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ABSTRACT. The expansion of renewable energy production is seen as an appropriate way to mitigate
climate change. Renewable energies are not free of negative external effects on humans and the natural
environment. We analyzed the conflict between wind power production and bird protection through the
example of one of the most sensitive species, the red kite (Milvus milvus) in West Saxony, Germany. We
investigated a large number of potential land use scenarios, defined by whether or not each potential site
contained a wind turbine (WT). Based on meteorological and ornithological data, we evaluated the land
use scenarios for their annual energy supply and impact on the red kite. We identified the efficient land
use scenarios that maximized energy supply for a given ecological impact. Within the scope of our analysis,
the current allocation of WTs in the study region was considered inefficient. The set of efficient scenarios
allowed us to draw conclusions on the trade-offs involved. We developed an indicator that measures the
severity of the conflict between wind power production and bird protection. Increasing the minimum
distance of WTs to settlements beyond the legal requirements in order to minimize the impact on humans
further intensifies the conflict. Our results can support planning authorities in their development of longterm regional plans by identifying areas that are most suitable for wind power production from an integrated
point of view.
Key Words: bird protection; efficiency frontier; land use optimization; spatial allocation; trade-off; wind
power

INTRODUCTION
Innovative technologies are developed to reduce
emissions and slow down global warming in times
of climate change caused largely by CO2 emissions
from human-related energy production, population
growth, and consumption patterns. One of these
CO2 neutral energy generation technologies is wind
power production. Wind is a renewable energy
source that can be used nearly all over the world,
and is limited only by atmospheric conditions and
the capacity and spatial extent of electricity
networks. Compared to other types of renewable
energy production, the use of wind energy is one of
the economically most efficient (BMU 2008).
But like most human land use activities, wind power
production is not free of environmental impacts
(Bishop 2002, Langston and Pullan 2003, Möller
2006, Bright et al. 2008, Carmen et al. 2009,
Tsoutsos 2009). On the one hand, humans are
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impacted through sound emissions, shadow
emissions, and the disturbance of the scenic value
of the landscape. On the other hand, nature is
impacted through loss of habitat, disturbance and
displacement of birds, and increased collision risk
for bats and birds, particularly for raptors.
Commercial wind power production started in the
1970s in California. At that time there was little or
no experience with the environmental impact of
wind turbines (hereafter referred to as WTs), so site
selection was based mainly on energetic
considerations. Later research on the impact of WTs
on birds in the USA indicated that these impacts can
be substantial (Hunt 2002, Lowitz 2008). Most bird
kills were recorded at Altamont Pass, where about
4900 wind turbines are installed. An estimated 880–
1300 birds of prey were killed annually. This
included up to 116 Golden Eagles, a federally
protected species, 300 Red-tailed Hawks, 380
Burrowing Owls, and hundreds of other raptors,
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including kestrels, falcons, vultures, and other owl
species (CBD 2009).
In recent years, bats have also been identified as
being affected by WTs. An extensive review of
studies about the impacts of WTs on birds and bats
is provided by Hötker et al. (2006). Despite this
knowledge about the environmental impacts of
WTs, the integrated analysis of the conflict between
wind power production and bird protection is still a
challenge. Important questions are how severe these
conflicts are, and how the severity of the conflicts
depends on external factors such as legal
requirements and social concerns.
A conflict between wind power production and bird
conservation occurs if areas occupied by the birds
concerned are suitable for wind power production.
We present a multi-criteria approach for the analysis
of this conflict which integrates expert knowledge
about the ecological impacts of WTs (e.g.,
Reichenbach et al. 2004) with information about the
energy productivity of individual sites in a spatially
explicit optimization framework. For other
applications of multi-criteria analysis of environmental
problems, see Brown and Cobera (2003), Kiker et
al. (2005), Huth et al. (2005), and Moffett and Sarkar
(2006). In our approach, the physically suitable sites
for wind power production are identified and land
use scenarios are defined by deciding whether each
potential site is used for wind power production or
not. We determine the potential energy productivity
and the ecological impact for each site. Based on
these data, all Pareto-optimal land use scenarios (the
so-called efficiency frontier: e.g., Calkin et al. 2002,
Polasky et al. 2008, Ehsan et al. 2009) are
determined where a scenario A is Pareto-optimal if
there is no other scenario that outperforms A in at
least one criterion (in the present case: lead to higher
total wind power production) without underperforming
in any other criterion (in the present case: lead to a
higher impact on the focal bird species). The shape
of the efficiency frontier allows us to assess the
severity of the conflict between wind power
production and bird protection in the region.
Bird protection and energy production are not the
only relevant criteria for the allocation of WTs. In
an economic valuation study, Meyerhoff et al.
(2008) found that the public is highly concerned
about the distance of WTs to settlements; larger
distances are significantly preferred to smaller
distances. This additional constraint is likely to
affect the trade-off between wind power production

