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Abstract
The study presents a GIS- and RS-based diagnostic model to determine the changes in the existing vegetation in the Urla, 
Çeşme, and Karaburun peninsulas, Turkey, between 2002 and 2017 after the installation of 239 wind power plants (WPP). 
The vegetation changes in 7 CORINE land cover classes within the 0–1 km (facility zone) and 1–2 km (control zone) buffer 
zones were detected in relation with the slope and aspect groups using NDVI analysis. The highest amount of negative change 
in broad-leaved forests, coniferous forests, and land principally occupied by agriculture, with significant areas of natural 
vegetation, was detected in the 3–5% slope group, while pasture lands, sclerophyllous vegetation and transitional woodland-
shrubs showed the highest degradation in 1–2% slope areas. Negative changes in complex cultivation patterns were found 
to be on the flat surfaces. Except for the pasture lands and sclerophyllous vegetation classes, the highest degradations were 
observed on north-facing aspects. In all land cover classes, the most degraded areas were found to be within the facility 
zone. The results and the proposed model are expected to facilitate planning and decision-making processes for locations 
with similar landscape characteristics.
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Introduction

A wind power plant (WPP) is a relatively new renewable 
power system. It is popular because it generates energy from 
air flows faster than other power plants, does not use fossil 
fuels, and does not emit greenhouse gases that cause global 
warming. Production of electric power generated by wind 
power plants is relatively simple and inexpensive, and it is 
also possible to establish turbines near agricultural areas and 
rural lands (Akkoyunlu 2006). The number of wind turbines 
installed in Turkey is 3351 as of 2020, with a total installed 
power of 8828 MW, and 17,000 people are employed in the 
sector (Turkish Wind Energy Association 2020).

There are several reasons why wind power has become 
widespread. The environmental superiority of wind energy 
over fossil fuels is indisputable due to the benefits related to 
climate change, air quality, public health, energy diversity, 
and water security (Wiser et al. 2015, p. 132). Wind power 
does not cause air pollution or other forms of environmental 
degradation associated with fossil fuel technologies (Farfan 
et al. 2009). It helps reduce environmental pollution and 
growing energy shortage pressure (Gao et  al. 2016). 
While the positive effects of wind power have been widely 
discussed in the literature, its negative impacts have been 
much less considered. Understanding the negative impacts 
as well as the benefits would allow a more accurate 
assessment of the ecological effects of wind power. Wang 
and Wang (2015) denote that noise pollution, bird and bat 
fatalities, greenhouse gas emissions, and local climate are 
the most significant environmental impacts of wind power 
(Wang and Wang 2015, p. 437). Wind turbines, similar 
to many other artificial structures such as communication 
masts, tall buildings and windows, power lines, and fences, 
are discussed in the literature as one of the sources of bird 
fatalities (Drewitt and Langston 2008). However, the effects 
of wind turbines on bird fatality are associated with various 
factors such as the location, season, topography, and bird 
species (Fernandez et al. 2007; Kuvelsky et al. 2007; Farfan 
et al. 2009; Sovacool 2013; Wang et al. 2015). For instance, 
Farfan et al. (2009) studied the impact of wind farms with 
a case study from southern Spain. They concluded that the 
turbines did not harm passerine birds but had a negative 
effect on the raptors in the region. Wind turbines have also 
been criticized due to the esthetic issues and noise problems, 
thus may be subject to public resistance. Wind farms can be 
considered ugly and harmful to the scenery (Smith and Klick 
2007). The noise and flicker from the turbine blades have 
also been suggested to affect the view negatively (Sims et al. 

2008). Considering visibility, color, fractality, and continuity 
indicators would provide an objective esthetic impact of a 
wind farm (Torres Sibille et al. 2009).

The objective assessment of the effects of wind power 
contributes to decision-making and the development of 
the WPP systems. Effective and detailed planning requires 
capacity and the potential related to the power plant 
technology (Pyakurel et al. 2021), government policy and 
financial incentives (Kumar et al. 2022), as well as spatial 
allocation and land-use modeling. Remote sensing (RS) 
and geographic information systems (GIS) technologies 
are practical tools for environmental assessment and site 
allocation decision-making. Diaz-Cuevas et  al. (2019) 
suggest integrated multicriteria decision-making and GIS 
model to identify potential areas for single or combined 
wind power, solar power, and biomass plants.

Among the various impacts of wind power, the change 
in vegetation has not been covered thoroughly. The present 
study was conducted with the following objectives; (i) 
evaluation of the change in vegetation in the surrounding 
areas of WPPs using Landsat satellite images, (ii) revealing 
this change concerning different plant species, and (iii) 
investigation of the change in terms of slope and aspect 
in vegetated areas. Thus, a GIS- and RS-aided model was 
developed to determine the land degradation related to wind 
turbines. The paper continues with a literature review of the 
effects of wind power on vegetation and the use of RS and 
GIS technologies. Material and the method are discussed in 
the following part, continued with the results, discussion, 
and conclusion.

Literature review

The technology of the WPPs is relatively new, there is not 
much research on their interaction with the environment, 
and the benefit–cost analysis is not supported with scientific 
facts. Due to this uncertainty, extra effort is required to 
examine the ecological risks associated with WPPs in 
landscape planning (Braunisch et al. 2015). However, it 
appears that the impacts of wind turbines on wildlife are 
still poorly understood (Kuvlesky et  al. 2007). Various 
researchers have studied the environmental effects of WPPs, 
focusing on issues such as the effects of WPPs on bats and 
birds (Drewitt and Langston 2006; Erickson et al. 2002; 
Hoover and Morrison 2005; Johnson et al. 2003; Desholm 
and Kahlert 2005; Kuvlesky et al. 2007), auditory effects on 
human health (Van den Berg 2004; Pedersen and Persson 



53Impacts of wind turbines on vegetation and soil cover: a case study of Urla, Cesme, and Karaburun…

1 3

Waye 2004; Pantazopoulou 2009; Huskey 2011), and visual 
effects on human (Van den Berg 2004; Krohn and Damborg 
1999; Harding 2008; Sun et al. 2008; Dai et al. 2015).

