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Abstract
1.	 The assessment of the effects of wind farms on bird populations is commonly based 
on collision fatality records. This could undervalue the effect of wind farms on 
small-sized birds. We evaluate the effect of wind turbines on occurrence, abun-
dance and population trends of a threatened small passerine species, the Dupont’s 
lark Chersophilus duponti. To our knowledge, this is one of the first studies address-
ing the effect of wind farms on population trends using time-series data from mul-
tiple wind farms.

2.	 We estimated population trends by fitting a switching linear trend model with the 
software trim (Trend & Indices for Monitoring data). We used multiannual data 
surveys of five populations in the presence of wind farms and nine in their ab-
sence (2008–2016 period). Furthermore, we fitted a logistic and a negative bino-
mial regression model to test the effect of wind farm proximity on species 
occurrence and abundance in 2016, respectively. We incorporated local connec-
tivity and habitat availability estimates in both models as predictors.

3.	 Results showed a negative trend overall, but that was significantly more regressive 
in the presence of wind farms: 21.0% vs. 5.8% average annual decline in the  
absence of wind farms.

4.	 Dupont’s lark occurrence and abundance in 2016 were negatively affected by meas-
ures of population isolation and positively affected by the distance to wind farms.

5.	 These results highlight the negative effect of isolation and wind farm proximity on 
Dupont’s lark population parameters. Taking into account the metapopulation 
structure exhibited by the species in the study area, this work established a 4.5-km 
threshold distance from wind farms, beyond which Dupont’s lark populations 
should be unaffected.

6.	 Synthesis and applications. This work highlights the negative impact of wind farms 
on small-sized birds and provides a 4.5-km threshold distance that should be 
taken into account in the design of future wind energy projects. Moreover, we 
suggest an analytical approach based on population trends, species abundance 
and occurrence variation in relation to wind farms, useful for the assessment of 
wind farm impacts on small-sized birds.
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1  | INTRODUC TION

The effects of wind farms on birds have received considerable at-
tention (see e.g. Atienza, Martín Fierro, Infante, Valls, & Domínguez, 
2011; Erickson, Wolfe, Bay, Johnson, & Gehring, 2014; Kuvlesky 
et al., 2007; Northrup & Wittemyer, 2013; Powlesland, 2009). 
However, these effects are not well understood for specific sites and 
species. Potential impacts can be categorized into two main types: (1) 
direct mortality through collision with wind turbines and associated 
power lines (Barrios & Rodriguez, 2004; De Lucas, Ferrer, Bechard, & 
Muñoz, 2012; Drewitt & Langston, 2008; Erickson et al., 2014); and 
(2) spatial displacement due to habitat loss, disturbance (visual, noise 
and vibration impacts) or barrier effects to movements (De Lucas, 
Janss, & Ferrer, 2004; Larsen & Guillemette, 2007; Pearce-Higgins, 
Stephen, Langston, Bainbridge, & Bullman, 2009; Pruett, Patten, 
& Wolfe, 2009; Winder et al., 2014; Zwart, Dunn, McGowan, & 
Whittingham, 2015). These impacts can have immediate effects on 
species abundance or density. Moreover, long-term displacement ef-
fects can impact population viability through diminishing body con-
ditions, survival, breeding success and fecundity (Campedelli, Londi, 
Cutini, Sorace, & Tellini-Florenzano, 2013; Carrete, Sánchez-Zapata, 
Benítez, Lobón, & Donázar, 2009; Dahl, Bevanger, Nygård, Røskaft, 
& Stokke, 2012; De Lucas et al., 2004; Leddy, Higgins, & Naugle, 
1999; Martínez-Abraín et al., 2012; Winder, Gregory, McNew, & 
Sandercock, 2015) and can eventually affect species abundance or 
density more insidiously.