and bird protection. We apply our approach to
evaluate the trade-off between wind power
production and bird protection in a German
planning region and investigate how this trade-off
is affected by the consideration of the distance
between WTs and settlements.
METHODS
Study region
The study region comprises the area of the planning
region West Saxony, which is a part of the Free State
of Saxony. It has about one million residents and an
area of approximately 4300 km² (Fig. 1).
We chose this area for various reasons. On the one
hand, West Saxony has a relatively low amount of
installed wind power capacity compared to other
regions. In 2007 there were 221 wind turbines with
a nominal capacity of 235 MW (megawatts). For
comparison, the planning region Anhalt-BitterfeldWittenberg, bordering West Saxony to the
northeast, has an almost similar area (3627 km²) but
445 WT with 627 MW installed capacity (RPG
ABW 2007). Since the West Saxony region has a
high proportion of open areas (only 16% of the area
is covered by forest [RPV WS 2008]) and since open
landscapes imply a high ground level wind speed
(Wizelius 2007), conditions for the further
development of wind power in the region are
promising.
On the other hand, the region is part of the world’s
core habitat of the endangered red kite (Milvus
milvus) (Glutz von Blotzheim 1989, Mebs and
Schmidt 2006, BirdLife International 2009).
Approximately 50% of the world’s red kite
population lives in Germany, nearly 10% of which
is found in Saxony. The red kite, a synanthropic
species, uses anthropogenically used open rural
areas for foraging and (partly) for breeding
(Nachtigall 2008). It has no natural enemies, except
for human beings, so avoidance behavior has not
evolved in the species (Mammen and Dürr 2006,
Dürr 2008). Since red kites and WTs “use” very
similar landscapes, we expect a substantial conflict
between prospective wind power production and red
kite protection in our study region, and measure the
ecological impact of a WT by its predicted impact
on the local red kite population. Other biodiversity
issues are considered in the definition of the
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Fig. 1. The planning region West Saxony.

suitability space (Methods: Determination of the
suitability space).
Data sources
We used real land use/land cover data available as
vector data provided by the public survey for Geo
Base Information and Measurement Saxony to
identify suitable areas for the construction of WTs.
The calculation of the amount of wind power
produced was based on the frequency distribution
of wind speeds, obtained with a horizontal
resolution of one-by-one kilometer from the
German National Weather Service, and parameters
specific to the type of WT, obtained from

