | _____ > ,’Rest;;ratlon b .- {6}
. +  Disturbance intensity he . PEIS g

{ ElAs M~~~ > Ecosystem type -
S e *  Geographic context Site
, Impacts \ A restoration
=——-c : Impacts can cause
“ {E} *  Ecosystem degradation .
- ¢ Habitat loss S ( Evaluation \—
/" Restoration'~ . _ _ _ _ L __ 4 Hydrology +  Landscape effects —
\_ Plans {%‘} =
i ! ' Legend _Project phase

_____

,’ Decom \\‘ == ! o ! .rM.s - !
NS J’f"_ds_ - reviewed |/’ On-site '\ o ModeN# ¢ Remote 'y| Mitigation aim
studies | \_monitoring .- SETTTI sensin .
St ﬁ : ST -~ W g/ :

“ External ™y

~ _factors _ # Keyactions {z§

.y

Empirical = |nformation flow
>

{E} Inform decision-making {é‘} Standardize ElAs {g}Plan restoration early {E§ Understand feedback-
mechanisms {E& Inform predictive models {é} Learn from other sectors {2} Evaluate restoration outcomes

Mitigation
strategy
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However, understanding environmental impacts is imperative in order to balance the socio-economic
benefits of onshore wind energy against its potential environmental costs (May, 2023). To do so, it is
recommended to set clear restoration goals from the start, allowing developers to design projects with end-
of-life in mind (Stecky-Efantis, 2013; Welstead et al., 2013). To ensure sufficient funds for restoration
activities, decommissioning bonds can be used (Ferrell & DeVuyst, 2013). Despite these proposed
strategies, this literature review shows that ecosystem restoration remains underexplored in scientific
research, highlighting a mismatch between policy recommendations and research priorities.

4.2.2 Construction

Construction phase measures can reduce ecosystem degradation by using manpower over heavy vehicles
(Nazir et al., 2020), deploying specialized vehicles to prevent soil compaction (Scottish Renewables, 2020),
limiting vehicle movement to construction areas (Bennun et al., 2021), or training machine operators to
prevent impacts (Hagen et al., 2022), thus reducing the need for restoration later on (May et al., 2017).
Temporary impacts, such as soil erosion, could be addressed on-site through immediate measures like
sediment control systems (Ma et al., 2023). Permanent impacts may require off-site compensation
throughout operation, for example via biodiversity offsets, but it remains questionable whether appropriate
sites for offsetting can always be identified.

4.2.3 Operation

Compensation measures are typically designed to mitigate wildlife conflicts during operation (Arnett &
May, 2016; Gartman et al., 2016), while impacts on vegetation, soil, and hydrology remain largely
overlooked. To support long-term sustainability, it is essential to expand this focus to include ecosystem
processes. This also requires that restoration plans are regularly assessed and updated during operation
(Welstead et al., 2013), which could be achieved through ongoing monitoring. Remote sensing can be
applied to track vegetation dynamics over time and detect changes in biomass or ground cover (Qin
et al., 2022), while on-site monitoring enables early identification of invasive species, thereby supporting
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conservation planning (Urziceanu et al., 2024). Similarly, hydrological monitoring can help detect flow
alterations or erosion risks, allowing for the implementation of targeted measures. In addition, predic-
tive models can be used to estimate future impacts and support mitigation strategies. However, although
11% of the reviewed studies employed model simulations, they generally failed to capture complex
environmental interactions and instead focused on individual impacts only.

These limitations reflect a broader challenge in our understanding of ecosystem-level impacts of
onshore wind energy. Although this literature review demonstrates a growing body of empirical research,
our fundamental understanding remains limited due to three main reasons. First, internal feedback-
mechanisms between vegetation, soil, and hydrology complicate the identification of cause-effect relation-
ships (Figure 5). For example, soil erosion may result from drainage associated with turbine placement
(Smith et al., 2014) or from shifts in vegetation patterns (Ma et al., 2023). In turn, soil erosion can lead to
downstream pollution (Ramchunder et al., 2009) and increased atmospheric carbon emissions (Smith
et al., 2014). Such cascading effects highlight the need for ecosystem-based approaches that consider spatial
and temporal connections, such as hydrological links in peatlands, rather than isolating impacts (Copping
et al., 2020; Wawrzyczek et al., 2018).

Second, the nature and severity of impacts depend on disturbance intensity, ecosystem type, and
geographic context. For instance, some studies report increased vegetation growth near wind turbines in
grassland and desert ecosystems (Luo et al., 2021; Xu et al., 2019), while others document vegetation loss in
forests (Balotari-Chieba et al., 2024; Diffendorfer & Compton, 2014). These contrasting outcomes under-
score the need for site-specific monitoring and solutions.

Third, as demonstrated in this literature review, results also vary considerably between study types. For
example, studies using on-site monitoring often focus on fine-scale vegetation responses within individual
wind power plants, while remote sensing studies may capture broader spatial patterns but overlook subtle
environmental changes. This methodological diversity complicates direct comparison and synthesis of
findings across studies. When formulating or updating restoration plans, it is therefore crucial to tailor
them to the specific site conditions and ecosystem context. At the same time, developing a generalized
framework for mitigation and restoration in onshore wind energy can enhance the systemic effectiveness
and consistency of efforts across different locations.

4.2.4 Decommissioning and restoration

At decommissioning, ecosystem restoration can remediate impacts that were not mitigated during earlier
project phases (Figure 5). While it is increasingly recognized as a necessary component of sustainable wind
energy development, ecosystem restoration is not only an ecological concern but also a socio-political and
economic process shaped by land-use planning, regulatory frameworks, and community values (Hagen
et al., 2013).

Effective restoration requires cross-disciplinary collaboration across ecology, landscape planning, and
the social sciences to ensure that ecological goals align with broader societal priorities. Restoration
strategies must comply with political regulations and land lease agreements, and decisions about
whether and how to restore a site may be influenced by factors such as opportunity costs, cultural
landscape values, and the availability of financial mechanisms like decommissioning bonds
(Ferrell & DeVuyst, 2013; Welstead et al., 2013). Restoration feasibility and costs can vary considerably
depending on disturbance intensity and ecosystem type. For example, recovery may take decades
to centuries in high-latitude or high-altitude regions (Campbell & Bergeron, 2012; Forbes &
McKendrick, 2002), though successful restoration has been achieved (Erikstad et al., 2023; Evju
et al., 2023).