Available information on the effects of wind farms on small pas-
serine birds is scarce. The commonly used methods based on col-
lision fatality records may underestimate the direct effect of wind 
farms on mortality rates of small-sized birds (Atienza et al., 2011), 
due to their low detectability and high rate of carcass disappear-
ance (Erickson et al., 2014; Morrison, 2002). Moreover, the likeli-
hood of direct mortality depends on factors such as the species’ 
susceptibility to collision, weather conditions, season, wind farm 
location or structural attributes of turbines (Barrios & Rodriguez, 
2004; De Lucas et al., 2012; Drewitt & Langston, 2008). Given this 
scenario, the direct effect of wind farms on small-sized birds can-
not be adequately assessed through collision events. To address 
this problem, other analytical approaches based on species occur-
rence, bird density or abundance, or productivity variation in rela-
tion to wind farm presence, must be used to estimate the effect in 
a metapopulation context (De Lucas et al., 2004; Devereux, Denny, 
& Whittingham, 2008; Leddy et al., 1999; Stevens, Hale, Karsten, 
& Bennett, 2013).

In this study, we evaluated the effect of wind farms on small-
sized birds using the Dupont’s lark Chersophilus duponti (Vieillot, 
1820) as a model species. The Dupont’s lark is one of the scarcest 
passerine birds in Europe, classified as “near threatened” by IUCN 
(BirdLife International, 2017), as “Endangered” in the Red Book of 
the Birds of Spain (Garza, Suárez, & Tella, 2004) and as “Vulnerable” 
in the Spanish National Catalogue of Threatened Species (Real 
Decreto 139/2011, 4th February). Its distribution is restricted to 
the Iberian Peninsula and North Africa, with the Iberian System 

plateau and the Ebro Valley steppes (central and NE Spain, respec-
tively) hosting the two core European populations (Suárez, 2010). At 
a landscape scale, the distribution of the species is determined by 
patch size, connectivity between patches and characteristics of the 
landscape matrix (Vögeli, Serrano, Pacios, & Tella, 2010). At a micro-
habitat scale, the species occupies flat (less than a 10%–15% slope) 
steppes with pillow-shaped and short (c. 20–40 cm) shrubs, avoid-
ing dry pastures and cereal fields (Garza et al., 2005). The plateau 
landscapes selected by the Dupont’s lark are flat, open and windy 
areas, with a clear overlap existing between the optimal habitat for 
the species and suitable areas for wind farm implementation (Laiolo 
& Tella, 2006; Suárez, 2010).

Wind farms have been broadly described as one of the major 
threats to Dupont’s lark populations (Garza & Traba, 2016; Íñigo 
et al., 2008), though their impact has never been quantified. 
Paradoxically, since 2008, the monitoring of Dupont’s lark popula-
tions has been linked to environmental impact statements for wind 
farms, providing us with a relatively large serial dataset suitable to 
evaluate their long-term impact. In this work, we assessed the effect 
of wind farms on the population trends of 14 Dupont’s lark popu-
lations (five in the presence and nine in the absence of wind farms) 
using serial data for the years 2008–2016. In addition, we evaluated 
wind farm proximity effect on species’ occurrence and abundance 
in 2016, controlling for differences in local connectivity estimates 
and habitat availability measures according to the metapopulation 
framework (Hanski, 1999; Moilanen & Hanski, 1998). We predicted 
that wind farms would have a negative impact on the species asso-
ciated with the risk of collision during their aerial courtship display 
(Erickson et al., 2014), with behavioural and fitness alterations due 
to visual and noise disturbance (Rodríguez et al., 2017; Zwart et al., 
2015) or with increases in nest predation rates due to changes in 
the predator community (Lekuona, 2001). These impacts should be 
reflected through the negative effect of wind farms on population 
trends, occurrence and abundance.