ENERCON (2008). The determination of the
impacts of the WT on the local red kite population
was based on the spatial locations of known aeries
in the study region. These locations were mapped
in 2000 and 2006 by volunteer ornithologists and
were provided by the Saxon State Office for
Environment and Geology.
Determination of the suitability space
The suitability space comprises those parts of the
landscape that are physically and legally qualified
for the allocation of WTs. To delineate these parts
of the landscape, we began by identifying all areas
in the region with land cover types physically
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suitable for the construction of WTs. These land
cover types include all open areas of the landscape,
i.e., cropland, grassland/pasture, heath, scrubland,
vegetation-free areas, and acclivity/reclaimed land.
Then we removed all areas that are not legally
qualified for the construction of WTs according to
LANUV NRW (2002), TA Lärm (1998), BfN
(2008), and several laws, such as article 9 of FStrG–
Bundesfernstraßengesetz, article 24 of SächsStrG–
Sächsisches Straßengesetz, and article 3 of
LEisenbG-Landeseisenbahngesetz).
To allocate WTs within the suitability space, we
used a Monte Carlo Simulation, programmed by Dr.
Ralf Guckel, to determine potential sites for WTs.
The program fills the suitability space with the
maximum possible number of potential sites while
considering minimum distances between individual
sites. These minimum distances are required to
avoid the wind park effect, which denotes the
reduction of the energy output of a WT located at
the lee side of other WTs (Wizelius 2007: pp. 234–
236). For the chosen type of WT, the minimum
distance to avoid the wind park effect amounts to
410 m, which is five times the WT’s rotor diameter.
We obtained a number of N = 1022 potential WT
sites.
Multi-criteria evaluation

frequency distribution of the wind speed at 80 m
above ground level and the power curve for the
selected WT technology, which tells how much
electrical power the WT will produce at a given wind
speed.
The frequency distribution of the wind speed v is
suitably described by a Weibull distribution (Hau
2006: pp. 509–514, Wizelius 2007: pp. 49–50),
which is characterized by a scale and a shape
parameter (denoted as A and k):

(1)

(Fig. 2 left panel). Since we are considering a
discrete wind speed distribution, vm in Eq. 1 denotes
the wind speed in the mth interval. The power P(vm)
generated by the chosen WT technology for a given
wind speed vm is shown in Fig. 2 (right panel). The
expected energy produced by the WT in one year
(Ea) is therefore the sum of all values P(vm) weighted
by the frequency f(vm) by which the wind speed vm
is observed at the site under consideration,
multiplied by the expected number of hours per year
(ta = 8760 h):

To analyze the conflict between wind power
production and red kite protection, the policy
criteria needed to be defined as measurable
quantities, and all land use scenarios had to be
evaluated by these quantities. To generate a land use
scenario, we decided whether or not each potential
WT site within the suitability space should contain
a WT. For simplicity’s sake, we assumed that all
WTs were of the same type and had a state-of-theart wind turbine with a hub height of 80 m, a rotor
diameter of 82 m, and a nominal power of 2 MW.
One land use scenario, for example, may be to
construct a WT on site 1 and no WT on the others.
Another scenario may be to construct a WT on site
2 and none on the others. A third scenario may be
to construct a WT on each of sites 1 and 2 and none
on the others, etc. With N = 1022 sites available,
there is a number of 2N of these combinations, i.e.,
2N different land use scenarios.

Here mmax represents the upper bound of the wind
speed range within which the WT operates (Fig. 2,
right panel). For each site within the suitability
space, we obtained the values for the parameters A
and k from the German National Weather Service
(Methods: Data sources), and using Eqs. 1 and 2,
calculated the annual energy production levels. To
evaluate land use scenarios with several WTs, we
determined the annual energy production of each
WT according to Eq. 2 and took the sum of these
values. For simplicity’s sake, we have omitted the
term “annual” so that energy production always
refers to the amount of energy produced per year.

Energy production

Red kite protection

To calculate the energy production for the selected
WT technology at a given site, we needed the

Most red kite collisions with WTs occur during
foraging flights in the breeding season. Depending

(2)
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Fig. 2. Calculation of the produced wind power for a particular site. Left panel: example of a wind speed
frequency distribution; right panel: power curve for the selected technology option (ENERCON 2008).

on habitat quality, defined by frequency and
availability of prey, these flights occur at different
distances to the aerie. Based on information
received from Nachtigall (2008) and other experts,
we modelled the likelihood, L, of observing a red
kite at a distance d from its aerie using Eq. 3:

of the bird colliding with a WT located at distance
d from the aerie is proportional to L(d). In other
words, a WT at distance d from a red kite’s aerie
has an adverse impact of αL(d) where α is some
proportionality factor. Assuming there is M >1 aerie
within our study region, the total impact, I, of a WT
at a particular site on all aeries is the sum of the
impacts obtained for each aerie:

