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Disclaimer of warranties

This project has received funding from the Horizon Europe Framework Programme (HORIZON) under
Grant Agreement No 101084137.

This document has been prepared by WENDY project partners as an account of work carried out within
the framework of the EC-GA contract no 101084137.

Neither Project Coordinator, nor any signatory party of WENDY Project Consortium Agreement, nor any
person acting on behalf of any of them:

(a) makes any warranty or representation whatsoever, express or implied,

(i). with respect to the use of any information, apparatus, method, process, or similar item
disclosed in this document, including merchantability and fitness for a particular purpose, or
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party’s intellectual property, or

(iii). That this document is suitable to any user’s circumstance; or

(b) assumes responsibility for any damages or other liability whatsoever (including any consequential
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Consortium Agreement, has been advised of the possibility of such damages) resulting from your
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Executive summary

The Horizon Europe WENDY project is funded by the European Union research and innovation action
programme under grant agreement number 101084137. The WENDY project will conduct multicriteria
analysis of the technical, environmental, and social factors triggering the Please In My Back Yard (PIMBY)
principle for wind technologies.

The positive effects of wind energy to produce renewable energy and mitigate the negative impacts of
climate change, are accompanied with various impacts on humans and ecosystems locally. The cause of
these effects are the large areas which are being occupied and transformed during construction and
operation, which reduce the availability and suitability of areas for humans and wildlife. To understand
factors that trigger acceptance for wind energy, as one of the main WENDY project goals, it is key to
establish site-specific knowledge about the impacts on both, ecosystem services and biodiversity. While
ecosystem services represent the utilitarian values of nature, biodiversity refers to the intrinsic values
of nature.

This project report establishes a conceptual framework to integrate biodiversity and ecosystem service
assessments (ESA) into a life cycle assessment (LCA) for onshore and offshore wind energy. LCA analyse
the environmental impacts through the whole life cycle of wind farms and is useful for the assessments
at different sites over heterogenous landscapes. For biodiversity and ecosystem services the most direct
and severe impacts are in-situ during the operational phase of the wind farms, which is the focus of this
report.

For biodiversity the main impacts of operational wind farms can be given as habitat loss, collision risk,
disturbance and barrier effects. We develop and adopt methods to quantify these impacts for birds and
bats onshore and seabirds and marine mammals offshore. The methods requires that species
distribution maps are available or made for a large region covering the site for a wind farm. Then the
potentially disappeared fraction of species is calculated to quantify the impacts in a standardised and
spatially explicit way. The second part of the report explains the impacts of wind energy on ecosystem
services. Hereinafter, we present a mapping tool, integrated in a questionnaire to assess areas of
ecosystem service values by people. This mapping tool allows capturing peoples’ utilitarian view on the
landscape. Analogically to the biodiversity assessment, the third part ends with the spatially explicit
calculation of the impacts of wind energy on ecosystem services.

The combination of the loss of intrinsic (biodiversity) and loss of utilitarian (ecosystem service) due to
wind energy is finally integrated into a net environmental performance index (NEP). The NEP serves as
one of the KPI established in work package (WP) 3 of the WENDY project.
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1 Life cycle assessment of wind energy on
biodiversity and ecosystem services

Renewable energy is being developed at a rapid pace to accommodate concerns regarding climate
change effects and the emission of greenhouse gasses. Wind power plays a major role in this transition
to renewable energy (Wiatros-Motyka et al., 2023), but the development and operation of wind farms
can have negative impacts on biodiversity and ecosystem services (Buchmayr et al., 2022; Dai et al.,
2015; Maxwell et al., 2022; May et al, 2020). The cause of these effects are the large areas which are
being occupied and transformed during construction and operation, which reduce the availability and
suitability of areas for humans and wildlife. The impacts may follow several pathways which may be
difficult to assess, with different mechanisms at play for onshore and offshore wind farms (Dai et al.,
2015; Maxwell et al., 2022; May et al, 2020).

Life Cycle Assessment (LCA) has been established as a standardized method to analyse the
environmental impacts through the whole life cycle of potential stressors, such as wind farms. It has also
been shown to be an appropriate tool to simultaneously assess multiple impacts and calculate
environmental consequences in a spatial explicit manner (Verones et al., 2017). Thus, it is useful for the
assessment of environmental impacts of wind farms at different sites over heterogenous landscapes.
There are three stages to an LCA. First, the goal and scope of the assessment is defined to specify
boundaries and which environmental effects that should be included. Second, a life-cycle inventory (LCl)
is defined and established using available literature. It quantifies input and output data needed for the
construction of a model for the flow of effects on the environment. Finally, a life-cycle impact
assessment (LCIA) is carried out where LCl is used to evaluate the potential environmental impacts.

In the wind energy context, a LCA involves an assessment of both, the effects and impacts of wind energy
infrastructures. The effects of wind energy infrastructure are described by midpoint indicators in the
LCA, while the impacts of these effects on ecosystem services and biodiversity are described by endpoint
indicators (Bare et al., 2000; Verones et al., 2017). Midpoint effects of wind energy, might be positive or
negative, vary in temporal and geographical scale and include distant, indirect effects (ex-situ) or direct
(in-situ) effects (Weidema et al., 2018). The LCA for wind farms can be divided into several phases (l.e.
the manufactory, construction, operation and decommissioning; Figure 1). Ex-situ effects relate to all
phases along the life cycle of the wind energy infrastructure which does not directly affect the site of
the wind farm. By contrast, in-situ effects account for the changes in land use and other changes where
the wind energy infrastructure is sited. Thus, these effects are contained in the operational phase and
directly impacts biodiversity and ecosystem services. For wind energy, in-situ midpoint indicators
encompass land occupation (i.e. habitat loss), collision mortality, disturbance and barrier effects on
wildlife or humans’ use of natural areas (Table 1). Endpoint indicators enable the quantification of these
midpoint effects as impacts on the three dimensions of human health, biodiversity and ecosystem
services (Callesen, 2016; May et al., 2021). For biodiversity, endpoint impacts quantify the changes in
(often the loss of) species richness and thus refer to the intrinsic value of biodiversity. This is usually
qguantified as the potentially disappeared fraction (PDF) of species, which describe the loss of species
richness following impacts which cause the loss of suitable habitat (May et al., 2020; Verones et al.,
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2017). By contrast, LCA endpoint impacts on ecosystems services (ES) quantify the changes of the
utilitarian values of nature. Consequently, the impacts on ES caused by wind energy development
describe the changes in how and where humans benefit from nature. To gain a holistic understanding of
the costs and benefits of wind energy infrastructure, research and practice should aim to integrate
accounts of biodiversity and ecosystem service assessment (ESA) within LCA (Rugani et al., 2019;
Hardaker et al., 2022; Callesen, 2016).
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Figure 1 System borders of the LCA wind power including on biodiversity and ecosystem services.

Table 1: The midpoint effects of wind power on biodiversity and ecosystem services.

Midpoint effects Description

Land occupation (habitat loss)

Collision risk The rotating blades of the turbines poses a risk of collision for birds
and bats.

Disturbance

Barrier effects Fragmentation of habitats due to the land occupation and
disturbance from wind turbines. Influences on movement behaviour
of species or people.

This deliverable conceptually describes the integration of biodiversity and ESA in an LCA for wind energy
infrastructure and summarizes the steps performed in work package (WP) 3, task 3.1 and 3.2 of the
WENDY project. To do so, both assessments focus on the same set of impact pathways of wind energy
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and use the same concepts to account in spatial explicit manner for PDF. In addition, both assessments
focus on the operational phase of the wind energy production (Figure 1). Chapter 6 describes the impact
analysis on biodiversity (T.3.1), while chapter 7 does so for ES (T.3.2). The impact analysis of both
dimensions leads to a spatially explicit understanding of trade-offs and synergies in the human-
environment interactions regarding wind energy production. Finally, chapter 8 elaborates a net
environmental performance (NEP) indicator for biodiversity and ecosystem service impacts, that
enhance comparability between different project sites.
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2 Impacts on Biodiversity

Assessing the impact of operational wind farms on biodiversity requires holistic methods which may
collect the impacts of all the important impact pathways for different groups of species. LCIA methods
for assessing habitat loss, collision, disturbance, and barrier effects have recently been developed for
birds onshore (May et al., 2020; May et al., 2021). We present these and in addition, we adapt and
generalize these methods for birds offshore, bats and marine mammals. We focus on species of bats and
birds found on the European continent and birds and marine mammals found in selected marine regions;
the Norwegian economic zone, the North Sea and Skagerrak for this report. However, the methods
which are developed are general and should be applicable to any area for these groups of animals given
that it is sufficiently large to cover a relevant range of environmental conditions. Polygons for the
boundaries for countries within which onshore analyses are performed can be downloaded from
geoBoundaries (geoboundaries.org). Similarly, marine regions can be downloaded from Marine regions
(marineregions.org).

2.1 Species and functional groups
2.1.1 Birds

There are 545 species of birds regularly occurring (breeding and/or wintering) in Europe (BirdLife
International, 2021). Groups of species were made based on functional similarity and taxonomic
relationships (Table S1, May et al., 2021). The number of species in each group ranged from 16 for owls
to 89 for insectivorous songbirds. Offshore we include all species of gulls, seabirds, raptors, waterbirds
and waterfowl! which are commonly found in the marine or coastal area.