2  | MATERIAL S AND METHODS

2.1 | Study area

The study area is the “Tierra de Medinaceli” region located in 
the south of Soria (central Spain; 02°26′35.1″W, 41°11′28.9″N; 
c. 1200 m a.s.l.; Figure 1) and covers around 200 km2. The climate 
is Continental Mediterranean, with a mean temperature of 10.6°C 
and a mean annual rainfall of 500 mm. The study area is located 
between the “Altos de Barahona” and “Páramo de Layna” Special 
Protection Areas (SPAs), constituting a key zone to ensure the con-
nectivity between these two protected areas, which host about 13% 
of the Dupont’s lark European populations (Garza et al., 2010). The 
landscape is a flat, short shrub steppe dominated by Genista pumila, 
G. scorpius, Thymus spp. and Linum suffruticosum (Garza et al., 2005). 
Cereal fields, ploughings and conifer afforestations, subsidized by 
the Common Agricultural Policy (CAP) of the European Union, are 
interspersed in the territory. The habitat is fragmented at different 
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spatial scales as a result of natural (geological) processes and human 
activities, resulting in a metapopulation scenario comprising 25 
patches of optimal habitat for the species (i.e. short shrub with 
slopes lower than 15%; Garza et al., 2005) (Figure 1). The species 
was present in 14 of 25 patches during the 2008–2016 period (here-
after, Dupont’s lark populations) (Figure 1).

The Medinaceli Wind Resource Area is located in this same re-
gion (Figure 1). It is composed of nine wind farms, six of them located 
in the vicinity of five of the 14 Dupont’s lark populations (Figure 1; 
Table 1). Wind farm construction began between 2007 and 2008. 
Eight of nine wind farms became operational in 2009 (Bullana, 
Caramonte, Carrascalejo, Cerros de Radona, Radona I, Radona II, 
Sierra Ministra and Ventosa del Ducado) and one in 2011 (Layna). 
Each wind farm consists of 10–32 turbines of 2000–2300 kW per 
turbine. The hub height of turbines ranges from 67 to 80 m and the 
rotor diameter from 77 to 90 m (Sources: www.aeeolica.org and 
www.thewindpower.net). Patches with and without wind farms 

do not differ in habitat availability (M ± SD; 166.35 ± 119.78 ha vs. 
141.76 ± 85.72 ha; F-value = 0.20; p = .66), altitude (1164 ± 86 m 
vs. 1113 ± 58 m; F-value = 1.75; p = .21) or slope (2.42 ± 0.87% vs. 
2.48 ± 1.83%; F-value = 0.11; p = .75).

2.2 | Dupont’s lark surveys

In this study, we followed the census methodology commonly 
employed in other works (Garza, Traba, & Suárez, 2003; Pérez-
Granados & López-Iborra, 2013; Tella, Vögeli, Serrano, & Carrete, 
2005). Areas with potential habitat for the species were identified 
using aerial photogrammetry and visual inspection (see also Garza 
et al., 2005). Transects were placed through the centre of poten-
tial habitat patches and were walked during the nine study seasons 
by only one observer (2008–2016). The number of transects per 
habitat patch was between 1 and 19 and was proportional to patch 
size. Each itinerary was repeated at least twice per season in those 

F IGURE  1  “La Tierra de Medinaceli” 
region (Soria, central Spain). The map 
illustrates the potential habitat patches 
for the Dupont’s lark with (dark grey) and 
without (pale grey) wind farms; it also 
shows Dupont’s lark territories in the 
study period 2008–2016 (white dots) and 
the location of wind turbines (crosses). 
Wind farms (WF) and SPA names (capital 
letters) are indicated

http://www.aeeolica.org
http://www.thewindpower.net
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populations where the species was extinct for more than 3 years 
and between four and six times in the remaining populations. This 
number of survey visits produces reliable Dupont’s lark popula-
tion estimates (Pérez-Granados & López-Iborra, 2017). The start-
ing point was alternated with the aim of surveying each patch when 
the highest singing activity of the species is recorded. Surveys were 
carried out during the breeding period (from the end of March until 
the middle of June) at dawn, moving the starting hour forward as 
the season progressed (from c. 5:00 to c. 3:00 solar hour) and with 
duration depending on the singing activity of individuals, but never 
lasting more than 1.5 hr.