(3)
(4)
Since the bird is most frequently (about 90% of the
time) observed at distances less than 3000 m from
the aerie (see Nachtigall 2008: pp. 61–62), we set k
= 3000 m (the results are not very sensitive to
moderate changes in k).
The probability of a red kite colliding with a WT is
proportional to the likelihood of the bird occupying
the same physical space as the WT. Therefore, given
that L(d) is the likelihood of a bird being observed
at a distance d from the bird’s aerie, the probability

where dj is the distance of the WT to the jth aerie.
Since we are interested only in the relative
suitability of the different sites, we can set the
proportionality factor α to 1. Varying α changes
only the scale of the total impact in the region (the
horizontal axis in Fig. 5), and the choice of α = 1
implies no loss of generality within the scope of the
present study.
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To evaluate land use scenarios with several potential
WT sites, we determined their individual impacts
according to Eq. 4 and took the sum of these impacts.
This sum, henceforth termed “ecological impact”,
is related to the mortality of the birds. It has an
arbitrary scale, which, however, is sufficient within
the scope of this study. WTs at the boundary of the
study region will also have an impact on aeries close
to, but outside, the study region. Since no data about
these aeries were available, we generated a 13 km
wide buffer around the study region. Aeries are
randomly distributed within this buffer at the same
density observed within the study region. To remove
sampling stochasticity, we sampled 10 different
buffers, analyzed our allocation problem for each
buffer replicate, and took the average of the results.
Analysis of the trade-offs
Each land use scenario can be plotted by its energy
production level and ecological impact. A higher
energy production is preferred to a lower one and a
lower impact is preferred to a higher one. To analyze
the trade-off between energy production and
ecological impact, we determined the Paretooptimal land use scenarios and ranked the potential
WT sites by their ratio of energy production and
ecological impact. The first Pareto-optimal
scenario, therefore, was obtained by allocating one
WT to the site with the highest ratio and no WT to
all other scenarios. The next Pareto-optimal
scenario was obtained by allocating a WT to each
of the two sites with the highest ratios and no WT
to all other sites. We proceeded by adding sites one
by one with decreasing ratios until all N sites of the
suitability space were filled with WTs. The N land
use scenarios that we obtained through this
procedure were all Pareto-optimal.
This procedure worked because (i) we considered
only two criteria, (ii) the criteria were additive so
that the energy production and impact of two sites
was the sum of the respective values for the
individual sites, and (iii) the number of potential
sites was very large and each site contributed only
marginally to the criteria. With conditions (i) and
(ii), our optimization problem qualified as a socalled knapsack problem (e.g., Hajkowicz et al.
2008) in which a number of items was selected under
a budget constraint so that for a given budget the
sum of the items’ benefits was maximized. If it were
possible to select only fractions of items, we would
be confronted with a fractional knapsack problem,
which is solved by selecting the items in decreasing

order of benefit-cost ratio, with the addendum that
if the selection of the last item violated the budget
constraint, only a corresponding fraction of the last
item is selected (e.g., Dantzig 1963). Although WTs
cannot be selected in fractions, due to condition (iii)
the associated error was negligible and our
procedure of selecting WTs in decreasing order of
energy-impact ratio was identical to the approach
developed by Dantzig (1963) and correctly
identified the Pareto-optimal land use scenarios.
If one or more of conditions (i)–(iii) are not fulfilled,
linear programming (e.g., Schrijver 1998, Öhman
and Eriksson 2002, Meyer and Grabaum 2008,
Ehsan et al. 2009) or heuristics such as tabu search
(e.g., Bettinger et al. 2007) or simulated annealing
(e.g., Kirkpatrick et al. 1983, Öhman and Eriksson
2002, Westphal et al. 2007, Bettinger et al. 2008)
need to be used.
Plotting the Pareto-optimal scenarios by their
performances in the two criteria yields a line called
the efficiency frontier (e.g., Polasky et al. 2008).
The shape of this line represents the nature of the
decision conflict. Below we show that the area under
the efficiency frontier indicates the severity of the
decision conflict.
As stated in the Introduction, another relevant issue
is the minimum distance D of WTs to settlements.
We expected that varying this minimum distance
would affect the shape of the efficiency frontier.
Therefore, we generated an efficiency frontier for
different levels of D. Alternatively, we may assume
that the political will exists to produce certain
amounts of energy in the region. Then it is of interest
to discuss the trade-off between D and the impact
of the WT on the red kite for a given energy level.
We investigated this trade-off for different levels of
energy production.
RESULTS
Performances of the wind turbine sites
Fig. 3 shows the energy that can be produced per
year at each potential WT site. The sites with the
highest productivity are in the northwestern and
eastern parts of the study region. Fig. 4 shows the
impact that a WT would impose on the local red kite
population for each potential WT site. The highest
impacts would be imposed at sites in the north and
the east. Combining Figs. 3 and 4 shows an overlap
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of the regions that are both ecologically sensitive
and suitable for wind power production, implying
there is a conflict between red kite protection and
wind power production.