To evaluate restoration outcomes and predict time to recovery, monitoring is important (Evju et al.,
2023), but given the relatively recent and rapid development of onshore wind energy, practical knowledge
on restoration in this context remains limited. Drawing on insights from related sectors such as road
construction (Wang et al., 2021), solar energy (Tsoutsos et al., 2005), or hydropower (McManamay et al.,
2020) can provide valuable perspectives and solutions (Hagen et al., 2013), but ultimately restoration
strategies must be tailored to the ecological, social, and economic conditions of each location, and are
therefore context-specific.
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4.3 Key actions for advancing impact mitigation

Building on the opportunities outlined in Section 4.2, the effective mitigation of environmental impacts
requires a targeted focus on several key actions that include the reinforcement of existing mitigation
strategies and measures to overcome persistent knowledge gaps (Figure 5). These are:

1. Inform decision-making: Avoiding or minimizing impacts prior to construction requires translating
existing knowledge of environmental impacts into actionable guidance for policymakers, planners, and
developers. Such knowledge can be drawn from EIAs, environmental monitoring programs, and
scientific studies, including those synthesized in this review (Figure 5), and should be used to inform
regulations and siting tools that can restrict site selection in sensitive areas.

2. Standardize EIAs: EIAs must be standardized in scope, methodology, and reporting to ensure a
consistent and comprehensive evaluation of environmental impacts.

3. Plan restoration early: Formulating clear restoration plans from the outset ensures environmental
sustainability and regulatory compliance with end-of-life in mind. Early planning allows integration
into project design, ensures financial and regulatory preparedness, and provides baseline data for
effective ecosystem recovery. Without it, restoration at decommissioning risks being underfunded,
technically constrained, or ecologically less effective. For example, constructing deep turbine founda-
tions involves extensive excavation and soil compaction. If the depth, footprint, or reinforcement
materials are not considered with restoration in mind, the original soil structure, nutrient profile, and
seed bank may be heavily altered, making later re-establishment of native vegetation difficult and costly.

4. Understand feedback-mechanisms: Complex interactions among vegetation, soil, and hydrology must
be understood in order to apply tailored mitigation strategies.

5. Inform predictive models: Empirical data collection must continue to better inform models that can
estimate or predict impacts and improve mitigation strategies.

6. Learn from other sectors: With limited experience regarding ecosystem restoration in onshore wind
energy, insights from other sectors can offer valuable perspectives and solutions.

7. Evaluate restoration outcomes: Ongoing monitoring is essential to predict time to recovery, assess
restoration success, and increase empirical knowledge on impacts.

Furthermore, establishing cross-sectoral governance structures involving both energy and environmen-
tal authorities can be a critical step towards integrating renewable energy expansion with the need for
biodiversity conservation and restoration, as is urgently needed (Gorman et al., 2023). Developing shared
monitoring protocols and long-term funding and responsibility mechanisms for restoration, for example
via decommissioning bonds or public-private partnerships, will be key to ensuring these measures are
sustained beyond project lifespans.

5 Conclusion

As the expansion of onshore wind energy continues at an accelerated pace, it becomes increasingly
important to assess and mitigate its environmental impacts. This review shows that while impacts on
vegetation, soil, and hydrology are receiving growing attention, most research still concentrates on
documenting impacts rather than exploring how they can be mitigated or how degraded ecosystems
can be restored.

To help bridge this gap, a conceptual framework that links the existing knowledge of environmental
impacts to mitigation potential across all project phases of onshore wind energy was proposed. This
framework supports a more systematic approach to integrating mitigation and restoration into project
planning, implementation, and decommissioning.

Alongside this, a set of key actions to enhance mitigation effectiveness and strengthen governance
mechanisms was presented. Crucially, more empirical data are needed to inform mitigation strategies
across project phases, and restoration must be considered from the outset to secure effective restoration
outcomes in the long term. Advancing this shift is essential to ensure renewable energy expansion aligns
with both climate goals and environmental sustainability.



12 @ L. SEIFERT ET AL.

Acknowledgements

The authors thank all anonymous reviewers for their comments, which helped improve the manuscript.

Author contributions

CRediT: Lukas Seifert: Conceptualization, Data curation, Formal analysis, Investigation, Methodology,
Visualization, Writing - original draft; Bente J. Graae: Conceptualization, Funding acquisition,
Supervision, Writing - review & editing; Dagmar Hagen: Conceptualization, Supervision, Writing — review
& editing; Roel May: Conceptualization, Funding acquisition, Supervision, Writing - review & editing.

Disclosure statement

The authors report there are no competing interests to declare.

Funding

This work was funded by the Research Council of Norway as a part of the Center for Environment-friendly Energy
Research NorthWind (Norwegian Research Center on Wind Energy) under grant number 321954.

ORCID
Lukas Seifert ¥ 0009-0008-3402-4015

Data availability statement

The data that support the findings of this study are available from the corresponding author, [LS], upon reasonable
request.

References

Aksoy, T., Cetin, M., Cabuk, S. N., Kurkcuoglu, M. A. S., Ozturk, G. B., & Cabuk, A. (2023). Impacts of wind turbines
on vegetation and soil cover: A case study of Urla, Cesme, and Karaburun Peninsulas, Turkey. Clean Technol
Environ Policy, 25(1), 51-68. https://doi.org/10.1007/s10098-022-02387-x

Armstrong, A., Burton, R. R, Lee, S. E., Mobbs, S., Ostle, N., Smith, V., Waldron, S., & Whitaker, J. (2016). Ground-
level climate at a peatland wind farm in Scotland is affected by wind turbine operation. Environmental Research
Letters, 11(4), 044024. http://doi.org/10.1088/1748-9326/11/4/044024

Arnett, E. B,, & May, R. F. (2016). Mitigating wind energy impacts on wildlife: Approaches for multiple taxa.
Human-Wildlife Interactions, 10(1), 28-41. https://doi.org/10.26077/1jeg-7r13

Balik, G., Aktas, E., Onag, A. K., & Biris¢i, T. (2017). Vegetation cover change of ¢esme alagat1 wind power plant using
normalized difference vegetation index (NDVI). Journal of International Environmental Application & Science,
12(3), 204-211.

