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Abstract. In wind-farm impact assessments, it is useful to know the level of uncertainty that char-
acterizes some key variables used to assess the sensitivity to risk in species of conservation concern.
Here, we have introduced the use of the Shannon entropy as a value of ecological uncertainty of the
prediction of the risk assessment index, obtained from two ecological traits (flight altitude and flight
type). We based our evaluation of risk sensitivity on sampling of three common raptor birds (Gyps
Sfulvus, Falco tinnunculus, Buteo buteo) all co-occurring in a wind farm landscape (central Italy).
As to flight altitude, Gyps fulvus prefers the flight altitude category > 300 m, Falco tinnunculus
categorises closer to the ground and Buteo does not show a clear preference for any particular flight
altitude category. As regards the flight type, Gyps fulvus showed significant preference for circular
and thermal flight patterns, Falco tinnunculus for rapid horizontal/vertical flight patterns, while Buteo
was found to prefer constant directions and circular and thermal flight patterns. Multiplication of the
scores associated with these eco-behavioural traits by the number of recorded occurrences allowed
estimation of risk sensitivity used to compute the risk assessment index. We normalized the partial
scores of the risk associated with these traits with H' values, thus obtaining more reliable species-
specific normalized risk indices. The greater the entropy, the greater the level of uncertainty associ-
ated with it, and the lower the reliability of the risk index. Therefore, the entropy associated with
flight behaviour diversity (altitude or type) could be a proxy for assessing uncertainty in wind power
impact assessment. We think that normalizing indices of risk by including a measure of uncertainty

can support decision makers in bird conservation and wind farm management.

INTRODUCTION

Disturbances are events that can disrupt any ecologi-
cal level, or environmental component as well as the
organizational status of a biological cycle of organisms
(Pickett et al. 1989; Brawn et al. 2001; review in Bat-
tisti et al. 2016). Among anthropogenic disturbances
(i.e. threats: Salafsky et al. 2008), wind farms are well
known to impact birds in different ways (e.g., Winkel-
man 1992; Barrios and Rodriguez 2004; Drewitt and
Langston 2006; Johnson and Erickson 2010), birds of
prey being particularly vulnerable to such disturbance
factors (Madders and Whitfield 2006; Telleria 2009).
Assessment of the wind farm impact on these vertebrates
can be conducted either directly by recording carcasses
lying under wind farm facilities (Drewitt and Langston
2008; Erickson et al. 2014) or indirectly (by assessing
habitat displacements and changes in population param-
eters; Battisti et al. 2013). Moreover, it is also possible
to highlight potential impacts by analyzing ecological
and behavioural traits of the species that may or may not

make individuals potentially exposed to these impacts
(exposure to risk; Carrete et al. 2009). In this regard,
there are several risk indices that are applied to wind
farm impact assessment and to the identification of
more sensitive species (Erickson et al. 2000; Garthe and
Hiipop 2004; Noguera et al. 2010; Eichhorn et al. 2012).
As regards certain ecological traits of the species that are
considered to be sensitive to the risk of impact, the as-
sessment of this risk is performed by assigning scores to
categories of vulnerabilities selected a priori for specific
variables. Some of these variables are linked to intrinsic
factors (such as life-history traits derived from species
ecology and behaviour, for example flight altitude or
flight type, or anatomical features) or extrinsic (such as
geo-morphological and vegetation characteristics of the
territorial context; Noguera et al. 2010). In particular,
risks of collision between raptors and wind farm blades
are due to both the type and altitude of flight (Pearce-
Higgins et al. 2009; Péron et al. 2017). Indeed, Noguera
et al. (2010) estimated sensitivity to the potential risk
by rating flight altitudes of various species (e.g. near
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the ground, under/near the blades > 15-30 m; between
the moving blades > 30-120 m; above the blades >
120 m), considering that the height at which standard
blades are located ranges approximately between 30 and
120 m above the ground. Therefore, the lowest scores
were assigned to the flight altitude category that was
more distant from rotor blade tips (e.g. 1 point to the
flight altitude > 300 m above the ground) and progres-
sively higher scores to altitude categories less distant
from blade tips (2 points to flight altitudes 0—15 m and
150-300 m; 3 points to flight altitudes 15-30 m and
120-150 m above the ground), with the highest score (4)
being assigned to the altitude category ranging between
30 and 120 m, which corresponds to the operating range
of rotor blades.

