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Abstract
Recent growth of investments in wind energy and power industries has increased concerns 
about the associated adverse impacts on wildlife. In particular, flying vertebrates are espe-
cially at risk, both directly, through an extra mortality rate due to collision with turbines 
and electrocution, and indirectly through habitat loss or fragmentation. In this study, we 
propose a modelling approach that combines species distribution models and data managed 
in geographic information systems to predict and quantify the effects of wind turbines and 
power lines on the breeding habitat of a soaring migratory bird, the black stork Ciconia 
nigra, in Italy. The species is recolonizing the country, where it had been driven to extinc-
tion in the Middle Age by human persecution. Today, infrastructures such as those consid-
ered in our study might in fact hamper this recolonization. Our results show a high prob-
ability of presence of the species in several areas in Italy. The most important variables 
in influencing habitat suitability for C. nigra are the mean temperature of May followed 
by the distance from urban areas, inland wetlands and hydrographic network. Exposure 
to wind turbine collision and electrocution resulted to be potentially high. In particular, 
in Northern Italy the main potential risk of mortality for C. nigra is posed by power lines, 
whereas in southern regions the species might be mostly threatened by wind turbines. Our 
approach makes it possible to detect suitable areas that, although not yet colonized by the 
species, would imply a high mortality risk should the species colonize them in the future. 
The tool we provide may therefore prove useful to conservationists and landscape planners 
in order to mitigate the impact of human infrastructures on this species and encourage a 
more sustainable planning.
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Introduction

The increasing human pressure on ecosystems and the global biodiversity loss highlight 
that further efforts are necessary to improve the currently available tools to implement 
biodiversity conservation at different scales (Eaton et  al. 2018; Kissling et  al. 2018; 
Morán-Ordóñez et al. 2019). Species distribution models (SDMs) represent an example 
of effective tools which can be applied to tackle many issues in applied ecology and 
support conservation planning in several ways (Fois et  al. 2018a; Bosso et  al. 2018a; 
Maiorano et  al. 2019; Mateo et  al. 2019; Bertolino et  al. 2020). SDMs are the most 
widely used correlative models that allow  us to understand the relationships between 
species occurrence and environmental variables, and to identify areas where a given 
species is likely to occur, in this way defining and quantifying its habitat suitability 
(Guisan and Thuiller 2005; Rinnhofer et al. 2012; Fois et al. 2018b). This approach may 
aid conservation decision-making by detecting new areas where the target species pres-
ence is unknown, yet likely, and to estimate the potential occurrence of a given species 
in previously unsurveyed areas (Hernandez et al. 2008). Such models are especially use-
ful for species that are elusive or difficult to observe (Razgour et al. 2016; Mohammadi 
et al. 2019) and, in particular, for rare and threatened species which are usually a con-
servation priority (McCune 2016; Proosdij et al. 2016; Bosso et al. 2018b).

The recent growth in environmental awareness and the search for sustainable and 
renewable energies have led to a fast increase in public and private investments in 
“green energy” worldwide, with a consequent boost in the development and spread of 
infrastructures such as power lines and wind farms (Petrescu et  al. 2016). However, 
few studies have assessed systematically the effects of such structures on wildlife at a 
large scale (May et al. 2019). The application of SDMs to such issues makes it possi-
ble to predict the impacts of human activities and infrastructures on animal populations 
and their habitats, and identify areas of high mortality risk for such species (Hernán-
dez‐Lambraño et al. 2018; Maiorano et al. 2019; Heuck et al. 2019). In particular, the 
impacts of wind farms on biodiversity need to be considered because they may affect 
adversely wildlife, especially flying vertebrates, both directly, by increasing mortality 
through collision with the turbines or barotrauma, and indirectly, through habitat loss or 
fragmentation (Arnett and May 2016; Bastos et al. 2016; Beston et al. 2016). Birds and 
bats are alarmingly vulnerable to wind turbines (Arnett and May 2016) as documented 
worldwide (Barrios and Rodriguez 2004; Rollan et al. 2010; Thaxter et al. 2017; Martín 
et al. 2018). In the last decades, scientists have attempted to understand population-level 
effects of wind farms through field studies, e.g. the impact on species demography (Bes-
ton et al. 2016).