While several RS-based studies on the impacts of WPP on 
animals, the ones examining the effects on plant organisms 
are limited. Still, there are studies on the environmental 
consequences of WPP construction and operation processes 
on vegetation changes (Fagúndez, 2008; Fraga et al. 2008; 
Leung and Yang 2012; Braunisch et al. 2015; Fang et al. 
2018; Guo et al. 2020; FAO 2020), the effects of WPPs on 
surface temperature and microclimate (Baidya Roy et al. 
2004; Walsh-Thomas et al. 2012; Zhou et al. 2012; Harris 
et al. 2014; Slawsky et al. 2015; Chang et al. 2016), and 
vegetation (Li et al. 2016; Tang et al. 2017; Xia and Zhou 
2017; Shen et al. 2017; Xu et al. 2014; 2019).

Fagúndez (2008) investigated the wind farm construction 
and operation impacts on plant species in the swamp and wet 
heathland vegetation based on three years of observations 
from the installation of the turbines in the study area. The 
results showed no significant break in the life cycles of marsh 
and aquatic ecosystem plants. On the contrary, a positive 
change in the species' vegetative health was underlined due 
to the restrictions preventing public access to the turbine 
site. Fraga et al. (2008) investigated the effects of wind farms 
on plant diversity on the summits and slopes of the Xistral 
Mountains. The results showed that especially invasive plant 
species in areas with heterogeneous distribution became 
dominant after the turbines were erected. Leung and Yang 
(2012) conducted research drawing particular attention to 
the climatic effects of WPPs, as well as their noise and visual 
impact on wildlife and human life. The authors underlined 
that further work was required to investigate future impacts 
of the WPPs, mainly through fluid dynamics.

Fang et al. (2018) studied the changes in the existing 
vegetation in their study area after the WPPs were placed. 
They emphasized the importance of positioning wind 
turbines at a micro-scale and stated the necessity to model 
the turbulence created by turbines in complex terrains 
(dense vegetation patterns and rocky terrain) in detail. Guo 
et al. (2020) emphasized the increasing number of WPPs in 
China in recent years and the limited information on their 
effects. Their study detecting the impacts on the ecological 
corridors around wind farms concluded that the resilience 
of the landscape corridors has changed, and the spread of 
the species was prevented in the area. The findings were 
suggested to be used in the site selection of WPPs. Besides 
the impacts on the landscape and the vegetation, studies have 
also been conducted to investigate the indirect occurrence 
of thermal changes around WPPs (Baidya Roy et al. 2004; 
Chang et al. 2016; Harris et al. 2014; Slawsky et al. 2015; 
Walsh-Thomas et al. 2012; Zhou et al. 2012).

Although various environmental aspects associated 
with WPPs have been investigated, the research on the 

vegetation changes over time around the turbines is 
limited. In a study conducted in Mongolia, the vegetation 
change in the 50 km buffer zones around WPPs between 
2008 and 2014 was monitored and assessed using 
NDVI analysis (Li et al. 2016). The impact of WPPs on 
vegetation was reported to be more significant after the 
operations started compared to the installation period, 
and the highest rate of change was detected in the 
30-km buffer zone around the turbines. WPPs can have 
a significant impact on climate-affected vegetation due to 
the local climate. Tang et al. (2017) analyzed the effects 
of WPPs on vegetation growth and productivity in summer 
(June–August) in the Bashang region of North China. 
WPPs showed a significant inhibitory effect on vegetation 
growth as evidenced by decreases in leaf area index 
(LAI), increased vegetation index (EVI), and normalized 
difference vegetation index (NDVI). Xia and Zhou (2017) 
conducted a study in Texas and Illinois to determine the 
effects of WPPs on local vegetation. They used NDVI and 
other vegetation indices with 250 m resolution satellite 
images. The effects of WPPs on local vegetation growth 
were found to be insignificant or non-detectable.

Shen et al. (2017) evaluated the direct impact on the 
pasture lands during the construction of WPPs in China 
using the Landsat 8 satellite and the GF-2 HD satellite 
imageries. The study concluded that the construction of 
a single wind turbine damaged approximately 3000  m2 of 
pasture land, and China's GF-2 HD satellite (GF-2) could 
accurately detect the damage in the area. This research also 
showed the utilization of RS methods to support decision-
making on pasture lands and to optimize the use of pasture 
land resources and sustainable development.

In the study investigating the effects of WPPs on 
vegetation in the Gobi Desert, the areas within 90 m and 
200 m from the turbines were compared (Xu et al. 2019). 
It was demonstrated that building wind turbines in a desert 
ecosystem created a microclimate and induced vegetation 
change. At the same time, the comparison showed plants 
close to the turbines were less stressed and in better 
physiological condition than those further away. Meanwhile, 
a correlation was found between wind generated by large 
rotating blades and the growth of shrubs.

All of the research mentioned above show that wind 
turbines cause turbulence, wake effect, and temperature 
change nearby; therefore, measurable impacts on vegetation 
occur or are likely to occur. These studies suggest that WPPs 
have an environmental impact, and further research is needed 
to determine whether these impacts are positive or negative. 
With this research, the effects of WPPs on vegetation and 
temporal changes are evaluated with Landsat satellite images 
and presented in terms of investigated plant species. A GIS- 
and RS-aided model is established for determining the land 
degradation related to wind turbines.
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Material and method

The main material of the study is the satellite images of the 
study area and the data obtained using the GIS capabilities. 
These include the data related to the location, topographical 
analysis, plant indices, and statistical results. Table 1 lists 
the data used in the research.