As regards the estimation of collision risks associated
with the flight type, Noguera et al. (2010) gave the lowest
scores (i.e. 1 point) to resting individuals, progressively
increasing scores to individuals with constant direction
flights (2 points), to birds whose flights are character-
ized by rapid wing movements (3 points) and, finally,
to individuals with flights characterized by circular tra-
jectories or following thermal wind pattern (maximum
sensitivity/vulnerability 4 points). Once collision risks
associated with both flight altitude and type had been
assessed and rated in scores, the number of sightings
recorded for flight altitude and type was multiplied by
the relevant score. Thus, the sum of these values was
considered to represent the partial risk sensitivity index
that also includes evaluation of other eco-behavioural
and conservation traits (e.g. seasonality, conservation
status, density; Noguera et al. 2010). However, in these
indices, which are based on summation or on averaged
values, the uncertainty associated with the scores ob-
tained (and so the predictive power of the index) is not
taken into account. This may have implications for the
assessment of the risk faced by each species. The uncer-
tainty of a system is as high as its entropy is (Shannon
and Weaver 1963).

Among the most common indices used for quantifying
the entropy of a system is the Shannon-Wiener index (or
Shannon entropy index, see Jost 2006). This measure
was originally used to quantify the entropy, a proxy
of uncertainty (or level of surprise), in an information
context. Therefore, the Shannon entropy quantifies the
uncertainty associated with prediction (see also Magur-
ran 2004; Ricotta 2005; Magurran and McGill 2011):
the higher the value of the Shannon entropy index,
the more difficult is correct prediction of the process
underlying the data.

In this paper, we have introduced the use of the Shannon
entropy as a value of prediction uncertainty obtained
from two components (flight altitude and flight type)
of the risk assessment index. We based our evaluation

of uncertainty on the original sampling data for three
raptor species (Aves, Falconiformes) co-occurring in a
large wind farm landscape in central Italy. We think that
inclusion of an uncertainty measure in the assessment
carried out with risk sensitivity indices can support
decision makers in bird conservation and wind farm
management.

MATERIALS AND METHODS

Study area

This study was conducted in an approximately 35 km? —
large area, which is located near the Fucino Valley and the
Sirente-Velino Natural Regional Park, along the southern
slopes of the Sirente Massif, with an altitudinal range of
900-1200 m a.s.1. It includes the municipalities of Cerchio,
Collarmele and Pescina (Province of L’ Aquila; central Ita-
ly; WGS 84, F33, UTM coordinates: top left— X 381.985,
Y 4.663.406; bottom right — X 397.520, Y 4.653.612).
The wind farm in this study contained 44 one-bladed
turbines (rated power output of 250 and 350 kW; Cerchio-
Collarmele-Pescina wind farm or CCP) erected between
1992 and 2005. In 2007, older turbines were removed
and repowered with 17 three-bladed turbines (Vestas V80
rated for 2.0 MW; ENECO Power Station). In the period
2007-2009, there were also two meteorological towers at
the wind farm, one of which was 30 m and another 50 m
high. The rotor diameter of each three-blade turbine was
80 m, the rotor span area was 5072 m? and the tubular steel
tower was 78 m high. Tips of the turbine blades reached
the maximum height of 117 m above the ground level.
The Vestas turbines on the CCP wind farm were located
in a heterogeneous mosaic-like landscape characterized
by hemi-cryptophytic pastures (Brachypodium rupestre
dominant) with nitrophilous phyto-coenoses and sparse
brushes (for cattle presence) at altitudes ranging between
970 and 1160 m a.s.l. (Pirone and Tammaro 1997). We
considered this study area to be a unique sampling area
because of the uniformity of landscape characteristics.
The local climate is cold temperate. In the course of the
study, no remarkable changes in mean temperatures and
rain regimes were observed (ENECO Meteorological
Station, Collarmele; www.meteo.it: Valle del Fucino—
Avezzano).

Protocol

The overall survey included collection, analysis and
interpretation of the data relating to the presence of
a group of raptor species particularly sensitive to the
presence of wind power plants (Falconiformes) in the
study area.

Duration of the field sampling that was conducted in
the study area from 2011 to 2014 was approximately
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304 hours (2011: 2 April — 20 May, 21 September —
31 December; 2012: 1 January — 3 August; 2013: 14
May — 16 June; 2014: 9 March — 9 September). During
each visit, we collected data on the presence of vagrant
species, with both flight altitude and flight type of each
individual recorded:

(1) Flight altitude (taking into account the follow-
ing altitudinal classes (above the ground) in
metres: 0-15, > 15-30, > 30-120, > 120-150,
> 150-300, > 300, from Noguera et al. 2010,
modified). These altitudinal classes were singled
out because they corresponded to specific areas
of turbine operation, thus representing the height
bands differing in potential risk to birds (under
the blades: 0-15 m and > 15-30 m, between the
blades in movement: > 30-120 m and above the
blades: > 120 m, the swept area of turbine blades
is within the height range 30-120 m). The flight
altitude was determined taking into account the
reference points present on the wind facilities. The
flight altitude was rated in terms of potential risk
as follows: Score 1 was assigned to the sightings
of raptors at heights > 300 m above the ground;
2 points were given to the sightings of birds flying at
heights 0—15 m and 150-300 m; 3 points were given
to bird sightings at heights 15-30 m and 120-150 m;
and 4 to the sightings of raptors at heights 30120 m
above the ground.