Power lines are other infrastructures that may negatively affect wildlife and in par-
ticular birds. Electrocution and collisions with pylon wires are major causes of mortal-
ity for birds (Bayle 1999; Janss and Ferrer 2001). Electrocution is caused by a con-
tact between two conductors or between a conductor and a ground armament; collision 
means an impact against cables  and  pylons—in fact, a phenomenon connected to all 
overhead lines, not just power lines (Bernardino et al. 2018). Mitigation efforts aimed to 
reduce collision rates have been increasing worldwide (Fox et al. 2006; Kuvlesky et al. 
2007; Pearce-Higgins et al. 2009; Busch et al. 2017), especially through the implemen-
tation of wire markers (Janss and Ferrer 1998; Barrientos et  al. 2012; D’Amico et  al. 
2019); but, although these mitigation measures can partially reduce species’ mortality, 
in most cases they cannot eliminate it.
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SDMs represent a potentially powerful mitigation  approach through the generation 
of  risk maps, i.e. crucial tools to locate sites where wind farm or power line develop-
ment is too dangerous to wildlife or where an increase in survey efforts is needed to 
assess the actual likelihood of impact (Hernández‐Lambraño et al. 2018; Maiorano et al. 
2019; Heuck et al. 2019).

Among bird species, soaring birds, including most raptors, storks and other large 
birds, are the group of highest concern. Their migratory and long-range movements are 
largely dependent upon large open areas where wind and thermal upward currents form, 
in fact the same areas where energy infrastructures are often established. Wind farms 
and power lines, therefore, often occur along corridors largely used by soaring birds 
(Katzner et al. 2012; Martín et al. 2018), which leads to high fatality rates (e.g., Barrios 
and Rodriguez 2004; Smallwood and Thelander 2008; Ferrer et al. 2012).

In this study, we use as a model species a soaring and long-distance migratory bird, 
the black stork (Ciconia nigra), characterized by the largest breeding range among the 
Ciconiidae, from Portugal to China, with a distinct population in South Africa (del Hoyo 
et al. 1992). The species requires special conservation measures in Europe because in 
the last  centuries the European population suffered a considerable decrease. C. nigra 
disappeared from most of their western European breeding range due to uncontrolled 
hunting and excessive forest exploitation (Cramp and Simmons 1977; Bordignon et al. 
2006). Since the 1970s, however, the trend has reversed, especially in several countries 
of Central Europe: the breeding European population currently numbers 9800–13,900 
pairs and is classified as of Least Concern (BirdLife International 2017). Only recently 
did this species recolonize Italy, with a small migratory breeding population mainly 
concentrated in southern and central regions (Fraissinet et  al. 2018). For Italy, no 
records have been available since the Renaissance (XIV–XVI century A.D.) (Bordignon 
et al. 2006). The causes that led black storks  to extinction in the country are not well 
known but they are likely a synergy of factors such as intense deforestation and mas-
sive hunting—black storks were  in fact consumed by people (Caldarella et  al. 2018). 
The species re-established itself in Italy only in 1994, initially in Piedmont and Calabria 
(Bordignon 1995; Mordente et  al. 1998), and in 2018 black storks numbered 20 pairs 
(Brunelli et al. 2018; Caldarella et al. 2018; Fraissinet et al. 2018). Nevertheless, both 
the increase in nesting pairs and breeding range expansion have proven much slower 
than in other recently recolonized countries of Central and Western Europe (Alexandrou 
et al. 2016; Kalocsa and Tamas 2016; Lorgé 2016; Denis and Brossault 2016; BirdLife 
International 2017; Caldarella et  al. 2018; Fraissinet et  al. 2018). From this perspec-
tive, we argue that both wind turbines and power lines, which may kill adult individuals 
during their movements across Italy, might  represent a further obstacle hampering the 
recolonization process that is taking place in the country. In our study, we combined 
SDMs and Geographic Information System to analyze the potential distribution of the 
breeding population of C. nigra in Italy and evaluate the potential threat posed by such 
infrastructures in areas suitable for this species through generation of risk maps.

Specifically, we hypothesize that: (a) due to its high environmental heterogeneity, 
Italy may offer large  recolonization areas to a species characterized by a wide global 
distribution (i.e. possessing a broad ecological niche) such as C. nigra (Fontaneto et al. 
2006; Alexandrou et al. 2016; Fraissinet et al. 2018); and that (b) given the widespread 
presence of power lines and wind farms in Italy (Marcantonini and Valero 2017; Terna 
2017), many sites suitable for C. nigra might turn into ecological traps by increasing 
mortality risk in potentially attractive habitat.
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Materials and methods

Study area and presence records

The study area included the whole Italian territory covering ca. 301,000  km2 between lati-
tudes 45° N–36° N and longitudes 6° E–18° E. The study region has a very heterogeneous 
topography with an elevation ranging between 0 and 4810 m a.s.l.