extreme case where the maximum energy output
could be obtained at zero ecological impact, while
a most severe conflict would exist if any non-zero
energy output could be obtained only at maximum
ecological impact.

Trade-off between ecological impact value and
energy output

A geometric quantity that characterizes these
different shapes of the efficiency frontiers is the area
under the curve (AUC) (shaded area in Fig. 6).
Curves with a large (small) AUC are associated with
a weak (severe) decision conflict. Denoting the
maximum energy output as Emax and the maximum
ecological impact as Imax, the conflict severity, S, is
defined in Eq. 5 as

Fig. 5 illustrates the efficiency frontier for our study
region. Each point on the curve represents a land
use scenario. As described in Methods: Analysis of
the trade-offs, we obtained the points by gradually
filling the region with WTs. At the lower left point
of the curve, the locations that have the highest
energy output (“gain”) for a given ecological impact
are selected (“cost”). It is sufficient to use only these
optimal locations if only a small amount of energy
is to be produced. As a consequence, relatively a lot
of wind power can be produced with relatively little
ecological impact, implying a high slope of the
efficiency frontier. In order to produce a larger
amount of energy in the region, increasingly more
WTs have to be installed at locations with worse
gain-cost ratios, implying a gradually declining
slope of the efficiency frontier until the suitability
space is completely filled with WTs. At this point,
both the ecological impact and the energy
production are maximal (end point of the curve,
upper right corner of Fig. 5).
The resulting curve is termed an efficiency frontier
(e.g., Polasky et al. 2008). Its positive slope reveals
that any increase in the energy output can be
achieved only at a higher ecological impact. At the
lower left corner, the ecological impact is small as
is the amount of energy produced, while at the upper
right corner, energy output is at a maximum as is
the ecological impact. The area under the curve can
be used to measure the severity of the decision
conflict. To understand this, consider the dashed
line in Fig. 6, which represents a fictitious efficiency
frontier. About 85% of the maximum energy output
(2500 out of 3000 GWh) can be produced at only
20% of the maximum ecological impact (400 out of
1900 impact units). Conversely, with the dotted line,
representing another fictitious efficiency frontier
that might apply in the presence of a more complex,
non-additive ecological impact function, the same
energy output can be achieved only at more than
95% of the maximum ecological impact. Obviously,
the decision conflict represented by the dotted line
is much more severe than that represented by the
dashed line. In fact, no conflict would exist in the

(5)