2.1.2 Bats

The 55 species of bats found in Europe according to EUROBATS were grouped according to the duration
and bandwidth of echolocation calls into short-range echolocators (SRE), mid-range echolocators (MRE)
and long-range echolocators (LRE) (Supplementary material Table S2, Brenda et al., 2008; Collen, 2012;
Frey-Ehrenbold et al., 2013; Froidevaux et al., 2023; Holderied et al., 2005; Holland et al., 2004; Obrist
et al., 2004). These different echolocation groups are assumed to have different ranges for perception
and defines different foraging guilds of functionally similar species.

2.1.3 Marine mammals

In the focal area, 19 species of marine mammals can be found (Supplementary material Table S3, Bjgrge
et al., 2010; Reid et al., 2003), which include 17 Cetaceans and two true seals. Marine mammals were
classified into three functional groups based on taxonomy and functional similarities; baleen whales,
toothed whales and seals (Supplementary material Table S3).
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2.2 Species occurrence data

For birds and bats, presence data will be downloaded for the period 2000 to 2022 from the Global
Biodiversity Information Facility (GBIF, gbif.org). For onshore analyses, the data will be filtered to only
include observations of animals onshore and records with position uncertainty larger than 0.5 km will
be excluded. For offshore analyses, that on seabirds will be filtered to only include observations at sea,
and records with position uncertainty larger than 5.5 km will be removed. We do not consider seasonal
migration specifically in the analyses and include all records throughout the year.

For marine mammals we can download presence data from the Global Biodiversity Information Facility
(GBIF, gbif.org) and the Ocean Biodiversity Information System (OBIS, obis.org). The data will be
restricted to records collected between 2000 and 2022 and filtered to only include only observations of
animals at sea. Records with position uncertainty larger than 5.5 km will be removed from the data set.

2.3 Mapping species occurrence

Modelling of the spatial distribution of each species will be based on occurrence records and a set of
ecological relevant environmental variables using Maxent software (version 3.4.3, Phillips et al., 2017).
We will use 10 000 background samples (without replacement), default regularization and allow linear,
quadratic, product and hinge features to be used to fit the models. However, to avoid using too large
proportions of raster cells as background we limit the number of background samples to maximum c. 50
% of the available cells in a raster. This will e.g. reduce the number of background samples to 7000 for
the offshore area covered in the report. Estimates of the intensity of occurrence records (Maxent’s “raw”
output) will be transformed to occurrence probability using the complementary log-log (cloglog)

transformation (Phillips et al., 2017) to have an index of the mean probability of presence.

Species occurrence data often exhibits a strong geographic bias, introduced by variation in accessibility
and interest of observers between areas (Dennis & Thomas, 2000; Kadmon et al., 2004). Thus, we apply
two methods to avoid an effect of sampling bias on the resulting species distributions. First, we will apply
systematic sampling of records by constructing a 1 km? (onshore) or 10 km? (offshore) grid across the
study area and select one record of each species for each cell in the grid (Fourcade et al., 2014). At this
point, species with less than 50 records will be excluded from the data set. Second, we will use target-
group background when running the Maxent-models (Phillips et al., 2009), which replicate the spatial
bias in occurrence records for the background samples. These methods have been shown to outperform
other alternative methods for bias correction in species distribution models (SDM, Barber et al., 2022;
Fourcade et al., 2014). To generate the target group background, we used the occurrence records for all
species with 2D kernel density estimation and normalized (0,1) the resulting raster maps to create a
probability surface over the study area used when drawing background points (Barber et al., 2022).

For birds onshore, there are seven environmental variables which will be included in the analyses (May
et al., 2021). Including annual mean temperature (°C), temperature seasonality (standard deviation x
100), annual precipitation (mm), precipitation seasonality (coefficient of variation) downloaded from
World climate variables (worldclim.org, Fick & Hijmans, 2017). In addition, Corine land cover 2018
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downloaded from the Copernicus programme (land.copernicus.eu) and elevation (m) downloaded from

GEBCO (gebco.net). Distance to sea will be calculated from the European coastline downloaded from
EAA (eea.europa.eu/data-and-maps/data/eea-coastline-for-analysis-2).

For bats, we selected nine environmental variables which are likely to predict the distribution of bats
(Jaberg & Guisan, 2001; Michaelsen, 2016; Scherrer et al., 2019). In addition to the seven environmental
variables used for birds we also include the mean temperature of the warmest and coldest quarter
downloaded from World climate variables (worldclim.org, Fick & Hijmans, 2017).

For birds offshore and marine mammals, environmental variables selected for the analyses included
annual mean sea-surface temperature (°C), annual mean surface salinity (PSS), annual mean primary
productivity (g-m3-day?, carbon in sea water) and annual mean current velocity (m-s?) downloaded
from the Bio-ORACLE (Assis et al., 2018; Tyberghein et al., 2012). In addition, bathymetry and seabed
slope were included. Bathymetry data can be downloaded from GEBCO (gebco.net) and seabed slope
can be calculated from the bathymetry data. These variables have earlier been shown to be important
for predicting the distribution of seabirds and marine mammals (Correia et al., 2021; Engler et al., 2017).
All environmental variables will be resampled to a resolution of 1 km? (onshore) or 10 km? (offshore)
identical to the grid for the occurrence data, using the spatial reference system ETRS89, LAEA (EPSG:
3035).

Species richness for each functional group k will be estimated by combining (stacking) the predicted
species distribution maps to estimate relative probability of presence (Grenie et al., 2020). The resulting
group-wise maps shows Sy Py, ; for each site i, where Sy, is the number of species in group k and Py ; is a
score (between 0 and 1) that is proportional to the mean probability of presence for species in group k
at site i (Phillips et al., 2017). Hence, this measure of species richness accounts for the suitability of the
habitat for each species which affects the probability of occurrence at a given site.

2.4 Connectivity

Connectivity across the landscape will be modelled for each species applying circuit theory in the
Omniscape (version 0.5.8, Landau et al., 2021; McRae et al., 2016) and Circuitscape packages (version
5.12.3, Anantharaman et al., 2020; McRae et al., 2008) using Julia software (version 1.6.7, Bezanson et
al., 2017). This approach predicts omni-directional connectivity among every pair of locations in the
landscape by iteratively applying Circuitscape to every cell through the species distribution maps and
calculating cumulative current flow (McRae et al., 2016). The inverse species distribution maps will be
used as resistance rasters and source strength will be set equal to the species probability of presence in
Omniscape. Thus, habitat suitability (P,;) measures the conductance to movement across the
landscape. The average cumulative current flow (C ;) for each group can then be calculated and
normalized (0,1) to aggregate them into connectivity maps for each functional group (5, Cy ;).
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2.5 Impact pathways

The LCA impact of wind-power farms during the operational phase on species richness is estimated as
the potentially disappeared fraction of species (PDF, May et al., 2021; May et al., 2020). This is a relative
measure of the potential loss of species richness from a reduction in the area available at a given site J
(Anew,i = Aorg,i — Alost,i) using the classical species-area relationships (SAR) (Tjgrve et al., 2021). May
et al. (2020) and May et al. (2021) developed methods for the four main impact pathways of wind farms
in birds, 1) habitat alterations (H), 2) disturbance (D), 3) collisions (C), and 4) barrier effects (B). Here we
generalize these methods to any map resolution and overlapping impact areas for different wind
turbines. Then we adapt the methods to bats, birds offshore and marine mammals, and apply them to
the raster maps of species richness estimated using SDMs. Collisions are not quantified for marine
mammals as the risk of entanglement have been suggested to be very low given that cables and mooring
lines are often taut and of large diameter (Maxwell et al., 2022).

Let a wind farm f have wind turbines w = (1, ..., l¢). For impact pathway X in functional group k, each wind
turbine is defined by a polygon F (X) ¢ with the shape of a circle and centroid at its coordinates (x, y).

The area occupied by the polygon for a wind turbine A(X) stk pw = a(F(X)k,fjw) is determined by the
extent (radius) of the impact, and the polygon for the total area impacted for wind farm f is given by the
union of the polygons of all wind turbines F (X)) r = szl F(X)k frw- The area lost for cell / in a raster
map through impact pathway X can now be given by A(X) o5t k,ri = a(F(X)k,f NR; [F(X)kr NR; #
Q)), where R; is a polygon for cell i with area A, 4 ;. Then the PDF for group k at cell i can be estimated
as

z
Aorg,i_A(X)lost,k,f,i> )

Aorg,i

SkPk,i<1_(
PDF(X)k i = T SePrs , (1)

where the exponent z is taken to be 0.21 (95 % Cl = [0.19, 0.22]) or 0.26 (95 % CI = [0.24, 0.27]), the
continental-scale SAR estimate for, respectively, birds and mammals in Eurasia (Storch et al., 2012), and
X =(H,D,C,B). For awind farm f, the PDF for group k through an impact pathway is calculated as the
sum of the cell-wise values, PDF (X)y s = ; PDF(X)y r,i;- The PDFs can further be aggregated across
functional groups, PDF(X)y = Xx PDF(X)y s 2i SkPki/%iSP; , impact pathways, PDF, ;=
Y.x PDF(X)y s or both, PDF; = }.x PDF (X) ;. PDF; then quantifies the total impact of a wind farm on
the functional groups of species included in the analysis.