We obtained the occurrence records for C. nigra from experts’ personal databases 
updated to 2017 (unpublished data provided by the Italian Working Group on black stork 
GLICINE) and from the online platform Global Biodiversity Information Facility (GBIF 
2019). The records obtained from experts corresponded to coordinates of C.nigra’s nests 
in Italy. Instead, from the GBIF, we downloaded records not only for Italy but also for the 
other European countries where the species breeds in order to cover the species’ entire 
environmental and climatic niche (Jiguet and Villarubias 2004; Vlachos et  al. 2008) as 
done in previous studies (Barbet–Massin et al. 2010; Raes 2012; Guisan et al. 2013; Smer-
aldo et  al. 2017). To homogenize the dataset, we only used GBIF records collected: (1) 
from 1990 to present; and (2) between June and July, when C. nigra nests most frequently 
across its entire European breeding range (Jiguet and Villarubias 2004; Alexandrou et al. 
2016). After this first selection, we considered only records with positional values showing 
at least two decimal digits (0.01 decimal degrees, corresponding to 1.11 km at the equator; 
Strubbe et al. 2015). In addition, we filtered these data further to remove duplicated records 
and those with inaccurate coordinates.

Prior to model calculation, we screened all records in ArcGis (version 10.2.2) for spa-
tial autocorrelation using average nearest neighbour analyses to remove spatially correlated 
data points and guarantee independence (Kwon et al. 2016; Kabir et al. 2017; Bosso et al. 
2017a; Mohammadi et al. 2019). Therefore, from the initial occurrence dataset including 
280 records, after the filtering procedure, we selected 136 records from which we gener-
ated the SDMs (Fig. S1).

Ecogeographical variables

We selected a set of variables potentially useful to predict the European breeding range 
of C. nigra. Climatic variables were obtained from the Worldclim database version 2.0 
(Hijmans et  al. 2005; https ://www.world clim.com/curre nt). Land cover categories were 
selected according to the species’ preferences for foraging or nesting sites (hydrographic 
network, urban areas, inland wetlands, mixed forest, non-irrigated arable lands and per-
manently irrigated lands including rice fields) and calculated as the Euclidean distance 
from the Corine Land Cover 2012 categories (European Environmental Agency: www.
eea.europ a.eu/data-and-maps/data/clc-2012-raste r). The hydrographic network was taken 
from the Digital Chart of the World (DCW; https ://www.diva-gis.org/gdata ). All predic-
tors were rasterized at a resolution of ca. 1 km with ArcGis (version 10.2.2). To take into 
account the pairwise correlation between predictors, the final set of variables was subse-
lected considering a Pearson’s correlation coefficient |r|< 0.75 (e.g. Hernandez et al. 2006; 
Lobo et al. 2010) and a variance inflation factor ≤ 5 (Zuur et al. 2010). These procedures 
were carried out in the R environment (R Core Team 2018). Therefore, from the initial set 
of predictors, we retained only the eight most relevant variables according to the species’ 
ecological requirements during the breeding season: mean temperature and precipitation of 

https://www.worldclim.com/current
http://www.eea.europa.eu/data-and-maps/data/clc-2012-raster
http://www.eea.europa.eu/data-and-maps/data/clc-2012-raster
https://www.diva-gis.org/gdata
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May, Euclidean distance from hydrographic network, Euclidean distance from urban areas, 
Euclidean distance from inland wetlands, Euclidean distance from mixed forest, Euclid-
ean distance from non-irrigated arable lands and Euclidean distance from permanently 
irrigated lands including rice fields. The mean temperature and precipitation of May have 
been chosen among climatic variables as egg hatching mainly occurs in that month (Alex-
androu et al. 2016) and because heavy rain and low temperatures in May can negatively 
affect C. nigra’s foraging activity and reproductive success (Bordignon et al. 2006; Tamás 
2012). A list of the most relevant variables used to model C. nigra’s potential distribution 
in Europe and further details about their measurement units are given in Table S1.

Species distribution models

To build the models, we used occurrence records located in the entire European breeding 
range to avoid truncated niche estimations (Barbet-Massin et al. 2010; Raes 2012; Guisan 
et al. 2013). SDMs were built through an ensemble forecasting approach, as implemented 
in the R package “biomod2” (https ://cran.r-proje ct.org/bin/windo ws/base/; Thuiller et  al. 
2009). We considered the following seven modelling techniques (Thuiller et  al. 2009; 
Jiguet et  al. 2010): (1) Maximum Entropy models (MAXENT); (2) Generalized Linear 
Models (GLM); (3) Generalized Additive Models (GAM); (4) Generalized Boosted Mod-
els (GBM); (5) Multivariate Adaptive Regression Spline (MARS); (6) Random Forests 
(RF), and (7) Artificial Neural Network (ANN; for further details, see Thuiller et al. 2009). 
In agreement with the modelling approach used for previous studies (Pio et al. 2014; Smer-
aldo et  al. 2018), GLMs and GAMs were calibrated using a binomial distribution and a 
logistic link function, while GBMs were developed with a maximum number of trees set 
to 5000 threefold cross-validation procedures to select the optimal numbers of trees to be 
kept and a value of seven as maximum depth of variable interactions. MARS models were 
set with a maximum interaction degree equal to 2, while RF models were fitted by growing 
750 trees with half the numbers of available predictors sampled for splitting at each node. 
MAXENT models were fitted with the default settings with a maximum value of 1000 
iterations. To avoid model overfitting, we developed MAXENT models applying species-
specific settings selected using the “ENMeval” (Muscarella et  al. 2014; Fourcade et  al. 
2018) R package. This approach runs successively several MAXENT models using differ-
ent combinations of parameters to select the settings that optimize the trade-off between 
goodness-of-fit and overfitting.