Study area

The study area comprises the WPP installed lands located 
within the borders of İzmir province in the Karaburun, Urla, 
and Çeşme peninsulas. According to Erdem et al. (2002), 
the Karaburun Peninsula has the longest untouched coasts 
in the Aegean Region, which is home to 384 plant species 

belonging to 255 genera from 70 families, and 204 land and 
sea birds. The number of WPPs and their locations in the 
area were digitized using Open Street Map, the website of 
the Turkish Wind Energy Association, and the Ph.D. the-
sis of Metin (2017) (WET 2018). Besides the locations of 
WPPs, the operation starting years were also recorded in the 
database during the digitizing process. There are a total num-
ber of 239 WPPs established in different years in the study 
area, including 2000 (12), 2006 (49), 2009 (22), 2011(20), 
2013(92), 2015(6), 2016(35), and 2017(3) (Fig. 1).

The slope and aspect classes derived from the ASTER 
satellite data were produced using ArcGIS 10.4. Digital 
elevation model (DEM) was used for slope classifications 
with the help of natural refraction (Jenks) and the terrain 
characteristics of the area (Fig. 2).

Table 1  Data used in the study (Aksoy 2021)

Data Data resources

Satellite Image Landsat 5 (2000–2011) July and August every year https:// lands at. gsfc. nasa. gov/ (LANDSAT 2020)
Satellite Image Landsat 8 (2011–2018) July and August every year https:// lands at. gsfc. nasa. gov/ (LANDSAT 2020)
Digital Elevation Model (DEM) created from ASTER image https:// aster web. jpl. nasa. gov/ gdem. asp (ASTER 2020)
WPP locations Up-to-date Open Street Map (Metin 2017)
CORINE 2018 EU Land Monitoring Service
Wind Turbines buffer zones (0–1 km ve 1–2 km) Regulation on the Technical Evaluation of Wind Power Electricity 

Generation Applications (2015) Official Newspaper in Turkey 
(Official Newspaper 2020: https:// resmi gazete. gov. tr/ eskil er/ 2015/ 10/ 
20151 020-2. htm)

WPP locations Turkish Wind Energy Association

Fig. 1  The location of the study 
area and the WPPs (Aksoy 
2021)

https://landsat.gsfc.nasa.gov/
https://landsat.gsfc.nasa.gov/
https://asterweb.jpl.nasa.gov/gdem.asp
https://resmigazete.gov.tr/eskiler/2015/10/20151020-2.htm
https://resmigazete.gov.tr/eskiler/2015/10/20151020-2.htm
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Methodology

The methodology of this study is based on GIS and RS tech-
niques. The Python programming language was also used 
to analyze the large data set and to perform repetitive tasks. 
Within the scope of the study, Landsat 5 and Landsat 8 satel-
lite images were acquired considering the dates of WPP con-
tractions. NDVI analysis was used to detect the vegetation 
changes in the area. The geographic boundaries around the 
turbines were determined following the "Regulation on the 
Technical Evaluation of Applications for Electricity Gen-
eration Based on Wind Power" (2008), which suggests the 
placement of the buffer zone from the center of the turbine 

with a maximum radius of 700 m. This zone defines the 
facility area. The second buffer zone, on the other hand, is 
created by offsetting 300 m from the specified facility area 
border. Therefore, the ultimate boundary is defined as the 
1000 m buffer area around the power plant. This 1 km power 
plant area (0–1 km area) was chosen as the primary loca-
tion for analyzing the vegetation, while the next 1 km area 
(1–2 km area) was defined as the control area. The spatial 
database determined the neighborhood boundaries of 1 and 
2 km around the WPPs as circular buffers (Fig. 3).

As seen in Fig. 3, the buffer zones around different turbine 
areas inevitably overlap, making it difficult to precisely 
determine the impact areas of turbine groups. Therefore, 

Fig. 2  Slope and aspect classes maps (Aksoy 2021)

Fig. 3  WPP locations and 1 km 
boundary line around WPPs 
(Aksoy 2021)
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around the WPPs, each turbine structure was centered, the 
edges of the polygon formed by separating a point from the 
points closest to that point, known as the Voronoi polygon, 
and the algorithm that creates new borders was used. As a 
result of this process, new boundaries for 0–1 and 1–2 km 
buffer zones were created. Letter codes (A1, B1, C1, C2, 
D1, D2, E1, E2, E3, E4, E5, E6, F1, G1, G2, G3, G4, and H) 
were assigned for new boundaries according to the turbine 
construction year and depending on their proximity and 
distance to one another.

Following this stage, NDVI analyses were performed, and 
NDVI values in the satellite images (2002, 2006, 2009, 2011, 
2013, 2014, 2015, 2016, 2017, and 2018) were subtracted to 
produce an NDVI difference image.

Negative and positive values in the NDVI difference 
image may not always represent the true variation. For this 
reason, it is necessary to set a threshold to reach the correct 
result in the obtained image. The thresholding method, one 
of the most popular methods, was used to distinguish the 
areas from each other, dividing pixels into two classes with 
and without change.

Different intervals were used to determine the threshold 
values in the studies in the literature. For example, Yuan and 
Elvidge (1998) used 0.25, 0.50, and 1 standard deviation (σ) 
ranges in their analysis and stated that the most appropriate 
range for NDVI changes was the 1 σ range. Morawitz 
et al. (2006) used the 1 σ range, and Ramos et al. (2018) 
obtained high accuracies for the NDVI changes using the 2 σ 
range. Since only negative NDVI results will be considered 
within the scope of the study, the 2 σ range was chosen as 
the threshold value to obtain results with higher accuracy 
(Table 2).

As shown in the iterative workflow of the study (Fig. 4), 
CORINE 2018 data were used to define the land cover 
classes in the study area. After NDVI change analysis, the 
areas with values below 2σ (two sigmas) were filtered out. 
Then, intersecting slope and aspect groups were merged with 
both these data and the selected CORINE classes. Lastly, the 

resulting data layer was intersected with the 0–1 and 1–2 km 
buffer zones, and the resulting polygons were determined in 
a square meter.

Results

Changes in each CORINE land cover class were detected by 
subtracting image values of 2002, 2006, 2009, 2011, 2013, 
2014, 2015, 2016, and 2017 separately, and NDVI changes in 
the predetermined slope and aspect groups within the WPP 
0–1 km and WPP 1–2 km buffer zones were determined. As 
a result of the analyses performed for all CORINE classes 
around the WPPs, it was observed that some classes did not 
produce a negative NDVI difference value. These classes 
are as follows:

• Classes with a negative NDVI difference value calculated 
in the 0–1 km area,

• Classes with a negative NDVI difference value in the 
0–1 km and 1–2 km area.