Balotari-Chiebdo, F., & Byholm, P. (2024). Quantifying land impacts of wind energy: A regional-scale assessment in
Finland. Environment, Development and Sustainability, 1-14. https://doi.org/10.1007/s10668-024-05048-9

Bandyopadhyay, S., & Maiti, S. K. (2022). Steering restoration of coal mining degraded ecosystem to achieve
sustainable development goal-13 (climate action): United Nations decade of ecosystem restoration (2021-2030).
Environmental Science and Pollution Research, 29(59), 88383-88409. https://doi.org/10.1007/s11356-022-23699-x

Barré, K., Le Viol, I, Bas, Y., Julliard, R., & Kerbiriou, C. (2018). Estimating habitat loss due to wind turbine avoidance
by bats: Implications for European siting guidance. Biological Conservation, 226, 205-214. https://doi.org/10.1016/
j-biocon.2018.07.011

Bennun, L., van Bochove, J., Ng, C., Samper, C., Rainey, H., & Rosenbaum, H. C. (2021). Mitigating biodiversity
impacts associated with solar and wind energy development: Guidelines for project developers. Cambridge, UK:
IUCN, Gland, Switzerland and The Biodiversity Consultancy. https://doi.org/10.2305/TUCN.CH.2021.04.en

Campbell, D., & Bergeron, J. (2012). Natural revegetation of winter roads on peatlands in the Hudson Bay Lowland,
Canada. Arctic, Antarctic, and Alpine Research, 44(2), 155-163. https://doi.org/10.1657/1938-4246-44.2.155

Cetin, M., Aksoy, T., Ozturk, G. B., & Cabuk, A. (2022). Developing a model for the relationship between vegetation
and wind power using remote sensing and geographic information systems technology. Water, Air, & Soil
Pollution, 233(11), 450. https://doi.org/10.1007/s11270-022-05887-0


http://orcid.org/0009-0008-3402-4015
https://doi.org/10.1007/s10098-022-02387-x
http://doi.org/10.1088/1748-9326/11/4/044024
https://doi.org/10.26077/1jeg-7r13
https://doi.org/10.1007/s10668-024-05048-9
https://doi.org/10.1007/s11356-022-23699-x
https://doi.org/10.1016/j.biocon.2018.07.011
https://doi.org/10.1016/j.biocon.2018.07.011
https://doi.org/10.2305/IUCN.CH.2021.04.en
https://doi.org/10.1657/1938-4246-44.2.155
https://doi.org/10.1007/s11270-022-05887-0

SUSTAINABLE ENVIRONMENT € 13

Chen, L., Ma, S., Shang, L., Ding, A., & Teng, Z. (2019). Effects of wind farm on surface soil in desert steppe. China.
E3S Web of Conferences, 131, 01030. https://doi.org/10.1051/e3sconf/201913101030

Christol, C., Oteri, F., & Laurienti, M. (2021). Land-Based wind energy siting: A foundational and technical resource.
U.S. Department of Energy (DOE), Energy Efficiency & Renewable Energy (EERE), WINDExchange. https://
doi.org/10.2172/1812706

Copping, A. E., Gorton, A. M., May, R, Bennet, F., DeGeorge, E., Repas Goncalves, M., & Rumes, B. (2020). Enabling
renewable energy while protecting wildlife: An ecological risk-based approach to wind energy development using
ecosystem-based management values. Sustainability, 12(22), 9352. https://doi.org/10.3390/su12229352

Dale, V. H., Efroymson, R. A., & Kline, K. L. (2011). The land use-climate change-energy nexus. Landscape Ecology,
26, 755-773.

Davis, K. M., Nguyen, M. N., McClung, M. R., & Moran, M. D. (2018). A Comparison of the impacts of wind energy
and unconventional gas development on land-use and ecosystem services: An example from the Anadarko basin of
Oklahoma, USA. Environmental Management, 61(5), 796-804. https://doi.org/10.1007/s00267-018-1010-0

Delgado, L. E., & Marin, V. H. (2020). Ecosystem services and ecosystem degradation: Environmentalist's expectation?
Ecosystem Services, 45, 101177. https://doi.org/10.1016/j.ecoser.2020.101177

Denholm, P., Hand, M., Jackson, M., & Ong, S. (2009). Land use requirements of modern wind power plants in the
United States. https://doi.org/10.2172/964608

Diffendorfer, J. E., & Compton, R. W. (2014). Land cover and topography affect the land transformation caused by
wind facilities. Plos One, 9(2), e88914. https://doi.org/10.1371/journal.pone.0088914

Diffendorfer, J. E., Dorning, M. A., Keen, J. R, Kramer, L. A, & Taylor, R. V. (2019). Geographic context affects the
landscape change and fragmentation caused by wind energy facilities. Peer], 7, €7129. https://doi.org/10.7717/peerj.7129

Diffendorfer, J. E., Vanderhoof, M. K., & Ancona, Z. H. (2022). Wind turbine wakes can impact down-wind
vegetation greenness. Environmental Research Letters, 17(10), 104025. https://doi.org/10.1088/1748-9326/ac8da9

Dykes, A. P. (2022). Landslide investigations during pandemic restrictions: Initial assessment of recent peat landslides
in Ireland. Landslides, 19(2), 515-525. https://doi.org/10.1007/s10346-021-01797-0

Ekstrom, J., Bennun, L., & Mitchell, R. (2015). A cross-sector guide for implementing the mitigation hierarchy, Cross
Sector Biodiversity Initiative. Cambridge, UK: IUCN, Gland, Switzerland and The Biodiversity Consultancy.

Enevoldsen, P. (2018). A socio-technical framework for examining the consequences of deforestation: A case study of wind
project development in Northern Europe. Energy Policy, 115, 138-147. https://doi.org/10.1016/j.enpol.2018.01.007

Erikstad, L., Hagen, D., & Simensen, T. (2023). Working with natural processes: Restoring a mining landscape in the
high Arctic, Svalbard, Norway. Geoherit, 15(3), 87. https://doi.org/10.1007/s12371-023-00855-4

Evans, M., Burt, T., Holden, J., & Adamson, J. (1999). Runoff generation and water table fluctuations in blanket peat:
evidence from UK data spanning the dry summer of 1995. Journal of Hydrology, 221(3-4), 141-160. https://
doi.org/10.1016/50022-1694(99)00085-2

Evju, M., Hagen, D., Olsen, S. L., & Mehlhoop, A. C. (2023). Recovery of vegetation on former alpine roads: How long
does it take? Nordic Journal of Botany, 2024, e03984. https://doi.org/10.1111/njb.03984

Fagtindez, J. (2008). Effects of wind farm construction and operation on mire and wet heath vegetation in the Monte
maior SCI, North-West Spain. Mires and Peat, 4(3), 225-240. 1819-754X.