We set ENMeval to test regularization values between 0.5 and 4, with 0.5 steps, as well 
as the following feature classes: linear, linear + quadratic, hinge, linear + quadratic + hinge, 
linear + quadratic + hinge + product and linear + quadratic + hinge + product + threshold, 
which correspond to the default ENMeval settings. We then selected the parameters that 
scored lower AIC values. Default parameters were used to fit ANN models. Each occur-
rence dataset was randomly split into a 70% sample, used for the calibration of the model, 
and the remaining 30%, used to evaluate model performance. Because our dataset con-
tained only occurrence data, a set of 10,000 background points were randomly placed over 
a region identified by the WWF terrestrial ecoregions (Olson et al. 2001) where records 
of C. nigra occurred (Hirzel et  al. 2002; Barve et  al. 2011; Barbet-Massin et  al. 2012a, 
b; Smeraldo et al. 2018). Predictive performances of SDMs were assessed by measuring 
the Area Under the receiver operating characteristic Curve (AUC; Hanley and McNeil 
1982) and the True Skill Statistic (TSS; Allouche et  al. 2006). These validation meth-
ods have been widely used (Breiner et al. 2015; Smeraldo et al. 2018) and offer excellent 

https://cran.r-project.org/bin/windows/base/
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performances. The data splitting procedure was repeated 10 times and the evaluation values 
averaged. We ran a total of 70 SDMs (seven algorithms × 10 splitting replicates for model 
evaluation). After excluding models with AUC < 0.7, model averaging was performed by 
weighting the individual model projections by their AUC scores, a method shown to be 
particularly robust (Marmion et al. 2009). Models were then projected over the study area. 
The relative importance of variables was also calculated from the ensemble model using 
the specifically devoted functionality available in the biomod2 package (Jiguet et al. 2010). 
The final potential distribution was obtained by averaging the projections from the 10 rep-
licated ensemble models coming from the subsampling procedure (see above). The final 
map was binarized into presence–absence values with a threshold maximizing sensitivity 
(the percentage of correctly predicted presence) and specificity (the percentage of correctly 
predicted absence; Fielding and Bell 1997). This widely used threshold (Algar et al. 2009; 
Dubuis et al. 2011; Bosso et al. 2018a; Smeraldo et al. 2018) is among the most accurate 
ones (Liu et al. 2005).

Risk maps

We generated risk maps to assess the impact of wind turbines and power lines on the 
potential distribution of C. nigra in Italy. To do this, we used the binary map of C. nigra, 
clipped for Italy, and the shapefiles of Italian regions, wind turbines and power lines. We 
downloaded the administrative boundaries of the Italian regions by the Italian National 
Institute of Statistics (ISTAT) (https ://www.istat .it/ambie nte/carto grafi a). We obtained the 
distribution of wind turbines from the following online databases: ATLAEOLICO (https 
://atlan teeol ico.rse-web.it/), The Wind Power (https ://www.thewi ndpow er.net/count ry_
maps_en_7_italy .php), EMODnet (https ://www.emodn et-human activ ities .eu/view-data.
php), Harvard University World Map (https ://world map.harva rd.edu/data/geono de:osm_
world wide_wind_turbi nes_qb8), ATLAIMPIANTI (https ://atla.gse.it/atlai mpian ti/proje 
ct/Atlai mpian ti_Inter net.html), and Overpass Turbo (https ://overp ass-turbo .eu/). We then 
screened such data in ArcGis (version 10.2.2) and deleted unreliable, ambiguous or dupli-
cate records, also excluding those whose geographical location was not precisely defined 
or incorrect, and checking each wind turbine in Google Earth Pro (version 7.3.2). Further-
more, any wind turbine missing from the databases was added manually to the dataset (Fig. 
S2). We provide the final database of the wind turbines in Italy in the Supplementary Mate-
rial 2. We acquired geo-referenced linear power lines from Overpass Turbo (https ://overp 
ass-turbo .eu/) (Fig. S3).