Classes in which changes were detected in 0–1 km and 
1–2  km zones were further examined. The absence of 
changes in the 1 and 2 km zones in other CORINE classes 
leads to the lack of a control group during the evaluation 
phase of the study. Therefore, the study was limited to 
classes having negative NDVI difference values in the 
0–1 km and 1–2 km zones (Table 3).

The outcomes of the CORINE classes and the WPP 
groups were examined in terms of slope and aspect. The 
results were discussed by creating a slope and aspect class 
change detection matrix in the relevant CORINE class for 
WPP areas based on years and groups.

The degradation in the study area around the WPPs inter-
secting with the CORINE land cover classes was investi-
gated under two headings. In "Study area" section, the total 
degradation based on CORINE classes was examined, while 

Table 2  The minimum, 
maximum, average, standard 
deviation, 1σ and 2σ standard 
deviation values of pixel values 
for NDVI analysis of the study 
area (Aksoy 2021)

Minimum value Maximum value Average 
pixel value

Standard 
deviation 
value

1σ 2σ

ΔNDVI 2018–2002  − 0,74 0,69 0,09 0,08 0,01  − 0,07
ΔNDVI 2018–2006  − 0,72 0,72 0,08 0,07 0,01  − 0,06
ΔNDVI 2018–2009  − 0,78 0,7 0,08 0,07 0,01  − 0,06
ΔNDVI 2018–2011  − 0,78 0,72 0,05 0,06  − 0,01  − 0,07
ΔNDVI 2018–2013  − 0,85 0,69 0,01 0,06  − 0,05  − 0,11
ΔNDVI 2018–2014  − 0,85 0,77 0 0,07  − 0,07  − 0,14
ΔNDVI 2018–2015  − 0,88 0,66  − 0,03 0,05  − 0,08  − 0,13
ΔNDVI 2018–2016  − 0,87 0,66 0,01 0,05  − 0,04  − 0,09
ΔNDVI 2018–2017  − 0,89 0,68 0 0,04  − 0,04  − 0,08



57Impacts of wind turbines on vegetation and soil cover: a case study of Urla, Cesme, and Karaburun…

1 3

in  Methodology" section the degradation around the WPPs 
was examined as slope and aspect classes separately accord-
ing to the CORINE classes with the assigned letter codes 
according to the years they started operating. In "Study 
area" section, where the results are analyzed according to 
CORINE classes, 7 different land cover classes were exam-
ined, and these classes were addressed separately according 
to the years covered in the study. The outcomes of the years 
were detailed in-depth under each of the seven titles in the 
sections that examine all the relevant class years.

Analysis of results by CORINE land cover classes

According to the analyses performed for all years (2002, 
2006, 2009, 2011, and 2013–2017/2018), a line graph was 
created for each land cover class; broad-leaved forest (1), 
complex cultivation patterns (2), coniferous forests (3), 

transitional woodland-shrubs (4), land principally occupied 
by agriculture, with significant areas of natural vegetation, 
(5), natural grasslands–pasture lands (6), and sclerophyllous 
vegetation (7), for degradation in the buffer zones in terms 
of slope and aspect groups (Fig. 5).

The linear graph of the 0–1 and 1–2 km buffer zones 
is intended to be a signature for each CORINE class. Line 
graphs related to CORIN E classes are presented in the 
following section.

The highest degradation in broad-leaved forest areas was 
observed in the 3–5% slope group, and the degradation was 
6.73 times higher around the WPP compared to the control 
buffer zone. The north-facing group had the largest amount 
of negative change; the degradation was 5.32 times worse 
around the WPP compared to the control buffer area. In 
general, degradation detected in the areas near the WPP 
areas is greater than in the control buffer area, and the reason 
for this may be caused by the WPP.

The 0–1% slope group in complex cultivation patterns 
showed the most degradation, and the deterioration was 
1.61 times higher in the control buffer zone than in the WPP 
environment. The most degradation is seen in the north-
facing aspects in the control buffer area, 2.19 times higher 
compared to the WPP environment. In conclusion, it was 
seen that the degradation in the areas far from the WPP areas 
is more than the near buffer zone (exceptionally, the reverse 
scenario is observed in the east direction), and it is thought 
that the reason for this may not be caused by the WPP.

It was discovered that the highest degradation in 
coniferous forests was in the 3–5% slope group, and 
the deterioration was 2.77 times higher in the control 

Fig. 4  Workflow diagram of the study (Aksoy 2021)

Table 3  Negative NDVI values in 0–1 km and 1–2 km zones corre-
spond to CORINE land cover classes

CORINE land cover classes included in the research

BO1- broad-leaved forest,
CC1- complex cultivation patterns,
CF2- coniferous forest,
LP1- land principally occupied by agriculture, with significant areas 

of natural vegetation,
NG1- natural grasslands–pasture lands,
SV1- sclerophyllous vegetation,
TW1- transitional woodland-shrubs
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Fig. 5  Average degradation values in the square meter for 7 CORINE classes for slope and aspect groups based on buffer zones for each year 
(Aksoy 2021)
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buffer area compared to the WPP environment. The most 
negative change observed was, in the north-facing aspects, 
1.63 times higher in the control buffer area compared to 
the WPP surroundings. Therefore, it is interpreted as the 
degradation in the areas far from the WPPs is more than 
in areas close to buffer zones (exceptionally, the opposite 
situation is observed in the east direction), and the reason 
for this may not be caused by the WPP, as well.

In transitional woodlands-shrubs, the maximum 
degradation was reported in the 1–2% slope group, and 
this change was 1.82 times greater surrounding the WPP 
compared to the control buffer zone. The north aspect 
group showed the highest damage, with degradation 2.33 
times higher around the WPP than in the control buffer 
region. Overall, the negative change detected in the areas 
near the WPP zones is greater than in the control buffer 
area, and the WPP may be the reason for this. However, 
in the 5–32% slope group and east-facing aspect, an 
uncommon circumstance happened.