Ferrell, S. L., & DeVuyst, E. A. (2013). Decommissioning wind energy projects: An economic and political analysis.
Energy Policy, 53, 105-113.

Fiedler, B. H., & Bukovsky, M. S. (2011). The effect of a giant wind farm on precipitation in a regional climate model.
Environmental Research Letters, 6(4), 045101. http://doi.org/10.1088/1748-9326/6/4/045101

Forbes, B., & McKendrick, J. (2002). Polar tundra. In M. R. Perrow & A. J. Davy (Eds.), Handbook of ecological
restoration (Vol. 1: Principles of Restoration, pp. 355-375).

Fraga, M. I, Romero-Pedreira, D., Souto, M., Castro, D., & Sahuquillo, E. (2009). Assessing the impact of wind farms
on the plant diversity of blanket bogs in the xistral mountains (NW Spain). Mires and Peat, 4(3), 274-279.
ISSN274-2791819-754X. Adrenalin Noradrenalin und Corbasil als Zusatz zu Novocain.

Frantdl, B., Frolova, M., & Lifian-Chacén, J. (2023). Conceptualizing the patterns of land use conflicts in wind energy
development: Towards a typology and implications for practice. Energy Research ¢ Social Science, 95, 102907.
https://doi.org/10.1016/j.erss.2022.102907

Gartman, V., Bulling, L., Dahmen, M., Geifller, G., & Koppel, J. (2016). Mitigation measures for wildlife in wind
energy development, consolidating the state of knowledge—part 1: Planning and siting, construction. Journal of
Environmental Assessment Policy and Management, 18(3), 1650013. https://doi.org/10.1142/S1464333216500137

Gibon, T., Menacho, A., & Guiton, M. (2021). Life cycle assessment of electricity generation options. Technical Report
Commissioned by the United Nations Economic Commission for Europe (UNECE).

Gorman, C. E,, Torsney, A., Gaughran, A., McKeon, C. M., Farrell, C. A., White, C., Donohue, I, Stout, J. C., &
Buckley, Y. M. (2023). Reconciling climate action with the need for biodiversity protection, restoration and
rehabilitation. Science of the Total Environment, 857(Pt 1), 159316. https://doi.org/10.1016/j.scitotenv.2022.159316

Grieve, I, & Gilvear, D. (2009). Effects of wind farm construction on concentrations and fluxes of dissolved organic carbon
and suspended sediment from peat catchments at braes of doune, central Scotland. Des Cultures In Vitro De Fibrocytes;
Histamine Et Antihistaminiques, 4(3), 241-255. http://hdlhandle.net/1893/16039 (Excitation et inhibition de la
croissance etudiees sur des cultures in vitro de fibrocytes; histamine et antihistaminiques.).


https://doi.org/10.1051/e3sconf/201913101030
https://doi.org/10.2172/1812706
https://doi.org/10.2172/1812706
https://doi.org/10.3390/su12229352
https://doi.org/10.1007/s00267-018-1010-0
https://doi.org/10.1016/j.ecoser.2020.101177
https://doi.org/10.2172/964608
https://doi.org/10.1371/journal.pone.0088914
https://doi.org/10.7717/peerj.7129
https://doi.org/10.1088/1748-9326/ac8da9
https://doi.org/10.1007/s10346-021-01797-0
https://doi.org/10.1016/j.enpol.2018.01.007
https://doi.org/10.1007/s12371-023-00855-4
https://doi.org/10.1016/S0022-1694(99)00085-2
https://doi.org/10.1016/S0022-1694(99)00085-2
https://doi.org/10.1111/njb.03984
http://doi.org/10.1088/1748-9326/6/4/045101
https://doi.org/10.1016/j.erss.2022.102907
https://doi.org/10.1142/S1464333216500137
https://doi.org/10.1016/j.scitotenv.2022.159316
https://doi.org/http://hdl.handle.net/1893/16039

14 @ L. SEIFERT ET AL.

Guan, J. (2023). The impact of onshore wind farms on ecological corridors in Ningbo, China. Environmental
Research Communications, 5(1), 015006. http://doi.org/10.1088/2515-7620/acb126

Guan, J. (2018). Lessons from German On-shore wind farm planning. Journal of Physics: Conference Series, 1102(1),
012029. https://doi.org/10.1088/1742-6596/1102/1/012029

Gunn, J., Labadz, J., Dykes, A., Kirk, K., Poulson, S., & Matthews, C. (2002). Blanket bog hydrology at Mynydd
Hiraethog SSSI: An investigation of peat properties and hydrology and assessment of effects of proposed wind farm
construction. Countryside Council for Wales research report no 501.

Haddaway, N. R., Page, M. J., Pritchard, C. C., & McGuinness, L. A. (2022). PRISMA2020: An R package and Shiny
app for producing PRISMA 2020-compliant flow diagrams, with interactivity for optimised digital transparency
and Open Synthesis. Campbell Systematic Reviews, 8(12), e1230. https://doi.org/10.1002/cl2.1230

Haden Chomphosy, W., Varriano, S., Lefler, L. H., Nallur, V., McClung, M. R., & Moran, M. D. (2021). Ecosystem
services benefits from the restoration of non-producing US oil and gas lands. Nature Sustainability, 4(6), 547-554.
https://doi.org/10.1038/541893-021-00689-4

Hagen, D., Evju, M., Skovli Henriksen, P., Solli, S., Erikstad, L., & Bartlett, J. (2022). From military training area to
National Park over 20 years: Indicators for outcome evaluation in a large-scale restoration project in alpine
Norway. Journal of Nature Conservation, 66, 126125. https://doi.org/10.1016/j.jnc.2021.126125

Hagen, D., Svavarsdottir, K., Nilsson, C., Tolvanen, A. K., Raulund-Rasmussen, K., Aradottir, AL., Fosaa, A. M., &
Halldorsson, G. (2013). Ecological and social dimensions of ecosystem restoration in the nordic countries. Ecology
and Society, 18(4), 34. https://doi.org/10.5751/ES-05891-180434

Hajto, M., Cichocki, Z., Bidtasik, M., Borzyszkowski, J., & Ku$mierz, A. (2017). Constraints on development of wind
energy in Poland due to environmental objectives. Is there space in Poland for wind farm siting? Environmental
Management, 59(2), 204-217. https://doi.org/10.1007/s00267-016-0788-x

Hanssen, F., May, R., Dijk, J.v., & Red, J. K. (2018). Spatial multi-criteria decision analysis tool suite for consensus-
based siting of renewable energy structures. Journal of Environmental Assessment Policy and Management, 20(3),
1840003. https://doi.org/10.1142/S1464333218400033