(it) Type of flight. In accordance with Noguera et
al. (2010), different types of flight were rated in
terms of potential risk as follows: laid flights — 1
point; flights in a constant direction — 2 points;
flights with rapid vertical/horizontal flight wing
movements — 3 points; flights following circular
trajectories and/or thermal winds — 4 points (maxi-
mum sensitivity).

Both for the altitude and type of flight, the number of
records was multiplied by the relevant scores and the
total value obtained was considered to represent the
partial risk score (partial risk score associated with
flight altitude is further referred to as FAps, and the
partial risk score associated with the type of flight is
referred to as TFps) that could be included in a general
risk sensitivity index.

For observations, we used a two-colour Pentax model
No.574 10x50 FIELD 5.5°, with Coated - Mod. Optics
zoom 8-20 x 50 and an telescope (Kowa Model TSN-1
multicoated lens zoom 20-60x).

Data analyses

The relative frequency (fro,p) of each flight altitude
category and that of each flight type category were
calculated.

From the flight altitude and flight type frequency data,
Shannon entropy (Magurran 2004) was calculated as
follows:

H'=-X fro p In frgap

The calculated value of the entropy index for flight alti-
tude (H'p,) and for type of flight (H';;) ranges between
0 and n. The higher the value, the higher the entropy
level of the associated information (i.e. the greater the
associated uncertainty in the evaluation) is.

To obtain the uncertainty —normalized risk index (URI)
for each trait, we calculated the ratio FAps/ H'z,, for
flight altitude, and TFps/H'; for the type of flight, thus
obtaining two partial indices (respectively URI, and
URI,;) Statistical differences between URI indices for
the three species studied were assessed by one-way
ANOVA.

Comparisons between frequency values (between cat-
egories and species) were made by y? test. Alpha was
set at 5%. We used SPSS 13.0 for Windows and Primer
4.2 software for statistical analyses.

RESULTS

Overall, 907 records were obtained regarding flight
altitudes, and 667 regarding flight types, for a total of
17 Falconiformes species. As regards the most common
sedentary species, for which a representative contact
sample (n > 20) was obtained (Gyps fulvus, Falco tin-
nunculus and Buteo buteo), 742 records were obtained
for flight altitudes and 648 for flight types.

As to the flight altitude (Table 1), Gyps fulvus records
were mostly related to the altitude category > 300 m
(with significant differences; x> = 69.192; p = 0.001),
while those of Falco tinnunculus to the altitude catego-
ries closer to the ground (from 0-15 m to 30-120 m;
¥? = 75.056; p = 0.001), and Buteo buteo records did
not differ significantly in terms of frequencies of flight
altitude categories (y* = 2.426; p = 0.670).

As regards the flight type (Table 2), Gyps fulvus records
showed the highest frequency in the category “circular
and thermal flight patterns”; ¥> = 165.064, p = 0.001),
Falco tinnunculus records in the category “rapid flight
patterns” (x* = 34.575, p=0.001), while those of Buteo
buteo in the flight type categories “constant direction”
and “circular and thermal flight patterns” (> = 11.201,
p=0.001).

As to the flight altitude, the lowest values of the Shan-
non entropy H' were recorded in Falco tinnunculus
(Table 1), but this species showed the highest value in
this metric when the flight type was considered (Tab-
le 2). Falco tinnunculus showed the highest value in
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Table 1. Flight altitude categories, score of the risk assigned, number (N) and relative frequency (Fr) of total records and total

scores for each category and each species (period 2011/2014). Averaged total scores (FAps), Shannon-Wiener index (H’p,)
and uncertainty normalized risk index (URIy,) values for each species.