Land principally occupied by agriculture, with significant 
areas of natural vegetation, experienced the most negative 
change in the 3–5% slope group. It is 1.76 times higher in the 
control buffer area compared to the WPP surrounding. The 
most degradation was observed in the northern facing aspect 
group, with 2.43 times higher in the control buffer zone 
compared to the areas closer to WPP in the northern aspect 
group. Consequently, the damage in the areas far from the 
WPP areas is higher than the near buffer zone (exceptionally, 
the opposite is observed in the 5–32 slope group), and the 
reason for this may not be caused by the WPP.

In natural grasslands–pasture lands, it was observed that 
the degradation was high in the 1–2% slope group, and it 
was 7.61 times higher around the WPP compared to the 
control buffer zone. In addition, the south-facing aspect 
group experienced the most negative change, with 9.24 
times higher change surrounding the WPP than the control 
buffer zone. So, it was inferred that areas close to the WPP 
are exposed to more degradation than control buffer areas. 
However, an exceptional situation occurred in the 5–32 slope 
group.

The 1–2% slope group had the highest degradation in 
sclerophyllous vegetation areas. The degradation was 1.14 
times higher around the WPP than in the control buffer zone. 
It was also observed that the most damage was in the south-
facing aspect group, and it was 1.67 times higher around the 

WPP compared to the control buffer area. Consequently, it 
is interpreted as the negative change in the areas close to the 
WPP areas is more than the control buffer area.

Analysis of results around WPP in relation to CORINE 
classes

The change in the surroundings of the WPP groups in the 
same CORINE class was investigated using this grouping 
according to their slope and aspect directions, according to 
the tables as follows:

• While examining the area in terms of different WPP 
groups in the same years, it was examined whether the 
degradations in the same year period would be caused by 
WPP. In order to make comparisons, groups having less 
than two-letter codes in the year period were omitted.

• While examining the field in terms of the same WPP 
groups in different years, it was examined whether the 
degradations in different year periods would be caused 
by WPP.

Investigation of WPP groups in broad‑leaved forest areas 
in the same and different years

According to the first line graph of the 0–1 km buffer and 
control buffer zone shown in Fig. 5 in "Study area" section, 
the damage near the WPP is high. The aspect and slopes 
where the 0–1 km buffer zones have the highest degradation 
are examined for each WPP. When the WPP groups in the 
broad-leaved forest class are examined, there are 3 primary 
groups with changes in the D1, D2, and E5 areas between 
the relevant years. When findings are examined, it was 
observed that there was a degradation in the slope class of 
3–5% in the adjacent and separate WPP groups for all years. 
In addition, different directions were detected in the most 
degraded aspects in the examined years (Table 4). In this 
regard, the fact that the slope group is the same for multiple 
WPP groups in the same year suggests that WPP may be 
the source of the degradation. However, the fact that there 
is degradation in different directions and no degradation in 
the common direction shows that more sampling and a larger 
data set are required in this regard.

The slope of the degradation for the WPP groups 
investigated in all years was 3–5%, according to the data. 

Table 4  The highest degradation of broad-leaved forests in terms of the same WPP groups in different years (Aksoy 2021)

Group D1 D2 E5

Year 2011–2018 2013–2018 2016–2018 2011–2018 2013–2018 2016–2018 2013–2018 2016–2018

Slope 3–5% 3–5% 3–5% 3–5% 3–5% 3–5% 3–5% 3–5%
Aspect South East East North North North West North
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Furthermore, when the WPP groups are examined, the 
north-facing degradation for D2 occurred in all years, while 
the aspect for D1 and E5 differed depending on the year 
(Table 5). The fact that distortion occurs in several directions 
indicates that additional sampling and data sets are required 
to identify the damage dependent on direction. However, 
based on the available data, the degradation in all WPPs 
at 3–5% of the slope suggests that the deterioration in the 
broad-leaved forest CORINE class may be caused by the 
WPP.

Investigation of WPP groups in complex cultivation 
patterns in the same and different years

According to the second line graph, 0–1 km buffer and 
control buffer zone shown in Fig. 5 given in "Study area" 
section, the degradation in the immediate vicinity of the 
WPP is assessed to be modest. When the WPP groups in 
the complex cultivation patterns are examined, there are 6 
main groups with changes in the A1, C2, F1, G1, G2 and H1 
areas between the years in question.

In all years, it was observed that there was a 
deterioration of 0–1% slope in adjacent and non-adjacent 
WPP groups. In addition to this, two different directions 

were determined in the most damaged aspects in the 
years examined (Table 6). In this regard, the fact that the 
slope group is the same for different WPP groups in the 
same year suggests that WPP may be the source of the 
damage. The fact that there is degradation in two different 
directions with no common direction indicates that further 
sampling and data sets are needed in this area. When the 
proximity of the WPPs on the map was examined, no 
meaningful result could be reached.

The slope of the degradation for the WPP groups inves-
tigated in all years was 0–1%, according to the data. In 
addition, when different WPP groups are examined, it was 
observed that the south-facing degradation for A1 changed 
direction after 2011 and turned to the north direction. 
Damage in different directions was observed for C2. Deg-
radation on the south-facing aspect was detected for F1, 
whereas the north-facing damage was recorded for G1, 
G2, and H1. The fact that degradation occurs in various 
directions indicates that additional sampling and data sets 
are required to identify the change based on the direction. 
However, change starts with a certain direction and shifts 
to another direction may be an exceptional case for the 
relevant WPP group, as in the example in A1. Further-
more, based on the available data, the negative change in 
all WPPs at a 0–1% slope suggests the degradation in the 

Table 5  The highest 
degradation of broad-leaved 
forests in terms of different 
WPP groups in the same years 
(Aksoy 2021)

Year 2011–2018 2013–2018 2016–2018

Group D1 D2 D1 D2 E5 D1 D2 E5

Slope 3–5% 3–5% 3–5% 3–5% 3–5% 3–5% 3–5% 3–5%
Aspect South North East North West East North North