Harrison, J. O., Brown, M. B., Powell, L. A., Schacht, W. H., & Smith, J. A. (2017). Nest site selection and nest survival
of greater prairie-chickens near a wind energy facility. The Condor: Ornithological Applications, 119(4), 659-672.
https://doi.org/10.1650/CONDOR-17-51.1

Heal, K., Phin, A., Waldron, S., Flowers, H., Bruneau, P., Coupar, A., & Cundill, A. (2020). Wind farm development on
peatlands increases fluvial macronutrient loading. Ambio, 49(2), 442-459. http://doi.org/10.1007/s13280-019-01200-2

Hofer, T., Sunak, Y., Siddique, H., & Madlener, R. (2016). Wind farm siting using a spatial analytic hierarchy Process
approach: A case study of the stidteregion aachen. Applied Energy, 163, 222-243. https://doi.org/10.1016/
j.apenergy.2015.10.138

International Energy Agency. (2023). World Energy Outlook. https://iea.blob.core.windows.net/assets/86ede39e-443
6-42d7-ba2a-edf61467e070/WorldEnergyOutlook2023.pdf

Jawaheer, B., Dhunny, A., Cunden, T., Chandrasekaran, N., & Lollchund, M. (2018). Modelling the effects of wind
farming on the local weather using weather research and forecasting (WRF) model. Information Systems Design
and Intelligent Applications: Proceedings of Fifth International Conference INDIA. 2, 2019.

Ji, G. X,, Ganjurjav, H., Hu, G. Z,, Wan, Z. Q,, Yu, P. D,, Li, M. ], Gu, R,, Xiao, C., Hashen, Q., & Gao, Q. Z. (2023).
Wind power increases the plant diversity of temperate grasslands but decreases the dominance of palatable plants.
Ecosystem Health and Sustainability, 9, 0014. http://doi.org/10.34133/ehs.0014

Kati, V., Kassara, C., Vrontisi, Z., & Moustakas, A. (2021). The biodiversity-wind energy-land use nexus in a global
biodiversity hotspot. Science of the Total Environment, 768, 144471. https://doi.org/10.1016/j.scitotenv.2020.144471

Katzner, T. E., Nelson, D. M., Diffendorfer, J. E., Duerr, A. E., Campbell, C. J., Leslie, D., Vander Zanden, H. B., Yee, J.
L., Sur, M., & Huso, M. M. (2019). Wind energy: An ecological challenge. Science, 366(6470), 1206-1207. http://
doi.org/10.1126/science.aaz9989

Keehn, J. E., & Feldman, C. R. (2018). Disturbance affects biotic community composition at desert wind farms
[Article]. Wildlife Research, 45(5), 383-396. https://doi.org/10.1071/WR17059

Kirkby, M., Irvine, B., Jones, R. J., Govers, G., & Team, P. (2008). The PESERA coarse scale erosion model for Europe.
I.-Model rationale and implementation. European Journal of Soil Science, 59(6), 1293-1306.

Kuvlesky, W. P., Jr.,, Brennan, L. A., Morrison, M. L., Boydston, K. K., Ballard, B. M., & Bryant, F. C. (2007). Wind
energy development and wildlife conservation: Challenges and opportunities. Journal of Wildlife Management,
71(8), 2487-2498. https://doi.org/10.2193/2007-248

Laranjeiro, T., May, R., & Verones, F. (2018). Impacts of onshore wind energy production on birds and bats:
Recommendations for future life cycle impact assessment developments. International Journal of Life Cycle
Assessment, 23, 2007-2023. https://doi.org/10.1007/s11367-017-1434-4

Latinopoulos, D., & Kechagia, K. (2015). A GIS-based multi-criteria evaluation for wind farm site selection. A regional
scale application in Greece. Renewable Energy, 78, 550-560. https://doi.org/10.1016/j.renene.2015.01.041

Li, G. Q., Zhang, C. H., Zhang, L., & Zhang, M., IEEE. (2016). Wind farm effect on grassland vegetation due to its
influence on the range, intensity and variation of wind direction, IEEE International Symposium on Geoscience
and Remote Sensing IGARSS [2016 IEEE international geoscience and remote sensing symposium (IGARSS)]
(36th ed.). IEEE International Geoscience and Remote Sensing Symposium (IGARSS).


http://doi.org/10.1088/2515-7620/acb126
https://doi.org/10.1088/1742-6596/1102/1/012029
https://doi.org/10.1002/cl2.1230
https://doi.org/10.1038/s41893-021-00689-4
https://doi.org/10.1016/j.jnc.2021.126125
https://doi.org/10.5751/ES-05891-180434
https://doi.org/10.1007/s00267-016-0788-x
https://doi.org/10.1142/S1464333218400033
https://doi.org/10.1650/CONDOR-17-51.1
http://doi.org/10.1007/s13280-019-01200-2
https://doi.org/10.1016/j.apenergy.2015.10.138
https://doi.org/10.1016/j.apenergy.2015.10.138
https://iea.blob.core.windows.net/assets/86ede39e-4436-42d7-ba2a-edf61467e070/WorldEnergyOutlook2023.pdf
https://iea.blob.core.windows.net/assets/86ede39e-4436-42d7-ba2a-edf61467e070/WorldEnergyOutlook2023.pdf
http://doi.org/10.34133/ehs.0014
https://doi.org/10.1016/j.scitotenv.2020.144471
http://doi.org/10.1126/science.aaz9989
http://doi.org/10.1126/science.aaz9989
https://doi.org/10.1071/WR17059
https://doi.org/10.2193/2007-248
https://doi.org/10.1007/s11367-017-1434-4
https://doi.org/10.1016/j.renene.2015.01.041

SUSTAINABLE ENVIRONMENT € 15

Lindeijer, E. (2000). Review of land use impact methodologies. Journal of Cleaner Production, 8(4), 273-281. https://
doi.org/10.1016/S0959-6526(00)00024-X

Lindsay, R., & Bragg, O. (2005). Wind Farms and Blanket Peat-a report on the Derrybrien bog slide.