The position of singing males was recorded using a GPS. We 
used the territory mapping method to locate male territories, since 
it provides more accurate results when studying territorial passer-
ine species (Bibby, Burgess, Hill, & Mustoe, 2000). Territories were 
delimited by gathering accumulated observations from different 
surveys and interpreting simultaneously contacted neighbouring 
males (Tellería, 1986). Population size was expressed as the mini-
mum number of territories, considering different populations when 
Dupont’s lark territories in the study period (2008–2016) were sep-
arated by more than 1 km, since more than 95% of within-territory 
movements occur within this distance (Vögeli, Laiolo, Serrano, & 
Tella, 2008).

2.3 | Connectivity, habitat availability and proximity 
to wind farms

Connectivity between populations was estimated using two in-
dices. Total connectivity index (C1) provides information about 
the position of each population in relation to the metapopulation 

context (core or satellite population). This was calculated as the dis-
tance from the centroid (average coordinates) of each population 
(estimated from Dupont’s lark territories during the study period 
in each population) to the centroid of all territories in 2016. The 
relative connectivity index (C2) provides information about the 
proximity to other populations that could be a source of individu-
als. This was measured as the distance from the centroid of each 
population to the centroid of the territories of the nearest occupied 
population in 2016 (Vögeli et al., 2010). Both connectivity indexes 
were estimated using all Dupont’s lark territories in the study pe-
riod (2008–2016) to avoid the problem of data absence in 2016 for 
extinct populations.

Habitat availability was measured as the optimal habitat surface 
per patch (i.e. short shrub with slopes lower than 15%; Garza et al., 
2005). Habitat patches separated by less than 1 km were consid-
ered within the same population (Vögeli et al., 2008). Proximity to 
wind farms was calculated as the distance from the centroid of each 
population to the nearest wind turbine. All these variables were cal-
culated with the software QGIS 2.14.0 (Quantum GIS Development 
Team, 2009) to be incorporated in the probability of occurrence and 
the abundance models (see below).

2.4 | Statistical analysis

We evaluated Dupont’s lark population trends between 2008 and 
2016 using the software TRIM (Trend & Indices for Monitoring data, 
TRIM 3.54; Pannekoek & Van Strien, 2006). TRIM estimates an-
nual indices and evaluates trends in these indices implementing 
log-linear models, an approach commonly employed in temporal 
series analysis (e.g. Delgado, Morales, Traba, & De la Morena, 

TABLE  1 Dupont’s lark populations in the study area

Dupont’s lark populationsa Change rate (%) ∆ Number of territoriesb n 2016c Available habitat (ha)d Wind farm