To assess the amount of C. nigra’s suitable habitat that fell inside or close to wind 
turbines and power lines, we used two different methods. Regarding wind turbines, we 
selected the buffer recommended by Bush et al. (2017). Hence, we created different buffer 
areas around each turbine with radiuses of 100 m, 500 m, 1000 m, 3000 m, 5000 m and 
10,000  m respectively (Figs. S4 and S5). Instead, for the power lines, we chose buffers 
based on guidelines provided by previous studies carried out in Italy on C.nigra’s ecology 
(e.g. Caldarella et al. 2018; Fraissinet et al. 2018). Such studies indicated that the species’ 
home range in the breeding season is ca. 100  km2 and within such range a mortality risk at 
300–2000 m from power lines. For our analyses we investigated the highest probability of 
electrocution/collision to power lines at distances of 100 m, 500 m, and 1000 m from each 
power line, which we deemed distances posing major threats to this species (Figs. S6 and 
S7).

https://www.istat.it/ambiente/cartografia
https://atlanteeolico.rse-web.it/
https://atlanteeolico.rse-web.it/
https://www.thewindpower.net/country_maps_en_7_italy.php
https://www.thewindpower.net/country_maps_en_7_italy.php
https://www.emodnet-humanactivities.eu/view-data.php
https://www.emodnet-humanactivities.eu/view-data.php
https://worldmap.harvard.edu/data/geonode:osm_worldwide_wind_turbines_qb8
https://worldmap.harvard.edu/data/geonode:osm_worldwide_wind_turbines_qb8
https://atla.gse.it/atlaimpianti/project/Atlaimpianti_Internet.html
https://atla.gse.it/atlaimpianti/project/Atlaimpianti_Internet.html
https://overpass-turbo.eu/
https://overpass-turbo.eu/
https://overpass-turbo.eu/
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Risk maps for C. nigra in Italy were obtained by weighted overlay using the spa-
tial analyst tools in ArcGis (version 10.2.2). Weighted overlay is a technique used to 
apply a common measurement scale of values to diverse and dissimilar inputs to do an 
integrated analysis (for details, see: https ://webhe lp.esri.com/arcgi sdesk top/9.3/index 
.cfm?Topic Name=How%20Wei ghted %20Ove rlay%20wor ks).

Because weighted overlay only uses raster data, all shapefiles employed in this 
study were converted into raster format. The input raster data for weighted overlay 
must contain discrete integers or continuous values and these values must be on a com-
mon scale. The weighted overlay tool reclassifies raster input values according to a 
common evaluation scale of suitability or preference, i.e. on the basis of their relative 
contribution to the central theme (Iqbal and Khan 2014). In this study, all input raster 
data were reclassified to assign equal intervals of discrete values and then the final 
maps were reclassified into five risk classes, respectively low, medium–low, medium, 
medium–high and high (e.g. Bosso et al. 2017b).

Results

Habitat suitability

SDMs showed an excellent level of predictive performance as indicated by the AUC 
and TSS value respectively of 0.90 ± 0.01 and 0.64 ± 0.03 (mean ± standard devia-
tion). Sensitivity and specificity values of AUC were respectively 80.15 (± 2.04) and 
84.16 (± 5.32), while for TSS, our models showed values of 79.41 (± 2.04) and 84.44 
(± 5.22), respectively.

The mean temperature of May provided the greatest contribution among the envi-
ronmental variables we considered, followed by the distances from urban areas, inland 
wetlands and hydrographic network. In particular, C. nigra is more likely to occur 
where mean temperatures of May are of 15–25  °C (Fig. S8) and habitat suitability 
decreases for increasing distances from inland wetlands, the hydrographic network, 
mixed forests and non-irrigated arable areas (Fig. S8). The relevant variable’s response 
curve also  showed that probability of presence increased with increasing distances 
from urban areas (Fig. S8).

Ciconia nigra ensemble model showed a high probability of occurrence in several 
scattered areas of Europe except the northern regions as the United Kingdom and the 
Scandinavian penninsula (Fig. S9). The outputs of each algorithm used to compose the 
final ensemble model are provided in the  supplementary materials (Figs. S10–S16). 
In Italy the species occurs in central and southern lowlands (Fig. 1) while a low prob-
ability of presence  is estimated for the Alpine and Apennine regions (Fig.  1). Suit-
able habitat amounted to ca. 121,380  km2, which corresponds to ca. 40% of the Italian 
territory. Sardinia (14,118  km2), Sicily (12,268  km2), Lombardy (11,513  km2), Pied-
mont (10,743  km2) and Apulia (9140  km2) are the regions encompassing the largest 
potentially suitable surface for C. nigra while Liguria (2411  km2), Marche (2348  km2), 
Molise (1730  km2), Trentino-Alto Adige (1302  km2) and Aosta Valley (49  km2) were 
those including the smallest amount of it (Table 1). 