Luo, L. H,, Zhuang, Y. L., Duan, Q. T., Dong, L. X,, Yu, Y., Liu, Y. H., Chen, K. R., & Gao, X. Q. (2021). Local climatic
and environmental effects of an onshore wind farm in North China. Agricultural and Forest Meteorology,
308-309, 108607. https://doi.org/10.1016/j.agrformet.2021.108607

Ma, B. R, Yang, J. H,, Chen, X. H., Zhang, L. X., & Zeng, W. H. (2023). Revealing the ecological impact of low-speed
mountain wind power on vegetation and soil erosion in South China: A case study of a typical wind farm in
Yunnan. Journal of Cleaner Production, 419, 138020. https://doi.org/10.1016/j.jclepro.2023.138020

Martinez-Martinez, Y., Dewulf, J., Aguayo, M., & Casas-Ledon, Y. (2023). Sustainable wind energy planning through
ecosystem service impact valuation and exergy: A study case in south-central Chile. Renewable and Sustainable
Energy Reviews, 178, 113252. https://doi.org/10.1016/j.rser.2023.113252

May, R. (2016). Mitigation for birds. In M. Perrow (Ed.), Wildlife and wind farms - conflicts and solutions (Vol.
Volume 2 Onshore: Monitoring and Mitigation, pp. 124-145). Pelagic Publishing Exeter.

May, R. (2023). Joint responsibility in the development of effective wind-turbine collision-reducing solutions.
Frontiers in Energy Research, 11, 1146324. https://doi.org/10.3389/fenrg.2023.1146324

May, R,, Gill, A. B, Koppel, ]., Langston, R. H., Reichenbach, M., Scheidat, M., Smallwood, S., Voigt, C. C., Hiippop,
0., & Portman, M. (2017). Future research directions to reconcile wind turbine-wildlife interactions. Wind energy
and wildlife interactions: Presentations from the CWW2015 Conference.

McDonald, R. L, Fargione, J., Kiesecker, J., Miller, W. M., & Powell, J. (2009). Energy sprawl or energy efficiency:
Climate policy impacts on natural habitat for the United States of America. Plos One, 4(8), e6802. http://doi.org/
10.1371/journal.pone.0006802

McManamay, R. A,, Parish, E. S., DeRolph, C. R., Witt, A. M., Graf, W. L., & Burtner, A. (2020). Evidence-based
indicator approach to guide preliminary environmental impact assessments of hydropower development. Journal
of Environmental Management, 265, 110489. https://doi.org/10.1016/j.jenvman.2020.110489

Millidine, K. J., Malcolm, I. A., McCartney, A., Laughton, R., Gibbins, C. N., & Fryer, R. J. (2015). The influence of
wind farm development on the hydrochemistry and ecology of an upland stream. Environmental Monitoring and
Assessment, 187(8), 518. http://doi.org/10.1007/s10661-015-4750-9

Murray, H. S. (2012). Assessing the impact of windfarm-related disturbance on streamwater carbon, phosphorus and
nitrogen dynamics: A case study of the Whitelee catchments university of Glasgow.

Nazir, M. S., Ali, N,, Bilal, M., & Igbal, H. M. N. (2020). Potential environmental impacts of wind energy
development: A global perspective. Current Opinion in Environmental Science & Health, 13, 85-90. https://
doi.org/10.1016/j.coesh.2020.01.002

Nazir, M. S., Bilal, M., Sohail, H. M., Liu, B., Chen, W., & Igbal, H. M. N. (2020). Impacts of renewable energy atlas:
Reaping the benefits of renewables and biodiversity threats [Review]. International Journal of Hydrogen Energy,
45(41), 22113-22124. https://doi.org/10.1016/j.ijhydene.2020.05.195

Otto, A., & Leibenath, M. (2014). The interrelation between collective identities and place concepts in local wind
energy conflicts. Local Environment, 19(6), 660-676. https://doi.org/10.1080/13549839.2013.868871

Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I., Hoffmann, T. C., Mulrow, C. D., Shamseer, L.,
Tetzlaff, J. M., Akl, E. A., Brennan, S. E., Chou, R., Glanville, J., Grimshaw, J. M., Hrobjartsson, A., Lalu,
M. M, Li, T., Loder, E. W., Mayo-Wilson, E., McDonald, S., & Moher, D. (2021). The PRISMA 2020
statement: An updated guideline for reporting systematic reviews. BMJ, 372, n71. https://doi.org/10.1136/
bmj.n71

Patru-Stupariu, I, Calota, A. M., Santonja, M., Anastasiu, P., Stoicescu, I, Biris, I. A., Stupariu, M. S., & Buttler, A.
(2019). Do wind turbines impact plant community properties in mountain region? Biologia, 74(12), 1613-1619.
https://doi.org/10.2478/s11756-019-00333-9

Pekkan, O. L, Senyel Kurkcuoglu, M. A., Cabuk, S. N., Aksoy, T., Yilmazel, B., Kucukpehlivan, T., Dabanli, A., Cabuk,
A., & Cetin, M. (2021). Assessing the effects of wind farms on soil organic carbon. Environmental Science and
Pollution Research, 28, 18216-18233. https://doi.org/10.1007/s11356-020-11777-x

Prach, K., & Tolvanen, A. (2016). How can we restore biodiversity and ecosystem services in mining and industrial
sites? (Vol. 23, pp. 13587-13590). Springer.

Pryor, S., Barthelmie, R., & Shepherd, T. (2018). The influence of real-world wind turbine deployments on local to
mesoscale climate. Journal of Geophysical Research: Atmospheres, 123(11), 5804-5826. https://doi.org/10.1029/
2017]D028114

Qin, Y., Li, Y., Xu, R, Hou, C., Armstrong, A., Bach, E., Wang, Y., & Fu, B. (2022). Impacts of 319 wind farms on
surface temperature and vegetation in the United States. Environmental Research Letters, 17(2), 024026. http://
doi.org/10.1088/1748-9326/ac49ba

Ramchunder, S., Brown, L., & Holden, J. (2009). Environmental effects of drainage, drain-blocking and prescribed
vegetation burning in UK upland peatlands. Progress in Physical Geography, 33(1), 49-79. https://doi.org/10.1177/
030913330910524

Renard, K. G. (1997). Predicting soil erosion by water: A guide to conservation planning with the Revised Universal
Soil Loss Equation (RUSLE). US Department of Agriculture, Agricultural Research Service.


https://doi.org/10.1016/S0959-6526(00)00024-X
https://doi.org/10.1016/S0959-6526(00)00024-X
https://doi.org/10.1016/j.agrformet.2021.108607
https://doi.org/10.1016/j.jclepro.2023.138020
https://doi.org/10.1016/j.rser.2023.113252
https://doi.org/10.3389/fenrg.2023.1146324
http://doi.org/10.1371/journal.pone.0006802
http://doi.org/10.1371/journal.pone.0006802
https://doi.org/10.1016/j.jenvman.2020.110489
http://doi.org/10.1007/s10661-015-4750-9
https://doi.org/10.1016/j.coesh.2020.01.002
https://doi.org/10.1016/j.coesh.2020.01.002
https://doi.org/10.1016/j.ijhydene.2020.05.195
https://doi.org/10.1080/13549839.2013.868871
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.n71
https://doi.org/10.2478/s11756-019-00333-9
https://doi.org/10.1007/s11356-020-11777-x
https://doi.org/10.1029/2017JD028114
https://doi.org/10.1029/2017JD028114
http://doi.org/10.1088/1748-9326/ac49ba
http://doi.org/10.1088/1748-9326/ac49ba
https://doi.org/10.1177/030913330910524
https://doi.org/10.1177/030913330910524

16 @ L. SEIFERT ET AL.