Gyps fulvus Falco tinnunculus Buteo buteo

Flight altitude category | Score N Fr Score N Fr Score N Fr Score
0-15 2 74 0.134 148 46 0.286 92 4 0.143 8
15-30 3 69 0.125 207 49 0.304 147 6 0.214 18
30-120 4 70 0.127 280 42 0.261 168 7 0.250 28
120-150 3 71 0.128 213 17 0.106 51 3 0.107 9
150-300 2 98 0.177 196 6 0.037 12 5 0.179 10
300 1 171 0.309 171 1 0.006 1 3 0.107 3
Total 553 1.000 1215 161 1.000 471 28 1.000 76
FAps 2.197 2.925 2.714
H'py 1.724 1.461 1.741

URI,, 1.274 2.002 1.559

Table 2. Type of flight categories, score of the risk assigned, number (N) and relative frequency (Fr) of total records and total
scores for each category and each species (period 2011/2014). Averaged total scores (TFps), Shannon-Wiener index (H’ 1)
and uncertainty normalized risk index (URIy) values for each species.

Gyps fulvus Falco tinnunculus Buteo buteo

Flight type Score N Fr Score N Fr Score N Fr Score
Laid 1 55 0.14 55 10 0.07 10 1 0.04 1
Constant direction 2 127 0.33 254 35 0.26 70 10 0.42 20
Iv{glzllfall“l’;fv":ﬁel; . 3 10 0.03 30 64 047 | 192 2 0.08 6
Circular/thermal flights 4 195 0.50 780 28 0.20 112 11 0.46 44
Total 387 1.00 1119 137 1.00 384 24 1.00 71
TFps 2.891 2.803 2.958
H’ 1.093 1.753 1.052
URIL 2.645 1.599 2.812

partial URI;, (Table 1) and the lowest value in URI
(Table 2). Interspecific differences in both URI;, and
URI, were statistically significant (one-way ANOVA,
URIgy: Fy 5= 11.98, p < 0.001; URL: F, = 15.17,
p<0.001) (Tukey’s HSD post-hoc revealing that Gyps
fulvus was different from the other two species).

DISCUSSION

In our case study, the three species of Falconiformes
showed different behaviour in terms of flight altitude and
flight type. Namely, Gyps fulvus was frequently observed
flying in a constant direction at high flight altitudes;
Falco tinnunculus was frequently sighted at low-medium
altitudes (up to 120 m above the ground), its flight be-
haviour being characterized mainly by rapid horizontal/
vertical flight patterns; and Buteo buteo did not show
a preference for any particular flight altitude, its flight
being characterized by a constant direction and circular/
thermal flight patterns. Once the risk scores assigned to
these flying traits had been multiplied by the number of
recorded occurrences, a higher partial risk score was ob-
tained for Falco tinnunculus and Buteo buteo and a lower

one for Gyps fulvus. However, if Buteo buteo and Gyps
Sfulvus showed high Shannon entropy, the values of this
index for Falco tinnunculus were low, thus supporting
the empirical risk score for this species, the same being
not true for the two previous species.

As regards the flight type, the observed risk scores for
all the three species (ranging between 2.80-2.96) were
similar. Still, the Shannon entropy appeared to be very
different with Falco tinnunculus showing the highest
values, thus evidencing that the risk score for this species
is weak in predictive power. Once the averaged partial
scores had been normalized with the Shannon entropy,
partial URI for both traits in each species were obtained.
This normalization using the amount of uncertainty as-
sociated with different flight altitude and type of flight
has changed the ranking of the risk level faced by each
species. For example, as regards the type of flight, after
normalization, the apparent similarity in partial score
values among the investigated species (ranging between
2.80 and 2.96) abruptly ended: Buteo buteo showed the
highest partial URI (2.81), while Falco tinnunculus the
lowest (1.60).

Estimates of the entropy associated with flight altitude and/
or flight type could be considered as proxies for assessing
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uncertainty in wind power impact assessment. In wind-
farm impact assessments, it is useful to know the level
of uncertainty that characterizes the outputs of some key
variables used as proxies to assess the risk sensitivity of
species of ecological value and conservation concern.

The frequency associated with a particular altitude
or type of flight, appropriately weighed with a risk
score, may be associated with the level of impact risk.
Nevertheless, we suggest that the levels of uncertainty
expressed in connection with the variable taken into con-
sideration should be associated with risk index values.
This uncertainty can be a proxy for the non-reliability
of the index itself.

We think that this approach can also be applied to other
targets that could be impacted by wind farms, e.g. other
large-sized bird species, for example, Charadriiformes
and Gruiformes (e.g. Stewart et al. 2007; Zielinski et al.
2007) and bats (Chiroptera; Trille et al. 2008; Jain et al.
2010; Ferri et al. 2016), for which, it could be useful to
obtain risk indices based on ecological traits. In this re-
gard, further field and analytical research is necessary.
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