https://webhelp.esri.com/arcgisdesktop/9.3/index.cfm?TopicName=How%20Weighted%20Overlay%20works
https://webhelp.esri.com/arcgisdesktop/9.3/index.cfm?TopicName=How%20Weighted%20Overlay%20works
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Fig. 1  Species Distribution Models of Ciconia nigra in Italy. Left: logistic map; right: binary map. Scales 
show the probability of presence ranging from 0 to 1

Table 1  Potential surface of 
the Italian territory suitable 
to Ciconia nigra divided by 
region according to the biomod2 
binarized map

Region Potential surface by 
binarized map  (km2)

Regional potential 
surface by binarized 
map (%)

Piedmont 10,743 42
Aosta Valley 49 2
Lombardy 11,513 48
Trentino-Alto Adige 1302 10
Veneto 6652 36
Friuli-Venetia Julia 3945 50
Liguria 2411 44
Emilia-Romagna 7559 34
Tuscany 6822 30
Umbria 2882 34
Marche 2348 24
Latium 8431 49
Abruzzi 2668 25
Molise 1730 39
Campania 5859 43
Apulia 9140 47
Basilicata 4077 41
Calabria 6867 46
Sicily 12,268 48
Sardinia 14,118 59
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Risk map

The 500 m, 3000 m and 10,000 m buffers we considered around wind turbines for Italy 
comprise 0.8%, 9% and 34% of suitable habitat, respectively (Table 2). Besides, ca. 38% 
of suitable surface falls within 1000 m around power lines (Table 3). 

Table 2  Wind turbine impact 
as predicted using the binarized 
map of Ciconia nigra in Italy

Circular buffers around each wind turbine were traced adopting radi-
uses of 100 m, 500 m, 1000 m, 3000 m, 5000 m and 10,000 m, respec-
tively

Buffer (m)

100 500 1000 3000 5000 10,000

Surface  (km2) 75 935 2362 10,878 20,491 41,934
Percentage (%) 0.06 0.77 1.95 8.96 16.88 34.55

Table 3  Impact of power lines 
predicted using the binarized 
map of Ciconia nigra in Italy

Linear buffers around each power line were traced at distances of: 
100 m, 500 m and 1000 m, respectively

Buffer (m)

100 500 1000

Surface  (km2) 6512 27,330 46,530
Percentage (%) 5 22 38

Fig. 2  Risk map for Ciconia nigra in Italy taking into account the location of power lines and wind tur-
bines. Left: wind turbine; right: power line
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The regions where C. nigra faces the highest potential risk of interference with wind 
turbines are Aosta Valley, Basilicata, Apulia, Sicily, Sardinia and Molise, especially con-
sidering buffers with a radius of 3000 m to 10,000 m (Table S2). A specific consideration 
is needed for the Aosta Valley region where the resulting small areas of potentially suitable 
habitat for C. nigra fall almost totally within 5 km and 10 km from wind turbines, which 
makes the region especially dangerous  for this species. Piedmont, Lombardy, Trentino-
Alto Adige, Veneto, Friuli-Venetia Julia and Emilia-Romagna are the regions characterized 
by the lowest potential risk (Fig. 2; Table S2).

For some other regions such as Calabria, Liguria, Campania and Tuscany, despite the 
high density of wind turbines, we found only a limited portion of suitable habitat fall-
ing within the buffers traced around the turbines, which resulted in a medium risk for the 
species.

Regarding the risk posed by electrocution/collision to power lines, Aosta Valley, Lom-
bardy, Trentino-Alto Adige, Veneto and Liguria were the regions with a percentage of 
50–90% of suitable habitat falling into the 1-km buffers around power lines. Sardinia, 
Basilicata, Apulia, Molise, Sicily and Calabria were the regions at lowest risk (Fig.  2; 
Table S3).

Discussion

Model performance and habitat preferences

Our SDMs provided a confident delineation of the potential breeding range of C. nigra 
in Europe (Elliot et al. 2020) and in Italy (Fraissinet et al. 2018), as indicated by the very 
high predictive performances we obtained (Domíguez-Vega et al. 2012; Kabir et al. 2017; 
Ancillotto et al. 2019). The high reliability of our models derived from the detailed knowl-
edge of the species’ seasonal physiological requirements, which is essential to select reli-
able occurrences and variables representative of a particular phenological pattern (Feng 
and Papes 2017; Smeraldo et al. 2018). Using the same approach, in a previous study on 
C. nigra, Jiguet et  al. (2011) combined winter tracking data and niche-based modelling 
techniques to predict the species’ wintering distribution in Africa. Other studies on differ-
ent migratory birds used seasonal occurrences to forecast the species’ potential breeding or 
wintering distribution in the current time as well as under future climate change scenarios 
(Barbet-Massin et al. 2012b; Morganti et al. 2017).