Renou-Wilson, F., & Farrell, C. (2009). Peatland vulnerability to energy-related developments from climate change
policy in Ireland: The case of wind farms.

Salkanovi¢, E. (2023). Protecting avian wildlife for wind farm siting: The Screening Tool Proof of Concept. Energy
Sustain Dev, 74, 66-78. https://doi.org/10.1016/j.esd.2023.03.002

Sanchez, P. A. (2019). Soil Physical Properties. In P. A. Sanchez (Ed.), Properties and Management of Soils in the
Tropics (pp. 134-175, 2 ed.). Cambridge University Press. https://doi.org/10.1017/9781316809785.008

Sawin, J. L. (2001). The role of government in the development and diffusion of renewable energy technologies: Wind
power in the United States, California, Denmark and Germany, 1970-2000. Fletcher School of Law and
Diplomacy (Tufts University).

Scottish Renewables. (2020). Wind Power and Peatland - Enhancing unique habitats.

Shen, G., Xu, B, Jin, Y., Chen, S., Zhang, W., Guo, J., Liu, H., Zhang, Y., & Yang, X. (2017). Monitoring wind farms
occupying grasslands based on remote-sensing data from China’s GF-2 HD satellite—A case study of Jiuquan
city, Gansu province, China. Resources, Conservation and Recycling, 121, 128-136. https://doi.org/10.1016/
j.resconrec.2016.06.026

Smith, J., Nayak, D. R., & Smith, P. (2014). Wind farms on undegraded peatlands are unlikely to reduce future carbon
emissions. Energy Policy, 66, 585-591. https://doi.org/10.1016/j.enpol.2013.10.066

Society of Ecological Restoration. (2024). National standards for the practice of ecological restoration in Australia
2021. Retrieved from May 24, 2025, https://www.seraustralasia.com/standards/glossary.html#:~:text=Degradation
%20(0f%20an%20ecosystem)%20a,from%20frequent%200r%20persistent%20impacts

Song, F., Hou, L. L., & Xia, F. (2023). Evaluating the external effect of wind power development on grassland quality.
Land Economics, 99(3), 364-379. https://doi.org/10.3368/1e.99.3.123121-0152R

Stecky-Efantis, A. (2013). Evaluating Ontario wind turbine decommissioning plans. Queen’s University, Kingston, Ontario.

Stunell, J., Jones, A., Wagstaff, S., & Maslen, S. (2009). Assessing impacts of wind farm development on blanket
Peatland in England. Project Report and Guidance.

Tang, B. J., Wu, D. H., Zhao, X., Zhou, T., Zhao, W. Q., & Wei, H. (2017). The observed impacts of wind farms on
local vegetation growth in Northern China. Remote Sensing, 9(4), 332. https://doi.org/10.3390/rs9040332

Thaxter, C. B., Buchanan, G. M., Carr, J., Butchart, S. H., Newbold, T., Green, R. E., Tobias, J. A., Foden, W. B.,
O'Brien, S., & Pearce-Higgins, J. W. (2017). Bird and bat species' global vulnerability to collision mortality at wind
farms revealed through a trait-based assessment. Proceedings of the Royal Society B: Biological Sciences,
284(1862), 20170829. https://doi.org/10.1098/rspb.2017.0829

The EndNote Team. (2013). (Version EndNote (Version 21) [Software]) [64 bit]. Clarivate.

Topham, E., & McMillan, D. (2017). Sustainable decommissioning of an offshore wind farm. Renewable Energy, 102,
470-480. https://doi.org/10.1016/j.renene.2016.10.066

Trainor, A. M., McDonald, R. I, & Fargione, J. (2016). Energy sprawl is the largest driver of land use change in United
States. Plos One, 11(9), €0162269. https://doi.org/10.1371/journal.pone.0162269

Tsoutsos, T., Frantzeskaki, N., & Gekas, V. (2005). Environmental impacts from the solar energy technologies. Energy
Policy, 33(3), 289-296. https://doi.org/10.1016/S0301-4215(03)00241-6

Turkovska, O., Castro, G., Klingler, M., Nitsch, F., Regner, P., Soterroni, A. C., & Schmidst, J. (2021). Land-use impacts
of Brazilian wind power expansion. Environmental Research Letters, 16(2), 024010. http://doi.org/10.1088/1748-
9326/abd12f

Urziceanu, M., Anastasiu, P., Rozylowicz, L., & Sesan, T. E. (2021). Local-scale impact of wind energy farms on rare,
endemic, and threatened plant species. Peer], 9, e11390. http://doi.org/10.7717/peerj.11390

Urziceanu, M., Rozylowicz, L., Stefanescu, D. M., & Anastasiu, P. (2024). Monitoring plant diversity in wind farm
areas: An approach to early detection of alien plant species. Conservation Science and Practice, 6(4), e13109.
https://doi.org/10.1111/csp2.13109

Valente, A., Catani, V., Esposito, L., Leone, G., Pagnozzi, M., & Fiorillo, F. (2022). Groundwater Resources in a
Complex Karst Environment Involved by Wind Power Farm Construction. Sustainability, 14(19), 11975. https://
doi.org/10.3390/su141911975

van Niekerk, M. (2012). Understanding aquatic carbon loss from upland catchments in South West Scotland during
land use change from commercial forest to wind farm [dissertation]. http://hdlL.handle.net/1893/13064

Villarreal, M. L., Soulard, C. E., & Waller, E. K. (2019). Landsat Time Series Assessment of Invasive Annual Grasses
Following Energy Development. Remote Sensing, 11(21), 2553. https://doi.org/10.3390/rs11212553