Table 6  The highest 
degradation in complex 
cultivation patterns in terms 
of different WPP groups in the 
same years (Aksoy 2021)

Year 2009–2018 2015–2018 2016–2018 2017–2018

Group A1 C2 A1 F1 G1 G2 A1 F1 G1 H1

Slope 0–1% 0–1% 0–1% 0–1% 0–1% 0–1% 0–1% 0–1% 0–1% 0–1%
Aspect South South North South North North North South North North

Table 7  The highest degradation in complex cultivation patterns in terms of the same WPP groups in different years (Aksoy 2021)

Group A1

Year 2002–2018 2006–2018 2009–2018 2011–2018 2013–2018 2015–2018 2017–2018

Slope 0–1% 0–1% 0–1% 0–1% 0–1% 0–1% 0–1%
Aspect South South South South North North North

Group C2 F1 G1 G2 H1

Year 2009–2018 2014–2018 2015–2018 2017–2018 2016–2018 2017–2018 2016–2018 2017–2018

Slope 0–1% 0–1% 0–1% 0–1% 0–1% 0–1% 0–1% 0–1%
Aspect West South South South North North North North
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complex cultivation patterns CORINE class may be caused 
by the WPP (Table 7).

Investigation of WPP groups in coniferous forest areas 
in the same and different years

According to the third line graph representing 0–1  km 
buffer and control buffer zone in Fig. 5, given in "Study 
area" section, it was determined that the degradation in the 
immediate vicinity of the WPP is not high. When the WPP 
groups in the coniferous forest areas are examined, there are 
4 main groups with changes in the B1, C2 and E6 regions 
between the years in question.

In order to examine the area in terms of different WPP 
groups in the same years in the coniferous forest areas, at 
least two distinct WPP groups should be present in the same 
year. Since there was no such data group in the sample, it 
could not be examined.

The most decrease in slope groups was not common for 
the WPP groups investigated in all years, according to the 
outcome. In addition to this, it was observed that there was 
degradation along north-facing parts for B1 and E6 when 
looking specifically at WPP groups. For C2, deterioration 
was observed in the south direction. Looking at the single-
year period for C2 and E6 in the examined WPP groups 
prevents any comparison to be made. The fact that there 
is distortion in different directions indicates that more 
sampling and data sets are needed in order to detect the 
damage based on the direction. However, degradation in 
one direction, as seen in cases B1 and E6, suggests that the 
deterioration in the coniferous forest CORINE class may be 
caused by WPP (Table 8).

Investigation of WPP groups in transitional 
woodlands‑shrubs in the same and different years

According to the 0–1 km buffer and control buffer area line 
graph in the fourth image in Fig. 5 given in "Study area" 
section, it was determined that the change in close proximity 
to the WPP is high. When the WPP groups in the transitional 
woodlands-shrubs are examined, there are 6 primary groups 
with changes in the B1, E3, E5, E6, G1 and G2 regions 
between the relevant years.

In all years, there was no common degradation in slope 
groups in adjacent and non-adjacent WPP groups, according 
to the outcomes. However, across all slope categories, the 
greatest degradation was in 1–2% of the slope group (77%) 
indicates that 1–2% of slope may be significant for transitional 
woodlands-shrubs areas. Also, no common direction was 
detected in the most degraded aspects for the years examined 
(Table 9). In this sense, the fact that the majority of the slope 
group is the same for different WPP groups in the same 
year suggests that WPP may be the source of deterioration. 
However, the lack of common direction indicates that more 
sampling and data groups are needed in this regard. When 
the proximity of the WPPs on the map was examined, no 
significant result could be reached.

According to the results, it was discovered that the slope 
for the WPP groups studied in all years degraded the most, 
whereas the slope for the other groups was 1–2% for E6, G1, 
and G2. Furthermore, when looking at the WPP groups, it 
was observed that B1 and E3 have degraded in the north, E5 
has degraded in the south, and other groups have degraded in 
different directions. The fact that distortion occurs in several 
directions indicates that additional sampling and data sets are 
required to detect changes based on the direction. However, 
the damage occurs in one direction, as in cases B1 and E3, 
suggests that the degradation in the transitional woodlands-
shrubs CORINE class may be caused by WPP (Table 10).

Investigation of WPP groups in Natural Vegetation Areas 
in the same and different years

The degradation in the proximity to the WPP was assessed to 
be modest, according to the 0–1 km buffer and control buffer 
region line graph in image 5 of Fig. 5 given in "Study area" 
section. When the WPP groups in the natural vegetation area 
are examined, there are 3 primary groups with changes in the 
B1, E4 and G1 regions between the relevant years.

Table 8  The highest degradation of coniferous forests in terms of the 
same WPP groups in different years (Aksoy 2021)

Group B1 C2 E6

Year 2006–
2018

2011–
2018

2016–
2018

2009–
2018

2013–2018

Slope 2–3% 2–3% 3–5% 1–2% 2–3%
Aspect North North North South North

Table 9  The highest 
degradation of transitional 
woodlands-shrubs in terms of 
different WWP groups in the 
same years (Aksoy 2021)

Year 2013–2018 2016–2018

Group E3 E5 E6 B1 E3 E5 E6 G1 G2

Slope 1–2% 2–3% 1–2% 1–2% 1–2% 3–5% 1–2% 1–2% 1–2%
Aspect North South West North North South North East South
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In order to examine the area in terms of different WPP 
groups in the same years in natural vegetation areas, at least 
two different groups should be present in the same year. Since 
there was no such data group in the sample, it could not be 
analyzed.

Looking at the results, it was discovered that the WPP 
group had the largest degradation in slope and aspect 
throughout all years (Table 11). The fact that there is only 
one WPP group does not provide sufficient data to draw 
conclusions. In this regard, more samples and data sets are 
required.