We confirmed the hypothesis that a wide area of Italy is potentially suitable for the spe-
cies and might be recolonized, in particular the north-western regions, Apulia, Sicily and 
Sardinia. Nevertheless, the current breeding distribution of C. nigra in Italy supports only 
partly this prediction, as the Italian range of the species since the 1994 recolonization onset 
has remained confined to a few Italian regions and population growth is much slower than 
in Hungary, Poland, France, Germany and the Czech Republic (Dzyubenko and Bokotey 
2011; Kalocsa and Tamas 2016; Lorgé 2016; Denis and Brossault 2016; Fraissinet et al. 
2018). In Denmark, where recolonization was almost contemporary to that of Italy and less 
forest is available, the breeding population numbers ca. 10 pairs and even a small coun-
try such as Luxembourg hosts 4–7 pairs (BirdLife International 2015). In Italy, population 
increase is mostly restricted to the breeding population in south-central regions, while the 
north-western population, 20 years after recolonization, has not increased, failing to settle 
in the central and eastern parts of the subalpine area and Po Valley (Fraissinet et al. 2018).
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It is important to clarify that our SDMs’ outputs provided, for each Italian region, 
the amount of potential suitable habitat for the species but by no means population 
density estimates. In fact, some regions like Basilicata which currently has the high-
est number of pairs of C. nigra (Fraissinet et al. 2018), showed a lower percentage of 
suitable habitat than did Lombardy, which  in fact hosts only one pair. Among Italian 
central regions, despite the high habitat suitability, only Latium hosts a breeding pair, 
while Tuscany does none. Noticeably, C. nigra does not breed in Sardinia but accord-
ing to our SDMs the island hosts a wide suitable area. The regular presence of the spe-
cies in this Italian region in winter is regarded as an attempt to establish a wintering 
site (Grussu and Floris 2005).

It is important to highlight that SDMs generally show some limitations due to 
the impossibility to include  some factors, not rarely at a small scale (Russo et  al. 
2015), that might affect the species’ presence and that in our case might help explain 
the scarce recolonization performances observed in Italy (Bordignon et  al. 2009; 
González-Salazar et  al. 2013; Wisz et  al. 2013; Fraissinet et  al. 2018). Our study 
showed that mean temperature of May represents the main climatic variable limit-
ing the species’ distribution. Nesting at exposed sites makes the nests vulnerable to 
low temperatures, which can affect negatively hatching success (Tobolka et al. 2015), 
and in turn, potential distribution. We also found that proximity to mixed and decidu-
ous forests, as well as to streams and inland wetlands are important factors influenc-
ing habitat preference, in agreement with studies carried out in other regions such as 
Greece (Vlachos et al. 2008) and Lithuania (Treinys et al. 2009). Jiguet and Villarubias 
(2004) found that habitat use within core ranges was mostly restricted to mosaics of 
deciduous forest and open areas and that nesting site location depended on the avail-
ability of large trees (Bakaloudis et al. 2005). In Northern Italy, the situation is simi-
lar (Fontaneto et al. 2006), while in central and southern Italy breeding pairs nest in 
large woody areas on hills characterized by steep surfaces such as cliffs and rock jumps 
(Fontaneto et al. 2006; Fraissinet et al. 2018).

Our findings confirmed C. nigra’ s preference to forage in natural wetlands and 
along streams (Jiguet and Villarubias 2004) or at shallow artificial pools surrounded 
by grasslands (e.g. rice fields) which improve accessibility to food in summer (Alex-
androu et  al. 2016). In Greece, during the breeding season, C. nigra congregate at 
isolated ponds which constitute the main summer feeding habitat (Alexandrou et  al. 
2016). In Mediterranean countries, most streams dry out during summer, which con-
fines water to marshy ponds in lowland areas which we found to be highly suitable for 
the species.

In view of the high availability of suitable habitat that we found, the scarce recolo-
nization performance of C. nigra might be due to some factors hindering colonization 
such as forest fragmentation at a scale that is overlooked by that used for our models 
(Jiguet and Villarubias 2004). Another small-scale factor which was not possible to 
consider in our study is food availability that is highly correlated with the nesting den-
sity and the breeding success of C. nigra (Alexandrou et al. 2016)—in fact, an impor-
tant factor that might affect habitat suitability. Moreover, wetland degradation and 
drainage of permanent water courses, likewise difficult to detect in large-scale model-
ling, also affect populations adversely (Lõhmus and Sellis 2001; Czech and Parsons 
2002). Pesticides polluting ponds in intensive farmland where the species forages also 
pose a significant threat (Tucker and Heath 1994) and may substantially degrade the 
apparently high suitability of a site that might appear when considering land use alone.
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Predicting areas of high mortality risk