Aguaviva de la Vega −100 −10 0 201.47 No

Alcubilla de las Peñas 50 2 6 101.81 No

Ambrona-Miño −14 −8 49 202.48 No

Beltejar −50 −1 1 69.78 No

Blocona −32.8 −21 43 239.10 No

Conquezuela −50 −5 5 0.79 No

Esteras de Medinaceli −79.2 −19 5 130.11 Caramonte

Layna-Obetago −100 −12 0 148.92 Layna

Miño-Medinaceli −86.7 −13 2 78.75 Ventosa del Ducado

Miño-Yelo −100 −2 0 55.66 No

Radona −100 −13 0 375.05 Radona I and Radona II

Sierra Ministra −66.7 −10 5 98.90 Carrascalejo

Taroda −42.8 −3 4 220.40 No

Yuba 75 3 7 184.38 No

aName of Dupont’s lark populations refers to the municipality where it is located.
bChange in number of territories per population from 2008 to 2016.
cPopulation size in 2016 (number of males).
dPatch size.
Change rates of −100% correspond to local extinctions.
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2009; Wretenberg, Lindström, Svensson, & Pärt, 2007). This soft-
ware was used because it: (1) allows the analysis of time series 
with an absence of data; (2) takes into account overdispersion and 
serial correlation in data; (3) incorporates significant change points 
in trends; and (4) assesses the effects of covariates in indices and 
trends (Pannekoek & Van Strien, 2005). TRIM calculates indices 
that represent the effect of change between years, which indi-
cates relative variation in the total population. At the first time 
point, the index value is 1 and is taken as a point reference for 
quantifying the relative temporal trends in subsequent years. We 
fitted a switching linear trend model by a stepwise selection of 
change points in trends and incorporated the covariate “wind 
farms” (presence/absence of wind farms). TRIM uses Wald tests 
for the significance of change points and for the significance of 
the effect of the covariate on population trends. When the dif-
ference between parameters before and after a change point is 
not different from zero (default significance threshold: 0.2), the 
corresponding change point is removed from the model attend-
ing to the parsimony principle (Pannekoek & Van Strien, 2005). 
Since our data presented light overdispersion and serial correla-
tion (1.189 and 0.364 respectively), we employed a generalized 
estimating equation (GEE) approach for the estimation proce-
dure. The best-fit model was selected attending to three criteria: 
(1) goodness-of-fit tests (likelihood ratio test and Chi-squared); 
(2) Akaike information criterion (AIC); and (3) Wald tests for the 
significance of the slope parameter, changes in slope and effect 
of the covariate, since the two previous criteria are not fully reli-
able when data present either overdispersion or serial correlation 
(Pannekoek & Van Strien, 2005).

To evaluate the effect of wind farms and other explanatory vari-
ables on the occurrence and abundance of Dupont’s lark in 2016, 
we used a logistic (1 presence, 0 absence; logit link function) and 
a negative binomial regression (log-link function), respectively. 
Connectivity (C1, C2), habitat availability and proximity to wind farms 
were incorporated as predictors in both models. In our case, the lo-
gistic regression model is equivalent to the probability of extinction 
since absences are local extinctions that took place during the study 
period. The best models were selected according to two criteria: (1) 
the deviance statistic for model comparison (drop1 function in R); 
and (2) the log-likelihood ratio Chi-squared statistic for the global 
significance of the model. The explained variance of the models was 
calculated as the deviance explained (D2). We employed the pack-
ages stats (R Core Team, 2002) and lmtest (Hothorn et al., 2017) in 
the free r software (v. 1.0.143; R Development Core Team, 2009) for 
model selection.

3  | RESULTS

Twelve of the 14 studied populations experienced a dramatic de-
cline while two slightly increased in population size during the study 
period (Table 1). Populations with wind farms showed an overall de-
cline during the study period (between 66% and 100%), including 

two local extinctions (Radona and Layna-Obetago). Two of nine 
populations with no wind farms also suffered local extinctions, but 
with a slighter decrease in bird numbers (Table 1).

The final model included five change points in slope and wind farm 
covariate and fitted to a log-linear distribution (χ2 = 99.70, df = 89, 
p = .21; likelihood ratio = 109.62, df = 89, p = .07; AIC = −68.38). The 
stepwise procedure revealed five significant change points, spe-
cifically years 2008 (Wald test = 4.00; df = 2; p < .2), 2009 (Wald 
test = 39.75; df = 2; p < .001), 2010 (Wald test = 22.02; df = 2; 
p < .001), 2011 (Wald test = 5.29; df = 2; p < .2) and 2013 (Wald 
test = 4.11; df = 2; p < .2). Wald tests revealed that both the slope 
parameter (Wald test = 28.48; df = 1; p < .001) and the effect of the 
wind farm covariate (Wald test = 34.29; df = 5; p < .001) were signif-
icant, supporting the results of the goodness-of-fit tests.