Investigation of WPP groups in natural grasslands–pasture 
lands in the same and different years

The degradation in the adjacent areas of the WPP was 
assessed to be high, according to the 0–1 km buffer and 
control buffer zone represented in the sixth line graph in 
Fig. 5 supplied in "Study area" section. When the WPP 
groups in the pasture lands are examined, there are 6 
primary groups with changes in the A1, C1, E3, and E6 
regions between the relevant years. In all years, there was 
no common slope group where degradation occurred in 
adjacent and non-adjacent WPP groups, according to the 
results.

Looking at the results, no common deterioration in slope 
was observed in adjacent and non-adjacent WPP groups 
for all years. However, 0–1% slope is the most degraded 
among all slope groups (85%), indicating that 0–1% slope 
may be significant for pasture lands. In addition, no common 
direction was found in the most damaged aspect for the years 
examined (Table 12). The fact that most of the slope group is 
the same for different WPP groups in the same year suggests 
that WPP may be the cause of the change. However, the lack 
of a common direction indicates that more sampling and 
data sets are required in this regard. When the proximity of 
the WPPs on the map was examined, no significant result 
could be reached.

Looking at the results, it was discovered that the larg-
est degradation in the slope for the WPP groups exam-
ined in all years was 0–1%, with the exception of E3 for 
the 2013–2018-year group. Moreover, looking at the WPP 
groups, it could be seen that degradation was predominantly Ta
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Table 11  The highest degradation of lands with natural vegetation in 
terms of the same WWP groups in different years (Aksoy 2021)

Group E4

Year 2013–2018 2016–2018

Slope 3–5% 3–5%
Aspect North North
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on the west-facing sides for A1. C1 and E3 changes were 
observed in the north direction and E6 in the south direction. 
The fact that there is a negative change in different directions 
shows that more sampling and data sets are needed to detect 
the effect depending on direction. However, the deterioration 
at 0–1% of the slope, as in the examples, suggests that the 
deterioration in the CORINE class of pasture land may be 
caused by WPP (Table 13).

Investigation of WWP groups in sclerophyllous vegetation 
areas in the same and different years

According to the 0–1 km buffer and control buffer zone 
line graph in the last image in Fig. 5 given in "Study area" 
section, it was determined that the negative effects in the 
proximity of the WPP are high. When the WPP groups in 
the field of sclerophyllous vegetation are examined, there 
are 15 main groups with changes in the A1, B1, C1, C2, E1, 
E2, E4, E5, E6, F1, G1, G2, G3, G4 and H1 regions between 
the relevant years.

In all years, there was no common slope group degraded 
in close and far proximity WPP groups, according to the 
results. Additionally, throughout the years analyzed, no 
common direction was detected among the most affected 
aspects (Table 14). More sampling and data sets are required 
in this area due to the lack of a common direction and slope. 
There was no meaningful result that could be reached when 
the proximity of the WPPs on the map was assessed.

Looking at the results, it was seen that the largest 
degradation in the slope for the WPP groups examined in all 
years was 0–1% for A1, 1–2% for C2, F1 and G3, and 3–5% 
for E4 and E5. No common slope group was determined in 
other classes. The fact that the change occurs in different 
directions indicates that additional sampling and data sets 
are required to detect the change depending on direction. 
However, as in the examples, the negative impact in each 
WPP group in different aspects and slope groups suggests 
that the deterioration in the sclerophyllous vegetation 
CORINE class may not be caused by the WPP (Table 15).

Discussions

This study utilized RS and GIS methods to detect the veg-
etation change in close proximity of WPPs, as suggested 
by Shen et al. (2017). The findings are in line with the 

literature, which states certain levels of change in vegeta-
tion around WPPs (Fraga et al. 2008; Tang et al. 2017; Shen 
et al. 2017; Li et al. 2016; Xu et al. 2019), but expanded the 
discussion with detailed findings on the change of land cover 
classes with regard to slope and aspect integrating RS and 
GIS techniques. Further analyses may require turbulence cal-
culations with high-resolution digital terrain models through 
fluid mechanics, as discussed in Leung and Yang (2012).

In the broad-leaved forest class, the highest degradation 
detected is on the 3–5% slope and in the area close to the 
WPP in the north direction. Examining the WPPs in the 
same years separated into groups, it was seen that the 
greatest degradation was seen on the 3–5% slope, but the 
aspect was not north-facing for all groups. When the same 
WPPs in different years are examined, it is seen that the 
change occurred on the 3–5% slope group, and the aspect 
is only north-facing in the D2 WPP area. As a result of the 
study, it is suggested that broad-leaved forests tend to be 
more prone to WPP-induced damage in areas with 3–5% 
slope. Available data did not allow judgments to be made 
about the aspect.

It was determined that the highest degradation in the 
complex cultivation patterns class is in the 0–1% slope and 
the control buffer area in the north direction. According to 
the current evidence, the WPP is not considered to be the 
cause of the damage in the area. The highest degradation is 
detected at 0–1% slope, but the aspect was not north-facing 
for all groups. However, it was discovered that there was 
consistent data in the same year groups, indicating that the 
aspects were the same. When the same WPPs in different 
years were examined, it was seen that 0–1% of the slope 
groups and the outcomes were within themselves, but there 
was no clear result when the data were analyzed as a whole. 
In comparison to the data provided, it is inferred that the 
complex cultivation patterns class is more vulnerable to 
damage from WPPs in areas with 0–1% slope. However, 
the fact that the degradation is further away from the WPP 
areas indicates that another factor is the primary cause of 
the deterioration. Regarding the directions of degradation, 
north and south directions were observed in the examined 
sites, but no clear pattern could be discerned.

It was found out that the highest degradation in the conif-
erous forests is in the 0–1% slope and the area far from the 
WPP in the north direction. Analysis was not possible as 
at least two of the groups in the same year did not have 
WPP. A common ground could not be found in the most 

Table 12  The highest 
degradation of pasture lands in 
terms of different WPP groups 
in the same years (Aksoy 2021)

Year 2009–2018 2013–2018 2016–2018

Group A1 C1 A1 E3 E6 E3 E6

Slope 0–1% 0–1% 0–1% 1–2% 0–1% 0–1% 0–1%
Aspect West North South North South North South
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degraded slopes and aspects of the same WPP groups in dif-
ferent years. According to the data provided, WPP-induced 
degradation could not be observed in coniferous forests as a 
consequence of this investigation.