2.5.1 Habitat loss
2.5.1.1 Birds and bats onshore

Habitat loss for birds and bats onshore is determined by the area required for the foundation of a turbine
and the surrounding infrastructure, which increases with the MW capacity of the turbine (Denholm et
al., 2009; May et al., 2020). The directly impacted area (permanent changes) and the indirectly impacted
area (temporary changes) have been found to be 0.003 km2/MW (95 % Cl = [0.0026, 0.0033]) and 0.007
km2/MW (95 % Cl = [0.0062, 0.0078]) (Denholm et al., 2009). The area lost to each wind turbine can then
be given as A(H) o5tk rw = agpEP,,, where agp is the value for direct or indirect impact in km*/MW
and EP,, is the electric power of wind turbine w (May et al., 2020).
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2.5.1.2 Birds and marine mammals offshore

Habitat loss for birds offshore and marine mammals is determined by the area of the seabed and/or
ocean habitat which is occupied by the foundation, anchors, mooring lines and cables for each wind
turbine. The area lost to each wind turbine can be given as A(H) o5tk fw = Aw + Qawlaw +
Amwlmw + Acw, Where ag, is the area of the ocean and/or seabed occupied by the foundation, a,,
and ng,, are the area of seabed occupied and number of anchors, a,, ,, = T wdmw and ny,,, are the
area and number of mooring lines for each wind turbine, calculated from the mooring radius 7, ,, and
the diameter of the mooring lines d,, ,, and a.,, = 7,,,d. is the area occupied by the electrical cable
between wind turbines, calculated from the diameter of the cable d.,, and the average inter-turbine
distance 1;,,,. An estimate of the mooring radius can be derived based on knowledge of ocean depth.
The ratio mooring radius/depth (R/D) is often around 1.4 for taut systems and decreases exponentially
with depth for the commonly used catenary systems (50m: R/D = 10, 100m: R/D = 9, 150m: R/D =5,
200m: R/D =4, 400m: 3, 600m: 2, 1000m: R/D = 1.5, Ma et al., 2019).

2.5.2 Disturbance

In addition to habitat loss, a species may be deterred from using a larger area surrounding each wind
turbine due to disturbance effects. The strength of this effect may vary between species such that a
proportion of species in each group k may be lost from the area. We quantify the avoidance effect by
the disturbance distance (d) for each species (in km). The disturbance distance can be obtained from the
literature for birds and bats and will be estimated based on the effect of the noise emitted from the
wind turbines for marine mammals.

2.5.2.1 Birds and bats

For birds onshore and offshore, flight initiation distance obtained from the literature were used as a
measure of disturbance distance (d) for each species (all sources are provided in the full data set, May
et al., 2020). The maximum distance was taken if more than one estimate was found per species.

For bats, the disturbance distance (d) was taken to be the maximum distance from a wind turbine with
evidence for reduced bat activity (Barre et al., 2018; Ellerbrok et al., 2022; Gaultier et al., 2023; Leroux
et al., 2022; Minderman et al., 2017). When multiple estimates were available from different sources,
species level estimates were chosen over genus level estimates and genus level estimates were chosen
over guild level estimates. The maximum was taken if several estimates were available at the preferred
level. If no estimate was available for a species, the average of species within its genus or family was
used. Estimates of disturbance distance was missing for the families Pteropodidae, Emballonuridae,
Miniopteridae, Molossidae with a total of five species in Europe.

2
The area lost to each wind turbine can be estimated by A(D) st k,rw = n(Dkdk,max) for birds and bats
(May et al., 2020). Here dj, ;nqx is the maximum disturbance distance and Dy, is the disturbance factor
for group k. The disturbance factor is estimated as
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1-1/(1+eP@=dp) ~
D, = f:_k'(;mx /(d )d(') (May et al., 2020), where § = w
- k,max kmin— 0k

minimum and d, the mean of d in group k.

, @=0.1 and dj p;n is the

2.5.2.2 Marine mammals

For marine mammals, an important factor causing disturbance is the underwater noise generated by
operating wind turbines. The disturbance distance for each species is estimated as the distance required
for the noise emitted from a wind turbine to fall below a defined acoustic threshold for behavioural
responses due to continuous noise. We use the level B criterion of 120 dB re 1 uPa root-mean-squared
defined by the National Oceanic and Atmospheric Administration (NOAA) (Gomez et al., 2016; see also
Southall et al.,, 2007). Marine mammals can be classified into hearing groups with similar auditory
sensitivity, for which the disturbance distance will be different. We use the classification in Southall et
al. (2019), with, low-frequency cetaceans (LF), high-frequency cetaceans (HF), very high-frequency
cetaceans (VHF) and Phocid carnivores (seals) in water (PCW, see Table S3). The auditory frequency
weighting function for species in each of these groups can be given by (Southall et al., 2019)

_ (f/f1)?®
W(f) = C + 10logy, ((1+(f/f1)2)“(1+(f/fz)2)b)' (2)

where f is the frequency of a target sound in kHz, f; is the lower frequency at which the function begins
to change from flat, and f, is the upper frequency at which the function begins to change from flat, a
and b are the lower frequency and upper frequency exponents which define the rates of decline and C
is a constant (parameter estimates for each hearing group is given in Supplementary material Table S4).

The total sound pressure level (dB re 1 uPa root-mean-squared) of the noise emitted from a wind turbine
w increase with its nominal electric power (EPw, in MW) (Stober & Thomsen, 2021; Tougaard et al.,
2020). For wind turbine w, we estimate the total broadband sound pressure level of noise at 100 meter

distance and 10ms wind strength by dBgy: . (EP,) =109+ 1.7 —23.7 £ 3.1log,, (100m)

100m
18.5 +5.8logo (1322) + 13.6 £ 3.8log; (%) (Tougaard et al., 2020). 95 % confidence intervals for

the sound pressure level can be estimated using the estimated standard error for the electric power
effect in the equation. We then take the maximum broadband sound pressure levels as an
approximation for the spectral pressure level at the peak frequency (Stober & Thomsen, 2021; Tougaard
et al., 2020).

Transmission loss (AL) was calculated using the practical spreading loss model, AL = klog,o(r/1y),
where 7 is the distance (m) at which the transmission loss is estimated, r; is the distance at which the
sound pressure level is measured (here estimated at 100 m) and we set k = 23.7 as found by Tougaard
et al. (2020). Generally, k is the mode of spreading loss, where the rate of loss decreased from the
spherical (k = 20) to the cylindrical model (k = 10) (Stéber & Thomsen, 2021). Rewriting this equation,
and applying the auditory weighting function and acoustic threshold, the disturbance distance for a
species (in km) can then be calculated by

d = (100 x 10((4Batry (EPW)+Wiej(N=dBacoustic threshold)/%))1000~1 . The peak frequency (Hz) of
underwater noise from offshore wind turbines have been found to have a range of 14-400 Hz (Tougaard
et al., 2020). Hence, we set f = 0.400 kHz which will be the frequency most audible to marine mammals.

Funded by the European Union. Views and opinions expressed are however those of the author(s) only
and do not necessarily reflect those of the European Union. Neither the European Union nor the granting

authority can be held responsible for them.
Funded by the 15
European Union



a?_ -
WEND % WENDY_D3.1 Validated models for integrated life-cycle assessment on ecosystem
services and biodiversity

The area lost to each wind turbine can then be estimated by A(D) o5t k,rw = ncikz for marine mammals
(May et al., 2020). Here d,, is the mean disturbance distance for group k.

2.5.3 Collision

Species of birds and bats which utilize the area within the rotor swept zone around each wind turbine
have a risk for collision both onshore and offshore. Species-specific estimates of Poisson-distributed
collision rates (rate) with lower and upper 95 % credible intervals were collected from Table S4 in Thaxter
et al. (2017). However, collision rates for many marine birds, especially seabirds, were missing from the
literature. Hence, for 19 species we estimated collision rates based on a log-log regression of collision
risk index (Furness et al., 2013; Wade et al., 2016) and collision rate (Thaxter et al., 2017). This was done
using the 37 species for which a collision risk index was available in Furness et al. (2013) and Wade et al.
(2016). Among these species, 18 had estimates of both collision risk and collision rate and their
relationship was estimated to be rate = 0.0113 X risk?%4¢ R2 = 0.814. For two species the collision
risk index was set to 0 as they seldomly are recorded at flight heights within the rotor swept zone and
we added a small quantity (0.01) to the risk to allow log-transformation and account for the non-zero
proportion of higher flights (Furness et al., 2013). The collision rates for all species where then used to
estimate the probability of at least one collision occurring per year (R«), by Ry, = 1 — e "% , where
ratey is the average collision rate for group k. We could quantify the uncertainty in our estimated PDF
using lower and upper estimates of Rx. The area lost to each wind turbine for collision effects can then
be given as A(C) st rw = Rknrlew, where 77, is one-half the rotor diameter (in km, May et al., 2020).