Waldron, S., Flowers, H., Arlaud, C., Bryant, C., & McFarlane, S. (2009). The significance of organic carbon and
nutrient export from peatland-dominated landscapes subject to disturbance, a stoichiometric perspective.
Biogeosciences, 6(3), 363-374. https://doi.org/10.5194/bg-6-363-2009

Wang, M., Liu, Q., & Pang, X. (2021). Evaluating ecological effects of roadside slope restoration techniques: A global
meta-analysis. Journal of Environmental Management, 281, 111867. http://doi.org/10.1016/j.jenvman.2020.111867

Wang, G., Li, G., & Liu, Z. (2023). Wind farms dry surface soil in temporal and spatial variation. Science of the Total
Environment, 857, 159293. https://doi.org/10.1016/j.scitotenv.2022.159293

Wawrzyczek, J., Lindsay, R., Metzger, M. J., & Quétier, F. (2018). The ecosystem approach in ecological impact
assessment: Lessons learned from windfarm developments on peatlands in Scotland. Environmental Impact
Assessment Review, 72, 157-165. https://doi.org/10.1016/j.eiar.2018.05.011


https://doi.org/10.1016/j.esd.2023.03.002
https://doi.org/10.1017/9781316809785.008
https://doi.org/10.1016/j.resconrec.2016.06.026
https://doi.org/10.1016/j.resconrec.2016.06.026
https://doi.org/10.1016/j.enpol.2013.10.066
https://www.seraustralasia.com/standards/glossary.html#:~:text=Degradation%20(of%20an%20ecosystem)%20a,from%20frequent%20or%20persistent%20impacts
https://www.seraustralasia.com/standards/glossary.html#:~:text=Degradation%20(of%20an%20ecosystem)%20a,from%20frequent%20or%20persistent%20impacts
https://doi.org/10.3368/le.99.3.123121-0152R
https://doi.org/10.3390/rs9040332
https://doi.org/10.1098/rspb.2017.0829
https://doi.org/10.1016/j.renene.2016.10.066
https://doi.org/10.1371/journal.pone.0162269
https://doi.org/10.1016/S0301-4215(03)00241-6
http://doi.org/10.1088/1748-9326/abd12f
http://doi.org/10.1088/1748-9326/abd12f
http://doi.org/10.7717/peerj.11390
https://doi.org/10.1111/csp2.13109
https://doi.org/10.3390/su141911975
https://doi.org/10.3390/su141911975
https://doi.org/http://hdl.handle.net/1893/13064
https://doi.org/10.3390/rs11212553
https://doi.org/10.5194/bg-6-363-2009
http://doi.org/10.1016/j.jenvman.2020.111867
https://doi.org/10.1016/j.scitotenv.2022.159293
https://doi.org/10.1016/j.eiar.2018.05.011

SUSTAINABLE ENVIRONMENT € 17

Welstead, J., Hirst, R., Robb, G., & Bainsfair, B. (2013). Research and guidance on restoration and decommissioning
of onshore wind farms. Scottish Natural Heritage.

Windemer, R. (2019). Considering time in land use planning: An assessment of end-of-life decision making for
commercially managed onshore wind schemes. Land Use Policy, 87, 104024. https://doi.org/10.1016/
jlandusepol.2019.104024

Windemer, R., & Cowell, R. (2021). Are the impacts of wind energy reversible? critically reviewing the research
literature, the governance challenges and presenting an agenda for social science. Energy Research & Social Science,
79, 102162. https://doi.org/10.1016/j.erss.2021.102162

Xia, G., & Zhou, L. M. (2017). Detecting wind farm impacts on local vegetation growth in Texas and Illinois using
modis vegetation greenness measurements. Remote Sensing, 9(7), 698. https://doi.org/10.3390/rs9070698

Xie, Y. H.,, Zhou, R. P,, Cheng, C. C,, Jiang, H. T, Li, X. ]., Zhang, M., & Hai, C. X. (2014). Effect of wind power station
on underlying surface soil bulk density in Northern China. Advanced Materials Research, 864, 2587-2594.

Xu, K., He, L. C, Hu, H. ], Liu, S. Y., Du, Y. W., Wang, Z., Li, Y. Y., Li, L., Khan, A., & Wang, G. X. (2019). Positive
ecological effects of wind farms on vegetation in China's Gobi desert. Scientific Reports, 9(1), 6341. http://doi.org/
10.1038/s41598-019-42569-0

Ze, ], Xiuchun, Y., Ang, C., Dong, Y., Min, Z., & Lunda, W. (2024). Localized eco-climatic impacts of onshore wind
farms: A Review. Journal of Resources and Ecology, 15(1), 151-160. https://doi.org/10.5814/j.issn.1674-
764x.2024.01.013

Zheng, Y., Waldron, S., & Flowers, H. (2018). Fluvial dissolved organic carbon composition varies spatially and
seasonally in a small catchment draining a wind farm and felled forestry. Science of the Total Environment, 626,
785-794. https://doi.org/10.1016/j.scitotenv.2018.01.001


https://doi.org/10.1016/j.landusepol.2019.104024
https://doi.org/10.1016/j.landusepol.2019.104024
https://doi.org/10.1016/j.erss.2021.102162
https://doi.org/10.3390/rs9070698
http://doi.org/10.1038/s41598-019-42569-0
http://doi.org/10.1038/s41598-019-42569-0
https://doi.org/10.5814/j.issn.1674-764x.2024.01.013
https://doi.org/10.5814/j.issn.1674-764x.2024.01.013
https://doi.org/10.1016/j.scitotenv.2018.01.001

	Abstract
	HIGHLIGHTS
	1  Introduction
	2  Materials and methods
	2.1  Literature search
	2.2  Literature categorization

	3  Results
	3.1 General description of the dataset
	3.2  Environmental impacts
	3.2.1  Vegetation dynamics
	3.2.2  Plant community composition
	3.2.3  Soil erosion
	3.2.4  Soil physical properties
	3.2.5  Water availability
	3.2.6  Water quality

	3.3  Consideration of mitigation and restoration

	4  Discussion
	4.1  Highlights
	4.2 Opportunities for mitigating environmental impacts
	4.2.1  Planning and design
	4.2.2  Construction
	4.2.3  Operation
	4.2.4  Decommissioning and restoration

	4.3  Key actions for advancing impact mitigation

	5  Conclusion
	Acknowledgements
	Author contributions
	Disclosure statement
	Funding
	Data availability statement
	References