The highest degradation in the transitional woodlands-
shrubs areas was identified to be on the 1–2% slope and in 
the area close to the WPP in the north direction. According 
to WPPs from the same years that were sorted into groups, 
the highest degradation was mostly on 1–2% slope, but the 
aspect was not predominantly north-facing, according to 
WPPs from the same years that were sorted into groups. 
Examining the same WPPs in different years, it was shown 
that some groups had internal consistency. The deterioration 
here is high in the same slope and aspect in the transitional 
woodlands-shrubs areas implies that it may be caused by 
WPP.

It was determined that the highest degradation in the 
natural vegetation class is on the 3–5% slope and in the area 
far from the WPP in the north direction. There could be no 
analysis since at least two of the groups in the same year did 
not have WPP. When the same WPP in different years was 
examined, the slope groups were found to be 3–5% and had a 
north-facing aspect. As a result of the study, it is thought that 
the degradation in agricultural areas with natural vegetation 
is more prone to damage caused by WPP—in areas with 
3–5% slope and north-facing aspect.

The biggest degradation in the pasture lands class was 
identified on a 1–2% slope and in the area closest to the WPP 
in the south direction. Examining the WPPs in the same 
years, which were divided into groups, it was found that 
the highest deterioration was predominantly on the 0–1% 
slope, but a common direction could not be determined. 
When the same WPPs were evaluated in various years, 
it was discovered that the degradation was concentrated 
in the 0–1%slope group, with certain groups exhibiting 
consistency within themselves in terms of aspect. The fact 
that the degradation here is on the same slope groups in the 
pasture lands in this study suggests that it may be caused by 
WPP, yet the fact that the aspect groups are not the same 
implies that WPP may not be the cause of the damage.

It was determined that the highest deterioration in the 
sclerophyllous vegetation class was observed on the 1–2% 
slope and in the area close to the WPP in the south direction. 
It was not possible to determine the common direction or 
slope groups of the greatest degradation for the WPPs in the 
same years separated into groups. When the same WPPs in 
different years were examined, it was determined that the 
slope group was the same in some WPP groups. However, 
no common direction could be detected in the examination. 
According to the data available, it is not possible to say 
whether WPP would cause damage in sclerophyllous 
vegetation.
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Conclusions

Degradation in some of the CORINE classes might be inter-
preted, as they are WPP-related findings, while evidence to 
corroborate the findings could not be found in some oth-
ers. With further research needed, it should be determined 

whether the 16-year period is long enough to detect the 
impacts on the vegetation, particularly in perennials such as 
coniferous and broad-leaved forests. On a square meter basis, 
the change in herbaceous plants and shrubs at shorter peri-
ods is greater than that of woody plants. Turbines change the 
humidity and temperature in the local area, which creates a 
positive or negative effect depending on the vegetation type. 

Table 14  The highest degradation of sclerophyllous vegetation areas in terms of different WPP groups in the same years (Aksoy 2021)

Year 2006–2018 2009–2018 2011–2018

Group A1 B1 A1 C1 C2 A1 B1

Slope 0–1% 1–2% 0–1% 2–3% 1–2% 0–1% 0–1%
Aspect North North North North South North North

Year 2013–2018 2014–2018

Group A1 E1 E4 E5 E5 C1 C2

Slope 0–1% 1–2% 3–5% 3–5% 1–2% 1–2% 1–2%
Aspect East North South West South North South

Year 2015–2018 2016–2018

Group A1 F1 B1 E4 E5 E6 G1

Slope 0–1% 0–1% 1–2% 3–5% 3–5% 1–2% 2–3%
Aspect East West North North South South East

Year 2016–2018 2017–2018

Group G2 G3 G4 A1 F1 G1 G3 G4

Slope 0–1% 1–2% 0–1% 0–1% 1–2% 2–3% 1–2% 2–3%
Aspect North North South South South North North South

Table 15  The highest degradation of sclerophyllous vegetation areas in terms of the same WPP groups over time (Aksoy 2021)

Group A1

Year 2006–2018 2009–2018 2011–2018 2013–2018 2015–2018 2017–2018

Slope 0–1% 0–1% 0–1% 0–1% 0–1% 0–1%
Aspect North North North East East South

Group B1 C1 C2 E1

Year 2006–2018 2011–2018 2016–2018 2009–2018 2014–2018 2009–2018 2014–2018 2013–2018

Slope 1–2% 0–1% 1–2% 2–3% 1–2% 1–2% 1–2% 1–2%
Aspect North North North North North South South North

Group E4 E5 E6 F1

Year 2013–2018 2016–2018 2013–2018 2016–2018 2013–2018 2016–2018 2015–2018 2017–2018

Slope 3–5% 3–5% 3–5% 3–5% 3–5% 1–2% 1–2% 1–2%
Aspect South North West South South South South South

Group G1 G2 G3 G4

Year 2016–2018 2017–2018 2016–2018 2016–2018 2017–2018 2016–2018 2017–2018

Slope 2–3% 2–3% 0–1% 1–2% 1–2% 0–1% 2–3%
Aspect East North North North North South South
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Collecting data in this direction in future studies related to 
the research topic will contribute to revealing more out-
comes that are detailed.

This research is noteworthy in terms of detecting the 
change in vegetation around the wind turbines, evaluating 
the land degradation and performing these activities 
with remote sensing technologies. More findings that are 
extensive will be provided in the future, when the above-
mentioned data about the fields researched are obtained, 
to the extent that technological advances allow (machine 
learning or artificial intelligence, etc.). Changes in both the 
immediate environment of the WPPs and the control areas, 
including changes in fauna, climate change, global warming, 
soil types in the area, permeable and impermeable areas, 
bedrock structure, human-induced impacts, nearby mining 
areas and so on, could be evaluated alongside the data, and 
the reasons of degradation can be highlighted more clearly.
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