2.5.4 Barrier

Wind farms may cause a barrier effect, resulting in an increase in travel distance for migrating animals
that avoid going through the disturbed area (Dierschke et al., 2016). Barrier effects are quantified using
the method developed in May et al. (2021), where the increase in the energetic expenditure is
proportional to the disturbance caused by building a wind turbine at a given site. The total energy
requirement for migration (M) in group k is quantified based on the energetic requirement (ax) per km
travelled and the distance travelled per season (/) multiplied by 2 to account for spring and autumn
migration, M}, = 2a;l. The area of impact for each wind turbine set equal to the impacted area from
disturbance multiplied by the total energy requirement for migration, A(B) o5tk fw = MA(D) 105t k,fw
(May et al., 2021). Then we use the connectivity map instead of the species richness map and replace
Py ; by Cy ; in equation 1, such that the PDF for group k at cell i can be estimated as (May et al., 2021)

z
Aorg,i_A(B)lost,k,f,i> )
A

org,i

PDF(B)ys; = Ska’l(l_( (3)

Yt 1 SkCri

2.5.4.1 Birds and bats

Fy
FsBMRg
(Somveille et al., 2018), where F,, is the flight power (J/s), F; is the flight speed (m/s) and BMR; is the
basal metabolic rate (J) over a whole season. The average of a across species in functional group k is
used as the estimate of ax. Somveille et al. (2018) found that the energetic requirement per km travelled

for birds was given asa = 6.07 X 107°m %1 where m is body mass (after scaling from g to kg). Body

The energetic requirement per km travelled per season is estimated for each species given by a =
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mass for all species was obtained from Tobias et al. (2022) and migration distances was obtained from

Vincze et al. (2019) and supplemented with data from other literature for seabirds and gulls (all sources
area provided in the full data set).

For bats, the allometric relationships for flight power and speed have been found to be E,, = 55.7m?%8°
and F, = 8.4m%%8 (Hedenstém et al., 2009), where m is the mean body mass (kg). The allometric
relationship of BMR (kl/h) in bats has been found to be BMR = 8.483m%7%7 (after scaling body mass
from g to kg, McNab, 2008). Hence, BMR, = 37.05 X 10°m%7°7 after converting BMR to J/s and
multiplying by the number of seconds in 6 months (i.e. ~15 724 800 seconds a season). Using the
equations for F,,, F; and BMR;, the equation for the energetic requirement per km travelled for bats
can then be given as a = 1.79 x 10~*m%%13, The distance travelled per season /x was collected from
Froidevaux et al. (2023) and Hutterer et al. (2005) and mean body mass m for each species was collected
from Ancillotto et al. (2020), Brenda et al. (2008), Froidevaux et al. (2023) and the PanTHERIA database
(Jones et al., 2009).

2.5.4.2 Marine mammals

. . . . . cor
For marine mammals, the energetic requirement per km travelled is estimated by a e (see
S

Somveille et al., 2018), where COT is the cost of transport (J/m) and BMR; is the basal metabolic rate
(J) over a whole season. The allometric relationship of COT has been found to be COT = 7.79m™%2% in
marine mammals, where m is the body mass (kg, Williams, 1999). The allometric relationship of BMR
(kJ/h) with body mass in seals (order Carnivora) and whales (order Cetacea) are different and have been
found to be BMR = 11.812m%7%” and BMR = 31.473m%7%7 (after scaling body mass from g to kg,
McNab, 2008). Hence, we have BMR, = 51.60 X 10°m%7%7 for seals and BMR, = 137.48 X
10°m%7%7 for whales after converting BMR to J/s and multiplying by the number of seconds in 6 months
(i.e. ~15 724 800 seconds a season). Thus, the equation for the energetic requirement per km travelled
can then be given asa = 1.51 X 10™*m~%%%7 for seals and a = 5.67 X 10~5m~%%%7 for whales. The
average of g across species in group k is used as the estimate of ak. Estimates of body mass (m) was
collected from the PanTHERIA database (Jones et al., 2009) and the migration distance (/k) was collected
from published literature based on records of the maximum movement range (de Boer et al., 2013; Dietz
et al., 2013; Foley et al., 2021; Genov et al., 2012; Kettemer et al., 2022; Lydersen et al., 2020; Matthews
et al., 2011; McConnell et al.,, 1999; Miller et al., 2015; Nawojchik et al., 2003; Olsen et al., 2009;
Rasmussen et al., 2013; Read & Westgate, 1997; Robinson et al., 2012; Sampson et al., 2012; Stavenow
et al., 2022; Steiner et al., 2012; Torres-Florez et al., 2015; Vikingsson & Heide-Jgrgensen, 2015).
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3 Impacts on ecosystem services

This chapter reflects on the spatially explicit ecosystem service assessment (ESA) and the estimation of
impacts on ecosystem services (ES) through wind energy, adapting methods for LCIA developed in
chapter 6 for biodiversity.

ES are defined as ecological products and processes that enable human survival and well-being
(Costanza, 2020). Thus, ES are the nexus between the natural and socio-economic environment,
conceptually described with the cascade model (Figure 2).

Environment Socio-economic system
r,“ fSupport.-'ng services ‘ ‘\\ ,’/ ;:r'nm’ ecosystem serw’ce‘ \\. /‘,r _ Goods and benefits for humans h
. | Biophysical Lo b
| structures Lo P
|| (Landcover, o Lo
| habitats, net Function - L
' | primary (e.g. leaf Do Lo
' | production) growth) P : Lo
"‘ P Service i
AU | (eg. P
.| nutrition o ——r
.| from plants) ;| oenell
:‘ ' 1+ (e.g.enough
\ /1 and health
------------------- i Y Value
i | food)
| (e.g.
: willingness to
Pressures :. pay for food

L production)

Figure 2: Adapted ecosystem service cascade

Biophysical structures, processes (habitats) and functions are located on the left side of the cascade. On
the right side is the socio-economic system, which reflects the human demand for specific ES and finally
their valuation. The model describes the pathway from ecological structures, the ecosystems, towards
human well-being. However, the cascade is not one-way as it shows human demand for ES values as
driving forces for pressures on structures and functions. These pressures have direct feedback in the
cascade and influence the benefits and values people gain from nature.

Facing the global climate change, renewable energy production is critical to reduce greenhouse gas
emissions (particularly carbon dioxide, CO2; Smol, 2022). Consequently, the human demand for energy
resources provided by wind, water, solar or biomass, representing the right side of the cascade model,
increased significantly over the last two decades (IEA, 2022). However, an enhanced demand for
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renewable energy, evolves pressures and impacts on the environment — the left side of the cascade. In
addition, the demand for renewable energy will not only trigger environmental pressures, but it will also
lead to spatial and temporal trade-offs with other ecosystem service demands. Particularly for trade-off
analysis, ESA have been shown as a useful tool (De Luca Pefia et al., 2022). Therein, ESA qualify and
quantify the cause (i.e., more wind energy demand), the impacts on ecosystems and through the cascade
the change in values human gain from ES. Particularly for renewable energy production a noticeable
amount of international, peer-reviewed literature applies the ESA method (see Picchi et al., 2019 for an
overview). Besides physical models to map and quantify ES, integrative approaches have been proposed
to better consider the right side of the cascade by analysing people’s assessment of ES values (Costanza,
2020). Thus, to better understand how groups of people evaluate different ES values, section 3.2
describes the application of a participatory geospatial Delphi tool to map people’s perceived values of
ES.

While ESA focus on the value people gain from ecosystems, the life-cycle assessment (LCA) methodology
focuses on the human activity and multiple cause-effects or impact pathways (De Luca Pefia et al., 2022;
Rugani et al., 2019). Therefore, section 3.3 reflects on the concept to integrate ESA and LCA to account
for the impact of wind energy on ecosystem services.

3.1 Impacts of wind energy on ecosystem services

To map ecosystem services in the context of wind energy impact, we adapt the common international
classification of ecosystem services (CICES V5.1; Haines-Young & Potschin, 2018). CICES is widely used in
different research fields and by national and international statistical divisions. Moreover, the CICES
classification forms the basis of the ES mapping framework to support EU’s Biodiversity strategy 2020.
The application of an international standard leads to measurable and comparable indicators for final
ecosystem services from which benefits for individuals and the whole society are derived (Boyd &
Banzhaf, 2007). CICES provides a hierarchical structure of ES in sections, divisions, groups and classes.
On the most detailed class level, CICES V5.1 covers 60 biotic and 32 abiotic ES with general descriptions
of the services (https://cices.eu).

However, within an integrated ESA, where local people are asked to map and valuate ES, the ES classes
need to be aggregated and the descriptions must be translated into general, local understandable terms
and language. As a first aggregation level we used the CICES sections, that consist of three broad
categories; provisioning, regulating/maintaining and cultural ecosystem services. For each of the CICES
sections we developed a second aggregation level, so that each represents important aspects of impacts
caused by wind energy. This second aggregation is based on a literature review of Picchi et al. (2019),
including 38 peer-reviewed publications that applied ESA within the context of wind energy
development. The authors categorized each publication into one or several CICES groups affected by
wind energy development. Finally, we used the relative number of publications (column relevance in
table 2) as a basis to derive the second aggregation of ecosystem services including in the mapping
procedure. Although this measure is not representative, it indicates that impacts of wind energy on
cultural ES is the most frequently analysed group, followed by the impacts on habitat and biodiversity.

and do not necessarily reflect those of the European Union. Neither the European Union nor the granting

authority can be held responsible for them.
Funded by the 19
European Union

- Funded by the European Union. Views and opinions expressed are however those of the author(s) only


https://cices.eu/

<
WEND w’ WENDY_D3.1 Validated models for integrated life-cycle assessment on ecosystem

services and biodiversity
Table 2: Selected ecosystem services to map ecosystem service values with a spatial Delphi

Ecosystem Ne[¢35 CICES group | Brief description as
service section combinations | landscape values “Places ...