AUC ranges from zero (most severe conflict) to Emax
Imax (no conflict); therefore, S ranges from zero (no
conflict) to one (most severe conflict). The conflict
severity in our WT allocation problem (solid line in
Figs. 5 and 6) is about 0.35.
In addition to the shape of the efficiency frontier
and the associated severity of the conflict, another
relevant question is how the current situation relates
to the efficiency frontier. The current situation is
characterized by a number of 221 installed WTs
supplying an energy output of 345 gigawatt hours
(GWh) and imposing an ecological impact of 401
(point i in Fig. 5). Point i is located below the
efficiency frontier, which means that under our
chosen constraints, the current situation is not
Pareto-efficient. In Fig. 5, points i, j, and k span the
space of possible Pareto-efficiency gains. On the
one extreme, the energy output could be increased
without changing the ecological impact. Compared
to the current level of 345 GWh, the energy
production would be quadrupled (point j in Fig. 5).
This shift would involve reallocating, repowering
(replacing older and underperforming turbines with
new ones that have higher performance levels), and
installing additional WTs. On the other extreme, the
ecological impact could be reduced without
changing the level of energy production (point k in
Fig. 5). At point k, the same amount of energy is
produced with nearly half the number of WTs. In
the scenario associated with point k, the WTs tend
to have greater distances to the aeries than in the
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Fig. 3. Energy production map. Each dot represents a potential wind turbine site. Color represents the
amount of energy that can be produced per year at the site. Black represents settlements.

scenario associated with point j, resulting in a much
smaller ecological impact.
Effects of incorporating social constraints
Another important criterion is the minimum
distance of WTs to settlements. In Fig. 5, this
distance was set at 800 m based on legal constraints
(Methods: Determination of the suitability space).
Fig. 7 shows how the efficiency frontier changes if
the settlement distance is increased. First, the
maximum possible energy production and the

associated maximum ecological impact are reduced
because fewer sites are available for WTs. Raising
the settlement distance from 800 m to 1000 m, for
example, reduces the maximum energy production
from about 3000 GWh to about 1000 GWh. At a
settlement distance of more than 1200 m, even the
current level of 345 GWh cannot be maintained.
Second, an increase in the settlement distance
aggravates the trade-off between red kite protection
and energy production. At a settlement distance of
800 m, about 2100 GWh can be produced at an
ecological impact of 800 units; at a settlement
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Fig. 4. Impact map. Each dot represents a potential wind turbine site. Colors represent the ecological
impact of a wind turbine at the site. Black represents settlements.

distance of 900 m (1000 m), the energy production
at the same ecological impact drops to 1600 GWh
(1200 GWh). The reason is that not only does the
total number of suitable sites decline with increasing
settlement distance, but so does the number of sites
where energy can be produced with little ecological
impact.
This indicates that a trade-off exists not only
between energy production and red kite protection
but also between these two criteria and settlement
distance. Fig. 8 depicts the trade-off between the

ecological impact and the settlement distance at
given levels of energy production. An increased
settlement distance is associated with an increased
ecological impact because at large settlement
distances the number of available WT sites is small
and sites close to red kite aeries have to be selected
to meet the given energy production level: a classic
trade-off between the well-being of humans
(absence of WTs in their vicinity) and the survival
demands of species. The trade-off between
settlement distance and ecological impact is
aggravated if more energy is produced (Fig. 8). At
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Fig. 5. Efficiency frontier. Energy production versus ecological impact. Solid line: as calculated for the
study region. Point i represents the current situation in the study region; the other two points represent
two possible ways of increasing efficiency (see Results: Trade-off).

the current energy production level of 345 GWh, an
increase in the settlement distance of 100 m
increases the ecological impact by about 25 units;
at a doubled energy production level of 690 GWh,
the ecological impact increases by about 50 units
per 100 m settlement distance.

DISCUSSION
Since space is generally limited, it is important to
allocate WTs efficiently. We employed the concept
of Pareto-optimality in order to identify efficient
allocation scenarios with regards to wind power
production, red kite protection, and disturbance of
humans in West Saxony, Germany. For a given
minimum distance of WTs to settlements, the
Pareto-optimal scenarios form a line (efficiency
frontier) in the space spanned by the two criteria
“energy production” and “ecological impact”. The
area under this line (AUC) can be used to measure