C. nigra probability of presence decreased in proximity of urban areas, which confirms the 
fact that unlike white storks (C. ciconia), the former species avoids contact with humans 
and breeds preferentially in undisturbed forest (del Hoyo et al. 1992). Despite avoidance of 
urbanized areas, we found that exposure to hazardous human infrastructures such as wind 
turbines and power lines remains high. Concern has been raised about the adverse acute 
and cumulative effects of wind turbines and power lines on bird populations (Bellebaum 
et  al. 2013; Wang et  al. 2015; Bernardino et  al. 2018; D’Amico et  al. 2019). Casualties 
may occur especially at infrastructures that are positioned close  to or along major land-
marks and landscape linear elements (e.g. mountain ranges, coastlines or plains), important 
for long-distance movements of soaring birds (Rollan et al. 2010; Mulero-Pázmány et al. 
2013). C. nigra runs the highest risks at migratory bottlenecks which are often also suit-
able for wind-power production (Martín et al. 2018) such as the top of mountain ranges, 
windy but also providing a high orographic uplift potential for soaring birds (Katzner et al. 
2012). Similarly, infrastructures might indirectly affect the individual behavior of C. nigra 
by disturbing foraging and breeding sites (Barrios and Rodriguez 2004). Studies that com-
pared pre- vs. post-construction phases showed that soaring birds use less the areas where 
turbines are installed and their populations decrease near wind turbines and power lines 
due to a functional habitat loss (Barrios and Rodriguez 2004; Pearce-Higgins et al. 2009; 
Marques et al. 2020).

In our study, the development of a risk map represented the first attempt to quantify the 
negative effects of wind farms and electrocution/collision to power lines separately on C. 
nigra’s suitable habitat. In Germany, Busch et al. (2017) used the observed distribution of 
different birds’ species, including C. nigra, and overlaid them to the areas used for wind 
energy development. In our case, rather than using the actual observed range, we used the 
potential range since recolonization is ongoing, so our main aim was to forecast future 
interferences in order to mitigate or prevent them.

Our work showed different risks in northern vs. southern regions of Italy: in the for-
mer, the main risk is posed by power lines, in the latter by wind turbines. This reflects 
the strong increase in wind turbine numbers in southern regions where two thirds of the 
Italian C. nigra breeding population is found, i.e. Basilicata and Apulia (Fraissinet et al. 
2018). Moreover, six documented electrocution cases for C. nigra were recorded in north-
ern Italy—Piedmont and Lombardy (Bordignon and Mastrorilli 2004)—whereas only one 
case occurred in the south (Basilicata region) in 2010 (Caldarella et al. 2018).

Implications for conservation

Many countries have adopted measures and guidelines to mitigate bird mortality from wind 
turbines and power lines (Bright et  al. 2008). However, such infrastructures are on this 
increase and often encroach on areas where their effects on wildlife are still poorly under-
stood (Janss and Ferrer 2001; Marques et  al. 2014). Identifying and understanding what 
factors may influence bird mortality may inform management to mitigate such adverse 
impacts (Bevanger 1998; Wang et al. 2015).

The model-based methodology we propose represents a valuable tool to support strate-
gic actions for impact mitigation of a range of threats besides those we considered such as 
e.g. road mortality not only for birds (Hernández‐Lambraño et al. 2018: Heuck et al. 2019) 
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but also for other wildlife, e.g. bats (Roscioni et al. 2014) and other mammals (Maiorano 
et al. 2019). Our models could be implemented further by including migratory corridors 
used by the species. In fact, previous studies on different bird species showed that wind 
turbines and power lines are particularly dangerous when located along migratory routes, 
especially when birds fly at lower heights near stopover areas (see also Bordignon et al. 
2006; Bernardino et al. 2018; Caldarella et al. 2018).

The risk maps we propose may help conservationists and landscape planners to identify 
the most vulnerable areas where mitigation should be applied to favour C. nigra’s recolo-
nization. Besides providing a picture of current potential interferences, our approach also 
allows predictions about future effects (Bastos et  al. 2016; Guisan and Thuiller 2005). 
Moreover, we identified suitable but not yet colonized areas, where the presence of power 
lines or turbines might dramatically increase the  likelihood of mortality should the spe-
cies attempt to establish itself there. Such areas correspond to riparian habitats or wetlands 
where birds spend most  of the day flying between breeding/nesting and foraging areas, 
often around sunset, when light is dim, which increases the risk of collision or electrocu-
tion (Garrido and Fernandez-Cruz 2003; Bernardino et al. 2018). Mitigation of wind tur-
bine and power line effects should therefore concentrate in proximity of streams, wetlands, 
and deciduous or mixed forests which our work confirmed as the main sensitive habitats 
for C. nigra. Moreover, risk maps including all bird species exposed to the same risks of 
collision and electrocution might also be generated  to increase the effectiveness of this 
approach for mitigation planning.
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