Main LCA
midpoint effects
on ES

Relevance!?
Onshore
Offshore

Aesthetical
values

Cultural or geSIg] Intellectual, ...thatrepresents a high value - Disturbance
symbolic symbolic, for local culture or history or
values spiritual, might serve personal

cultural spiritual values

o .-III-

FCIETC1sM Regulating  Atmospheric ... that help to regulate the 0.19 x Land-occupation
of conditions temperature and  store

atmospheric compositions greenhouse gases.
conditions

Prevention
of natural
hazards

Farm Provisioning Cultivated ... that provide the potential 0.16 x x Land-occupation
products animals and to cultivate plants and

plants animals for nutrition.
(terrestrial &

aquatic),

reared

animals  for

nutrition

Wild
products

1 Relevance refers to a literature review of Picchi et al. (2019), indicating the relative number of papers covering a specific
ecosystem service group.
2 Visual & acoustic effects

and do not necessarily reflect those of the European Union. Neither the European Union nor the granting

authority can be held responsible for them.

Funded by the 20
European Union

- Funded by the European Union. Views and opinions expressed are however those of the author(s) only



<
WEND { WENDY_D3.1 Validated models for integrated life-cycle assessment on ecosystem
services and biodiversity

Potable Provisioning Surface water ... that provide clean potable 0.04 x Land-occupation
water for nutrition  water for drinking or
irrigation.

Natural
products

As defined in chapter 1, this study focusses on in-situ LCA-midpoint effects during the operational phase
of a wind farm (Table 1). Thus, Table 2 also indicates the main midpoint effects of wind energy
production for each ecosystem service. The different midpoint effects are considered in the impact
calculation in section3.3. To use the ES in a participatory mapping approach (Section3.2), we adapted a
short description of the ecosystem services as landscape values from another participatory mapping
study (Stahl Olafsson et al., 2022).

3.2 Mapping ecosystem service values

While biodiversity mapping (section 2.3) relies on species occurrence data, several ways to map the
spatial distribution of ecosystem services have been developed (see Burkhard & Maes, 2017). The most
simplistic approaches translate land cover data into ES maps using expert-based lookup tables (Burkhard
etal., 2009; Jacobs et al., 2015). Other methods derive spatial explicit indicators from physical ES models.
Participatory mapping approaches with a geographic information system (PGIS) ask individuals or groups
of stakeholders to indicate areas on a map of particularly high ES supply or demand (Brown & Fagerholm,
2015; Palomo et al., 2012; Arslan & Oriicii, 2020; Yoshimura & Hiura, 2017; Sherrouse et al., 2014). PGIS
approaches are effective methods to capture the holistic and symbolic, non-monetary values that ES
provide to individuals or the society. Recent methods derive the distribution of ES values for larger areas
of interest based on crowd-sourced data (Seda Arslan et al., 2021; Yoshimura & Hiura, 2017; Sherrouse
et al.,, 2014). These methods use spatial regression or classification techniques with a range of
independent landscape variables. A widely used tool to map social values of ecosystem services (SolVES;
Sherrouse et al., 2014), combines spatial and non-spatial user input data. The spatially explicit output of
PGIS approaches provides an important input for land use planning and decision-making processes.
Here, such ES maps will be used to calculate the spatially explicit LCA endpoint impacts of wind energy
(section 3.3) and the maps will ultimately be integrated into a wind energy planning tool, developed in
another part of the project.

3 Biodiversity will not be mapped with the participatory approach since it is assessed in more detail in chapter 6.
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Typically, individual responses from a PGIS are overlaid and merged to create averaged ES maps.
However, to delineate areas of high ES value, averaging individual opinions might not capture the wide
range of perspectives that could lead to opposition against wind energy projects. Therefore, we combine
a spatial Delphi approach (Di Zio et al., 2017) with two rounds of mapping ecosystem services. Whereas
classical spatial Delphi approaches aim to narrow down specific geographical locations for determining
the best spots for a specific project or land-use (i.e. same location), our approach aims to narrow the
geographic characteristics that provides ES (i.e. same type of location). Consequently, we expect that
during the two mapping rounds of the spatial Delphi, people achieve a more common understanding
regarding the optimal landscape configuration for high ES value. The resulting maps provide consensus-
based ES maps of the study areas indicating areas where people expect high ES value to be found.

3.2.1 PGIS combined with spatial Delphi

The spatial Delphi approach developed here includes two participatory rounds (Figure 3). A detailed
diagram of the procedures to map each ES in round one is shown in Figure 4. We implemented the tool
in the R programming language as a web application based on R-shiny. On the server side, the application
uses GOOGLE EARTH ENGINE (Gorelick et al., 2017) to assure performant and interactive spatial
extrapolating of user data input (section 3.2.2). All the data and answers of the questionnaire are stored
on server-based relational databases. Besides the core part of participatory ES mapping, the web
application includes a questionnaire and a pairwise comparison of ecosystem services. In the second
round, participants are given the opportunity to adjust their maps based on other participants’ inputs
from the first round. The grey boxes in figures 3 and 4 indicate the data output to be used for the spatial
extrapolation of ES, the second Delphi round or within the impact calculation (section 3.3).

Delphiround |
4%
Per ES
1.1 Study Lo™ 1.6 Influence
information i.Z GEI‘IEIB}':‘SDCiD- 1.3 |nStl’leCt'I0n 1.4 Individual 15 pai{‘_’"ise f distance of
& data emograp ‘IC ES mapping mapping of ES comparison of ES wind turbines
consent guestionnaire . -
v LSS Y
R | Individual ESmaps | | Importance of ES | | Parameter for
i Further analysis of socio i ' ! i I .
i . | | (section 7.2.3) | (section 7.3) !t impact caleulation
| demographics and ES | — ey W o ] | .
O, A | H | [section 7.3)
L L __ _
__________ A A
i Convergence zone of ES |
- _ ]
Delphi round Il v
elp c‘:’ Per ES
2.1 Dashboard of E Updated convergence — i
socio-demographic 22 Adjust  auefaeians # | consensus maps > ES |
values polygons E occurence data !
1

| (section 7.3) i

Figure 3: User interaction and data output (grey) of two spatial Delphi rounds.
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In the first round, participants get information about the study content and information regarding the
general data protection and regulation (GDPR) of personal data. To follow GDPR rules we generate a
seven-digit random string as unique identifier (UID) for each participant to access the data in
anonymized form. To be able to contact people for the second Delphi round, we ask for their e-mail
address. However, this is completely on voluntary basis and if a participant does not provide the email,
it is still possible to complete the first Delphi round. The data, containing the UID and email is stored
outside the main database to ensure anonymity of the used data. The procedure starts with the
presentation of the study area (Figure 5) and a subsequent questionnaire concerning peoples” socio-
demographics (age, gender, education), statements to measure their environmental attitudes and
questions regarding their familiarity with the study area. Before the mapping starts, the application
provides a detailed instruction page containing a stepwise explanation of the mapping procedure. The
system randomly selects four out of the ten ES to counterbalance and avoid fatigue effects in the
mapping. Each selected ES is then mapped through the process outlined in Figure 4. We are aware, that
it might be difficult or even impossible for people to indicate areas that provide a high value for some of
the ecosystem services. Therefore, the mapping tool provides an opt-out and we can consider prepared
expert-based ES mapping and modelling approaches for those specific ES (e.g. ARIES, Villa et al., 2014 or
InVest, Sharp et al., 2020). The tool assures that participants draw their polygon training data inside the
study area and that training polygons do not overlap.

| Weighting of the E | Support learning E

Display ES title, E Training areas for |

description, | spatial i E training area ] E process in Delphi |
image | extrapolation | 1 (7.2.2) ! | round 2 |
1 (7.22) P T A T L
R = :
Draw one or For each
Importance lcl)f ES several p0|\r-;50“5 prc;wded ) Provide a short Display
Peréona y Ion Ia map t Iat polygon, assign a explanation why extrapolated,
Society yes indicate regions lankcgni.how . you choosed individual ES
where. youcan good t |.s areals these areas map of ROI
benefit from the to benefit from
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Are you able to
map the given Next ES

ES?
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Figure 4: Detailed procedure and outputs (grey) of participatory mapping of each ES in round one of the spatial
Delphi.

Funded by the European Union. Views and opinions expressed are however those of the author(s) only
and do not necessarily reflect those of the European Union. Neither the European Union nor the granting

- authority can be held responsible for them.

Funded by the 23
European Union



WEN Dq; WENDY_D3.1 Validated models for integrated life-cycle assessment on ecosystem

services and biodiversity

To immediately feedback the individual spatial distributions of the ES in the whole area, the polygons

and ratings are used as training data for a maximum entropy (Maxent; Phillips et al., 2006) machine

learning approach (section 3.2.2). The extrapolated ES maps are then used to calculate ES convergence
zone maps (section 3.2.3).