the severity of the conflict between the criteria. A
large AUC means that the land use scenarios are
close to the “ideal point” where both criteria are
optimally fulfilled. According to Polasky et al.
(2008), for example, protecting all relevant species
in the Willamette Basin, Oregon would cost about
US$27 billion. But in scenario D of Polasky et al.
(2008), 98% of these species can already be
protected for only about US$2 billion, meaning that
scenario D is close to the ideal point where all
species would be protected at zero cost. In Eq. 5,
we proposed a measure of conflict severity, S, that
ranges from zero (no conflict) to one (most severe
conflict). The conflict severity in Polasky et al.
(2008) is about S = 0.15; in this study, S = 0.35. This
value is considerably higher than those in many
other environmental studies, such as Calkin et al.
(2002), Nalle et al. (2004), Polasky et al. (2008),
and Bladt et al. (2009). As we could demonstrate,
additional constraints, such as an increased
minimum distance of WTs to settlements in our
study, may further increase the severity of a conflict.
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Fig. 6. Efficiency frontier. Energy production versus ecological impact. The solid line is as calculated
for the study region, dashed and dotted lines are two fictitious efficiency frontiers. Shaded area: the area
(AUC) under the solid efficiency frontier.

In addition to the discussion about the shape of the
efficiency frontier, we compared its position with
the current situation and found that efficiency gains
can be achieved by reallocating WTs so that energy
production can be increased without increasing the
ecological impact, or the impact can be reduced
without reducing energy production.
It should be noted, however, that we disregarded
planning constraints that were considered to be
relevant in the current allocation of WTs in the study
region. We also neglected the site-specific private
economic costs for land tenancy, foundation, and
grid connection of WTs, etc., which also influence
the optimal spatial allocation of WTs. In addition,
this influence is reciprocal; i.e., the number, density,
and dimension of wind farms and their distribution
across the landscape affect the economic costs so
that economies of scale and scope can be expected.
However, since economic profits (benefits minus
costs) from WTs are largely correlated with the local
wind energy level, we can expect that many of our

sites that were identified as Pareto-optimal with
regards to wind power production would also be
Pareto-optimal with regards to economic profits.
In addition to site-specific costs, the spatial
reallocation of WTs would involve construction
costs, transport costs, and potential fines associated
with premature termination of lease contracts
between WT operators and landowners, which
would reduce the magnitude of the efficiency gains
determined in our analysis. The consideration of
monetary costs and benefits of wind power
production will be the focus of future research.
Further simplifying assumptions were made in our
study. We focused on the most relevant species, the
red kite, and ignored other species that are less
relevant but still need to be considered in real world
landscape planning. Other species could be
considered in our approach, although this would
increase complexity because more criteria would
have to be considered in the analysis and/or
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Fig. 7. Efficiency frontiers for different settlement distances. Settlement distances increase from top to
bottom in steps of 100 m from 800 m to 1300 m. Point i represents the current situation in the study
region.

assumptions would have to be made on the
aggregation of several species into one or a few joint
impact criteria. Furthermore, we measured the
ecological impact on an arbitrary scale, which was
sufficient within the scope of our study but may be
insufficient if the trade-offs are to be considered
more concretely in making an actual planning
decision. In that case, our impact index would have
to be translated into a concrete parameter such as
annual bird mortality or annual population decline.
This would require the use of a behavioral model
that simulates the foraging behavior of the species
and quantitatively predicts the probability of a bird
colliding with a WT at a particular location relative
to the bird’s aerie. Such a model might also take into
consideration that some species are disturbed by
WTs and avoid being around them. This reduces the
amount of available habitat and poses another risk
to biodiversity.
Nevertheless, our study demonstrates that it may be
worthwhile to (i) reconsider some of the existing

constraints and procedures of current landscape
planning to open opportunities for efficiency gains
in the context of wind power production, and (ii)
use existing information such as species distribution
maps and wind speed data more efficiently by
employing formal decision making frameworks.
Despite the negative impacts of WTs on some
species, and given that wind power is a very
emotional topic for many people, the pros and cons
of WTs need to be assessed and valued carefully.
Our study attempts to support this process.
Responses to this article can be read online at:
http://www.ecologyandsociety.org/vol15/iss2/art10/
responses/
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Fig. 8. Efficiency frontier. Impact value versus settlement distance. Upper line: energy production of
690 GWh; lower line: energy production of 345 GWh.
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