After completing this mapping procedure for four ES, Delphi round one ends with a pairwise comparison
of the importance of all ES within the study area. To reduce the total number of 45 pairs from ten ES,
the application first asks for the pairwise comparison of the three CICES sections cultural, provisioning
and regulating ES. Subsequently the comparison of the individual ES groups needs to be done only within
each section. The pairwise comparison will be analysed with the analytic hierarchy process (AHP) and
further used for the establishment of a net environmental performance indicator (see chapter 4). Finally,
for the ES that are affected by visual and acoustic midpoint effects (Table 2), participants are asked to
indicate how much their potential use of a good spot for a particular ES would be affected by visual
impacts of wind turbines. For each of the ES this can be indicated with a slider that ranges from 0 (not
affected at all) to 1 (complete useless to benefit from the ES in the area). Section 3.3 shows how these
ratings will further be used in the calculation of the ES disturbance pathway in the LCA disturbance of
wind energy.
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Figure 5: Screenshot of the introduction screen of the Spatial Delphi tool (9.8.23).

The second round of the spatial Delphi starts with a dashboard of general statistics about round one.
Subsequently, participants can retrieve their individual ES maps, their polygons, and the convergence
zone maps, for each of the four mapped ES in round one. In addition, participant see the anonymized
explanation from other participants for their choice of specific ES areas. Based on this information,
participants are asked to reconsider their polygons. Either participants decide not to change their
selection of good areas for ES or they can adjust their polygons. In the same way as in round one, the
system calculates the individual ES maps and the updated convergence zone maps for each ES. Thus, the
spatial Delphi approach results in a more common understanding across participants which
configuration of landscape variables (section 3.2.2) provides high levels of ES. In addition, the resulting
consensus maps represent spatially explicit information of ES distribution in the study area. Similarly to
the species distribution maps (section 2.3), the consensus based ES distribution maps serve as main input
for the calculation of wind energy impacts on ecosystem services (section 3.3).

3.2.2 Spatial extrapolation of ecosystem services

Recent studies have applied maximum entropy distribution modelling (Maxent; Phillips et al., 2006) to
predict ES probabilistic distribution in space (Seda Arslan et al., 2021; Yoshimura & Hiura, 2017;
Sherrouse et al., 2014). Here we extrapolate the probability of ES occurrence in a study area, based on
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user-defined polygons and methods which are related to species distribution modelling described in
chapter 2. While species distribution models use species presence data, this approach uses the user
polygons as the ES presence data and explanatory environmental variables (Table 3). For each
participant, this leads to probability maps of valued ES areas covering the whole study area. Although
extrapolation over large areas is technically possible, one should only extrapolate within areas of similar
culture, since it has been shown that particularly valuations and perceptions of cultural ecosystem
services are dependent on cultural backgrounds (Dou et al., 2020).

Study area

For this study we use the second level of the Global Administrative Unit Layers (GAUL; FAO UN) as target
study area to map ecosystem service values. This globally available classification at level 2 represents
district administrative boundaries and serves as the focal area for the subsequent impact assessment
(3.3). For offshore wind energy sites, we define rectangles of 100x100 km to delineate the study
boundaries.

Explanatory environmental variables
To apply the mapping tool within all WENDY European case study areas and to secure potential

application in other areas, the minimal spatial extent of all explanatory variables is set to Europe.

Table 3: Independent, explanatory variables to predict distribution of ecosystem service benefits.

Description Y EE] On-/offshore
resolution

Ecosystem
integrity

(ON_INT)

Topography Copernicus Copernicus 0-8900[m] 30m Onshore

(ON_DEM) GLO-30: Global 30m Digital
Digital Elevation Elevation
Model Model -
Copernicus
Contributing
Missions
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Land use / Land
cover (ON_LULC)

Accessibility Cost surface of Calculation 0-1
(ON_ACCQ) walking speeds method

between open according to
street map street Burak et al.,

layer. 2021.

Bathymetry
(OFF_BAT)

DISElMeMeo N Euclidean distance — 500000 1000 m
(OFF_AcCC) to coast line [m]

Onshore

Offshore

Seabed substrate
(OFF_LULC)

[V T E N Human  pressures A Global Map 0-1 935m Offshore

impact and impacts on of Human
(OFF_NAT) marine  ecosystem Impacts to
services Marine
Ecosystems
(ucsb.edu)

The ecosystem integrity layer was provided by the World Conservation Monitoring Centre (UNEP-
WCMC), based on Hill et al. (2022). Land- and seabed cover were retrieved from the international
mapping authorities (Tab. 3). Topography and Bathymetry could be directly assessed via the data
catalogue in GOOGLE EARTH ENGINE. Onshore accessibility has been calculated following the proposed
method of Burak et al. (2021). Accessibility represents a cost surface of walking times between based on
an open street map road network. Distance to coast has been calculated in R as a spatial raster layer.

Distribution of ecosystem service values

The Maxent algorithm has been implemented on GOOGLE EARTH ENGINE (Gorelick et al., 2017) and
revealed comparable results compared to standalone MaxEnt software (Campos et al., 2023). As a
widely applied representative of the presence-background model family, MaxEnt uses present points
and samples of background points. The polygons provided by the study participants are treated as ES
presence data while the rest of the study area is considered as background data, solely containing the
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environmental variables. We sample the number of presence and background points relative to the
polygon area (presence points) and the study area excluding the polygons (background points). In
addition, we multiply the number of presence points with the corresponding ES value (1-5) the
participants provided for each polygon. This emphasizes areas and thus landscape configurations that
have been rated as of high value for a specific ES. Exemplary, Figure 6 shows two rectangles in a study
area provided by the participant. The orange rectangle was valued as 5, the red as 2. Thus, the point
density in red is double and in orange five times higher as in the surrounding area containing the
background points.

Figure 6: Point sampling strategy and corresponding Maxent extrapolation.

Figure 6 shows an example of the probability distribution to find areas of high ES quality for an individual
participant based on Maxent. Green indicates areas with a high probability to find areas that provide the
ecosystem service. Besides the individual distribution maps, we store the model performance AUC and
variable importance for each participant. Within the mapping task, we ask people to draw polygons that
delineates an area as precise as possible but are large enough to cover a certain amount of landscape
variability to be able to extrapolate the probability to other areas. As soon as polygons remain smaller
than the spatial resolution of the background data, the spatial variability of the background data in the
polygons remains zero. Therefore, the mapping tool restricts the minimum and maximum zoom level to
increase probability to draw large enough polygons. However, if the provided user polygon is still equal
or even smaller than the spatial resolution of the explanatory data, the application only considers this
polygon points as valuation data but not as training information.

3.2.3 Convergence zones of ecosystem services

After each spatial Delphi round, the convergence zones of a specific ES for all participants are calculated.
These zones represent areas with lower level of dispersion around the mean ES values across individual
participants. Dispersion is measured by the coefficient of variation (CV) from all participants within an
ES. Hence after completing the Delphi rounds, the cellwise mean and standard deviation of each ES map
based on all participants are calculated. The ratio of standard deviation to the mean finally results in the
CV map. Areas of particularly low CV values (<1) are considered as convergence zones.
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3.3 Integration of ESA into LCA

Accounting for the PDF of ecosystem services through wind energy infrastructure, we follow the same
logic as the potential loss of species richness (PDF, section 2.5). In the ecosystem service context, the
PDF represents a relative measure for the potential loss of ecosystem services through the loss of area
induced by different impact pathways. Thus, at a given site represented by raster cell i, the area available
to benefit from ES after the lost area follows Ay i = Aorgi — Alosti- Alose depends on the impact
pathway (3.3.3 /3.3.4) and A,,4; represents the area of a single cell (and thereby the spatial resolution
of the assessment). Compared to section 6.5 that uses the species-area relationship (SAR), this section
applies the invariability-area relationship (IAR) as a measure of stability of an ecological variable over
different scales (3.3.1; Wang et al., 2017). For each ecosystem service k, we account for two possible
midpoint — endpoint impact pathways X; disturbance and land occupation (Table 2). The potentially
disappeared fraction (PDF) for an ecosystem service k and impact pathway X for wind farm f at cell i is
given by

z
Aorg,i_A(X)lost,k,f,i> k)
A

org,i

PDF(X)iz; = 1ARM(1_( (4)

ST IARy;

The estimation of the area lost for each cell in the raster, A(X) o5t k5,1, is given by the union of the
impacted area for each wind turbine w (detailed expressions are given in section 6.5). The total PDF for
ecosystem service k and impact pathway X at a wind farm f is the sum of all the cell-wise PDFs,
PDF (X)y s = Xi PDF (X)y ri- Most of the ecosystem services, in particular regulating and provisioning
services, are affected through land occupation (Table 2). Area lost caused by land occupation (O)
corresponds to the habitat loss in the biodiversity assessment (2.5.1). However, cultural ecosystem
services are additionally affected within a wider area around wind turbines. Thus, for the midpoint
impact visual and acoustics, we apply an area lost due to disturbance (D).

To ensure comparability of potential disappeared fraction (PDF) from the biodiversity and PDF from
ecosystem services assessment, we harmonize the data as follows. Firstly, we ensure the use of the same
spatial reference system ETRS89, LAEA (EPSG: 3035). Secondly, the spatial resolution (Acrg) of the
ecosystem service assessment is resampled for onshore and offshore according to the spatial resolution
of the biodiversity assessment (1 km? onshore and 10 km? offshore).

3.3.1 Invariability-area relationship (IAR)

Wang et al. (2017) proposed a relationship that measures stability or invariability of ecological variables
in space over different spatial scales. Following the analogy of biodiversity with the species-area
relationship, the stability of ecosystems services increases with larger areas. Consequently, ecosystem
services in larger areas are more resilient to impacts, compared to small areas. The relationship between
area and invariability (or stability) IAR has been shown as key to understand the scaling effects of
ecological stability (Hodapp et al., 2023; Wang et al., 2017). The IAR represents the squared inverse of
the coefficient of variation of an ecological variable and the spatial extent of the study area (Hodapp et
al., 2023). We adapt this concept and use the IAR to account for ecosystem service values in the
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considered area. IAR at a location i, for an ecosystem service k, is the reciprocal of the squared coefficient
of variation CV (5).

1
CVE;

IARy; = (5)

2 .
The coefficient of variation follows the standard formula CVkZ,l- = % . The squared variance (¢g) and
k,i

mean (u) are calculated based on participants’ individual ES probability maps from the second spatial
Delphi round.

3.3.2 The z-value as the shape of IAR

The strength of spatial synchrony across different patches of an ecosystem service reflects the shape of
IAR, i.e., the z value as the slope of the IAR vs. area on log-log scale (Wang et al., 2017; Hodapp et al.,
2023). In the unrealistic case that all ES patches in the study area are spatially completely uncorrelated,
z equals 1 on the log(lAR)-log(area) scale. On the other hand, if all patches are perfectly correlated, IAR
does not change with larger areas and z = 0 (Hodapp et al. 2023). Wang et al. (2017) showed two types
of IAR-Area relationships. In our case we assume a power law decay of synchrony with increasing
distances between sites. For a given site j and an ecosystem service k, we calculated IAR; and mean
IAR), 4 for increasing areas (A) surrounding i. We then derived zx; as the slope of the linear logio-logio
scaled invariability — area relationship (Figure 7). The average z« over all z; is then used in equation 4 as
case study specific z exponent.

2.25-

2.00-

logl

1.75-

1.50-
13 14 15 16 17
logA

Figure 7: Example of log-log scaled invariability — area relationship.
3.3.3 Area lost for ecosystem services due to land occupation A(O)

Wind turbines need a certain area for the fundament construction, roads, transmission, substation, and
permanent maintenance areas (Dehnholm et al., 2009). These constructions alter the land cover from
natural areas to artificial surfaces. Consequently, the respective area is assumed as lost to gain ES values
during the operational phase of a wind turbine. However, this does not directly imply an irreversible loss
of the area for ES supply after the operational phase. As already shown in section 2.5.1 the area lost agp
[km2/MW] is a function of the wind turbine capacity (EP). For permanent constructions, we use agp =
0.003 km? /MW , for temporary occupation agp = 0.007 km?/MW (NVE, 2022; Dehnholm et al.,

and do not necessarily reflect those of the European Union. Neither the European Union nor the granting

authority can be held responsible for them.
Funded by the 30
European Union

- Funded by the European Union. Views and opinions expressed are however those of the author(s) only



._q?_ -
WEND % WENDY_D3.1 Validated models for integrated life-cycle assessment on ecosystem
services and biodiversity

2009). Thus, the area lost for each ES for each wind turbine due to land occupation follows
A(0)osti,fw = agpER, (May etal., 2020).

3.3.4 Area lost for ecosystem services due to disturbance A(D)

Besides a smaller area which is completely occupied by the wind energy infrastructure, a wider area
around the infrastructure is affected due to acoustic and visual effects. Like the disturbance in the
biodiversity context (2.5.2), the area still provides ES but the beneficiaries might be disturbed since
people avoid the area. In the area of visual or acoustic impact, we assume the disturbance as a function
of distance to a wind turbine. We estimate the area lost due to disturbance for the respective ecosystem

services k and for each wind turbine by A(D)ostk,rw :n(Dkdk_max)z (May et al., 2020). The
disturbance factor (D) follows
log ((2-a)/@)

— B(d_dk,max)
D, = fj_"g"“x 1-1/1re dod (May et al., 2020), where f = —=—————witha=0.1, dj ;,in asthe
= dkmin—dk ’

minimum and dj, the mean of disturbance distance d for ecosystem service k. Ay min and dy may are
derived from the distribution of ES(k) hotspots and thus specific for the study area. Firstly, for each ES
hotspot areas where CV,, < 1 are identified. Secondly, for all the pixels (i) in the study area, the
Euclidean distances to the hotspot pixels up to max 40km are calculated and transformed into a
cumulative distribution function (CDF). From the first spatial Delphi round (section 3.2.1) all the user
inputs regarding the probability that people will avoid an ES hotspot area is then used in the inverse CDF
to obtain dj in and di max-

dk,max

3.3.5 Weighted PDF for ecosystem services

In accordance with section 2.5 the total PDF for an ecosystem service k and wind farm f is given as the
sum of all impact pathways X, PDFy r = Y., PDF(X)y f. The total PDF of a wind farm is then given by
the weighted sum of the PDFs from the individual ecosystem services, PDFy = Y, wyPDF ¢. The w’s
are relative weights (summing to 1) of the different ecosystem services, which are assessed through the
qguestionnaire of the first spatial Delphi round. Figure 3 shows that participants fulfil a pairwise
comparison of the ecosystem services based on their individual perceived importance of a service within
the study area. The pairwise comparison ranges from “A is much more important than B” to “both are
equally important” and “B is much more important than A”. To establish a hierarchy among importance
of ecosystem services, we applied an analytic hierarchy process (AHP). Thus, we transformed the
individual ratings into an individual, hierarchical importance matrix. After consistency checks, the
individual importance weights are aggregated across all participants based on the eigenvalue method to
get an overall importance weight for each ecosystem service, wy.
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4 Net environmental performance index

The obtained PDFs from both the biodiversity and ecosystem service assessment are finally integrated
into a composite Key Performance Indicator (KPI). This KPl is a net environmental performance indicator
(NEP) for a specific wind energy development site (wind farm). To calculate the NEP the total PDFs for
biodiversity and ecosystem services will be normalized (0,1) to have measures which are comparable
across regions and wind farms. This is done by subtracting the theoretical minimum PDFs and dividing
by the theoretical maximum PDFs for the given wind farm (i.e. linear stretch). The maximum and
minimum PDFs are calculated the same way as the actual PDFs (equations 1, 3 and 4), if the wind farm
were to be positioned at the site with the maximum or minimum values of S, Py, ;, i C ; and IAR,, ; that
can be found in the focal region. Thus, we have PDFg ¢ = (PDFg s — PDFg f min)/(PDFg f max —
PDFB,f,min) and PDFES,f = (PDFE_g,f — PDFES,f,min)/(PDFES,f,max — PDFES,f,‘min)' Then the NEP is
calculated as the mean of ecosystem service and biodiversity PDFs for the wind farm f.

NEP; = 1— (PDFjs + PDF} £)0.5. (5)

The NEP relays on both, the intrinsic (biodiversity) and the utilitarian (ecosystem services) value of
nature, without emphasizing one or the other dimension. It gives an evaluation of the impact of a wind
farm at a given site, relative to the range of possible impacts if the wind farm was sited elsewhere in the
region of interest. Values close to 0 indicate a low environmental performance and that the wind farm
is sited where there will be a strong combined impact on ecosystem services and biodiversity. As the
distribution of PDFs may be skewed, knowledge of the central tendency will be important for the
interpretation of the NEP. Thus, we also calculate the NEP for median PDFs, NEPs jmegian = 1 —
(PDFE*S’f'medl-an + PDFg'f,median)O.S. This allows the actual NEP to be evaluated relative to the NEP of
a wind farm sited at a site with median impact on the environmental indicators. The NEP can also be
scaled by the annual energy production to Ef [GW/yr] for the wind farm f, which is the (scaled)
characterization factor for the LCA.

CF; = NEPFE;! (6)

Here Efis a function of the wind turbine model (hub height, rotor diameter, capacity factor) and the
spatially explicit wind conditions (wind speed distribution, loss factors, air density). The factor can also
be estimated by multiplying the wind turbine or wind farm capacity (MW) with the expected full load
hours per year, calculated as the total number of hours in a year (8760) times the capacity factor (e.g.
0.4). Thereafter this value can be divided by 1000 to obtain annual energy production in GWh/yr. The
division by Ef makes the CF a relative measure, indicating the environmental performance per GWh
produced. This LCA characterization factor enables offsetting impacts on biodiversity and ecosystem
services against production. It allows the comparison of siting impacts across regions and/or wind farms.
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5 Conclusion

Both intrinsic and utilitarian values of nature are sensitive to impacts caused by wind energy production.
This report develops a conceptual framework for considering both aspects in spatial explicit manner for
various impact pathways within an LCA. The intrinsic values of nature are represented with species
occurrence maps accounting for all commonly found European species of birds, bats and marine
mammals. Assessing the utilitarian values of nature is based on a novel approach, using a participatory
mapping of ecosystem services. With an interactive spatial Delphi approach, stakeholders map areas of
high ES benefits. Finally, both assessments calculate the impacts of wind energy infrastructure for
different impact pathways as potential disappeared fraction (PDF) of species richness or ecosystem
services. The rigorous use of the same impact calculation methods makes it possible to combine the
impacts on biodiversity and ecosystem services into one single environmental performance indicator
(NEP). The NEP gives a valuation of the site-specific impact of a wind farm, relative to other locations in
a study area. Such an indicator is an easy-to-use KPI that supports planners and developers of wind farms
as well as policy makers. Further the NEP can be combined with other KPI's. The tools, methods and
calculation routines, developed in this conceptual stage will be further operationalized in other work
packages and tasks in the WENDY project. For an exploitation outline including exploitation potential,
intellectual property protection, potential exploitation pathways and partners’ plans we refer to
supplementary material Table S5.
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7 Supplementary material

Table S1: Functional groups for all 545 species of birds which regularly occur in Europe. Groups are formed on
the basis of functional similarity of the species and their taxonomic relationship. Some families of songbirds are
represented in two groups and the non-passerines group are a miscellaneous group with families having only a

few species each.

Functional group

Number of Families represented

species

Corvids 17 Corvidae, Laniidae

Gallinaceous birds 25 Turnicidae, Phasianidae, Otididae, Pteroclidae

Gulls 30 Laridae

Herbivorous songbirds 57 Calcariidae, Emberizidae, Fringillidae, Passeridae,
Prunellidae

Insectivorous songbirds 89 Acrocephalidae, Aegithalidae, Alaudidae, Cisticolidae,
Hirundinidae, Leiotrichidae, Locustellidae, Motacillidae,
Muscicapidae, Panuridae, Paridae, Phylloscopidae,
Regulidae, Remizidae, Scotocercidae, Sittidae

Non-passerines 38 Upupidae, Apodidae, Caprimulgidae, Columbidae,
Alcedinidae, Coraciidae, Meropidae, Cuculidae, Picidae

Owls 16 Strigidae, Tytonidae

Polyphagous songbirds 72 Bombycillidae, Certhiidae, Cinclidae, Muscicapidae,
Oriolidae, Prunellidae, Pycnonotidae, Sittidae,
Sturnidae, Sylviidae, Troglodytidae, Turdidae

Raptors 40 Accipitridae, Elanidae, Pandionidae, Falconidae

Seabirds 30 Alcidae, Stercorariidae, Hydrobatidae, Oceanitidae,
Procellariidae, Phalacrocoracidae, Sulidae

Waders 52 Burhinidae, Charadriidae, Glareolidae,
Haematopodidae, Recurvirostridae, Scolopacidae

Waterbirds 38 Ciconiidae, Gaviidae, Gruidae, Rallidae, Ardeidae,
Pelecanidae, Threskiornithidae, Phoenicopteridae,
Podicipedidae, Anhingidae

Waterfowl 41 Anatidae
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Table S2: Species of bats which are found in Europe according to EUROBATS. Bats are classified based on the
duration and bandwidth of echolocation calls into short-range echolocators (SRE), mid-range echolocators
(MRE) and long-range echolocators (LRE). * = When no data for a species was found available echolocation call
structure was assumed based on the calls of species in its genus. **The species is diurnal and frugivorous; thus,
it also depends on vision for navigation.

Scientific name

Echolocation
call structure

Scientific name

Echolocation
call structure

Rousettus aegyptiacus
Taphozous nudiventris
Rhinolophus blasii
Rhinolophus euryale
Rhinolophus ferrumequinum
Rhinolophus hipposideros
Rhinolophus mehelyi
Barbastella barbastellus
Barbastella caspica
Eptesicus anatolicus
Eptesicus isabellinus
Eptesicus nilssonii
Eptesicus ognevi
Eptesicus serotinus
Hypsugo savii

Myotis alcathoe

Myotis bechsteinii
Myotis blythii

Myotis brandtii

Myotis capaccinii
Myotis crypticus

Myotis dasycneme
Myotis daubentonii
Myotis davidii

Myotis emarginatus
Myotis escalerai

Myotis hoveli

Myotis myotis

SRE**
LRE
SRE
SRE
SRE
SRE
SRE
SRE
SRE*
LRE*
LRE
LRE
LRE
LRE
MRE
SRE
SRE
SRE
SRE
SRE
SRE*
SRE
SRE
SRE*
SRE
SRE
SRE*
SRE

Myotis mystacinus
Myotis nattereri
Myotis punicus

Myotis schaubi

Mlyotis tschuliensis
Nyctalus azoreum
Nyctalus lasiopterus
Nyctalus leisleri
Nyctalus noctula
Otonycteris hemprichii
Pipistrellus hanaki
Pipistrellus kuhlii
Pipistrellus maderensis
Pipistrellus nathusii
Pipistrellus pipistrellus
Pipistrellus pygmaeus
Plecotus auritus
Plecotus austriacus
Plecotus gaisleri
Plecotus kolombatovici
Plecotus macrobullaris
Plecotus sardus
Plecotus teneriffae
Vespertilio murinus
Miniopterus pallidus
Miniopterus schreibersii
Tadarida teniotis

SRE
SRE
SRE
SRE
SRE*
LRE
LRE
LRE
LRE
MRE
MRE*
MRE
MRE
MRE
MRE
MRE
SRE
SRE
SRE*
SRE
SRE
SRE
SRE
LRE
MRE*
MRE
LRE
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Table S3: Species of marine mammals (orders Cetacea and Carnivora) which are found the North Sea and along
Norway in the Norwegian economic zone (Bjgrge 2010, Reid 2013). Each species is assigned to a hearing group
according to the current knowledge of their audiograms (Southall et al. 2019) and a group based on the
taxonomy and functional similarity of species.

Scientific name Hearing group Group
Balaenoptera acutorostrata LF Baleen whales
Balaenoptera borealis LF Baleen whales
Balaenoptera musculus LF Baleen whales
Balaenoptera physalus LF Baleen whales
Megaptera novaeangliae LF Baleen whales
Physeter macrocephalus HF Toothed whales
Mesoplodon bidens HF Toothed whales
Ziphius cavirostris HF Toothed whales
Hyperoodon ampullatus HF Toothed whales
Lagenorhynchus albirostris HF Toothed whales
Lagenorhynchus acutus HF Toothed whales
Grampus griseus HF Toothed whales
Tursiops truncatus HF Toothed whales
Delphinus delphis HF Toothed whales
Orcinus orca HF Toothed whales
Globicephala melas HF Toothed whales
Phocoena phocoena VHF Toothed whales
Phoca vitulina PCW Seals
Halichoerus grypus PCW Seals

Table S4: Parameters for the marine mammal auditory weighting function for each of found hearing groups. LF =
low-frequency cetaceans, HF = high-frequency cetaceans, VHF = very high-frequency cetaceans and PCW =
phocid carnivores in water. Parameter estimates are from Southall et al. (2019).

Marine mammal

hearing group 1 (kHz) 2 (kHz) a b C (dB)
LF 0.20 19 1.0 2.0 0.13
HF 8.80 110 1.6 2.0 1.20
VHF 12.00 140 1.8 2.0 1.36
PCW 1.90 30 1.0 2.0 0.75

Table S5: Exploitation outline for the use of the results provided on the integrated life-cycle assessment of
ecosystem services and biodiversity.

Dimensions Analysis

Exploitation | The main users of the tool are:
potential - Wind energy developers
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Dimensions Analysis

With a given policy framework, the developer can use the spatially explicit
information about biodiversity and ecosystem services in the scoping process
to delineate sites with low environmental conflicts. The inclusion of ecosystem
service values can additionally augment local acceptance of the project.

- National, regional, and local planning authorities and decision makers
The planning policies and guidelines can promote holistic siting approaches and
spatially assess expected environmental impact of wind energy infrastructure
for licensing. The approach can also contribute to Strategic Environmental
Assessment for the identification of potentially suitable sites for wind energy
development.

The deliverable helps to understand and incorporate the social-ecological

dimension into wind energy planning to foster sustainable energy

development.

Attractive, unique features described in the report are:

- Spatially explicit information regarding biodiversity and ecosystem
services.

- Combination of biodiversity and ecosystem service assessment within a
Life Cycle Impact Assessment framework.

- A comparable net environmental performance (NEP) index incorporating
both ecosystem service and biodiversity impacts.

- Anovel approach to engage general public or other stakeholder groups into
the mapping of ecosystem service benefits.

- The (use of the) tool will need adhere to General Data Protection
Regulations (GDPR).

Intellectual | - The methodology operationalized in the tool will be used for further
2 property development internally, as well as used for providing a service to potential
protection clients.

- In principle, the methodology, tool and associated codes and routines will
be published Open Source following EU regulations.

Exploitation actions could include, among others, the following:
e Incorporate the biodiversity and ecosystem service mapping into a
framing application (web app or similar).

Potential . o
. e Process and code review of the application.
3 | exploitation o o
e Define infrastructure to run the application and store the data.
pathways

e Develop a rigorous user guide (handbook).
e Promote the tool in scientific and professional communities.
e Further development of research through other funding opportunities.

Partners’ The proof of concept, as an outcome of this deliverable, forms the basis for
plans further development of the tool to support holistic planning of wind energy
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Dimensions Analysis

infrastructure. The tool can be combined or incorporated into already
developed decision support systems at NINA.

In addition, the streamlined routines to map biodiversity and the participatory
mapping of ecosystem services can support other research projects.
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