All of the 14 Dupont’s lark populations in “La Tierra de 
Medinaceli” region experienced an average annual decline of 9% 
(95% confidence interval, 95% CI [−11.6, −6.5%]; p < .01). Interannual 
variability was considerable, showing a generalized decline of 47.8% 
in the period 2009–2010, and an average annual decline of 18.1% 
in the period 2011–2013 (Table 2). Interpopulation variability hin-
ders stable population trend values for other time periods and was 
classified as “uncertain” by the TRIM criteria due to large 95% CIs 
including a 0% change rate (Table 2; Pannekoek & Van Strien, 2006). 
A source of interpopulation variability was the presence of wind 
farms. Populations in the presence of wind facilities experienced a 
21.0% average annual decline (95% CI [−25.8, −17.0]; p < .01), four 
times higher than populations in the absence of these infrastruc-
tures (5.8% average annual decline; 95% CI [−8.3, −3.4%]; p < .01; 
Figure 2).

The logistic model analysing the probability of occurrence 
of Dupont’s lark in 2016 incorporated the distance to the cen-
troid of all territories in 2016 (total connectivity index C1; likeli-
hood ratio test, LRT = 3.66; p = .055) and the distance to wind 
farms (LRT = 5.59; p = .017), explaining 42.2% of total deviance 
(LogLik = −4.84; χ2 = 7.06; p = .029). Probability of occurrence de-
creased with the distance to the centroid of all territories in 2016 
(total connectivity index C1), though this was non-significant (i.e. 
core populations presented a higher probability of occurrence than 
satellite populations) (Table 3). Distance from wind farms had a 
positive marginal effect, reflecting an increase in the probability 
of occurrence as distance to wind facilities increased, reaching its 
maximum at 4.5 km (Figure 3).

Dupont’s lark abundance in 2016 significantly increased with the 
distance to wind farms (LRT = 10.03; p < .01) and decreased with the 
distance to the centroid of all territories in 2016 (total connectivity 
index C1; LRT = 12.39; p < .001). This model explained 56.6% of total 
deviance (LogLik = −42.47; χ2 = 11.91; p < .01) (Table 4).

4  | DISCUSSION

Our results suggest that wind infrastructures have a significant and 
deleterious impact on populations of a small and seriously threatened 
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passerine bird, the Dupont’s lark. To our knowledge, this is the first 
study specifically addressing the effect of wind farms on Dupont’s 
lark populations, despite that many authors have drawn attention to 
the subject (Garza & Traba, 2016; Íñigo et al., 2008; Laiolo & Tella, 
2006; Pérez-Granados & López-Iborra, 2013; Suárez, 2010). In ad-
dition, it is the first study to evaluate the effects of wind farms on 
small passerine birds, in general (De Lucas et al., 2004; Leddy et al., 
1999; Stevens et al., 2013).

Wind farms can have a negative effect on birds (Atienza et al., 
2011; Drewitt & Langston, 2006). Consequently, it is expected that 
population trends and both the occurrence and abundance of some 
species coexisting with wind farms will be affected in the long term 
by the implementation of these facilities. Our results highlight the 
negative effect of wind farms on Dupont’s lark population trends. 
Populations in the presence of wind farms experienced a 21% aver-
age annual decline, about four times higher than similar populations 

Annual change 
rate (%) 95% CIa TRIM trendb

2008–2009 period

Overall trend 13.9% [−12.2; 39.9] Uncertain

Populations without WF 21% [−1.7; 41.9] Uncertain

Populations with WF 4.5% [−23.6; 31.1] Uncertain

2009–2010 period

Overall trend −47.8% [−61.2; −33.9] Drastic decline

Populations without WF −42.6% [−54.3; −30.9] Drastic decline

Populations with WF −60% [−88.2; −31.7] Drastic decline

2010–2011 period

Overall trend 16.1% [−21.5; 53.9] Uncertain

Populations without WF 29% [−4.9; 63.1] Uncertain

Populations with WF −13% [−46.5; 20.2] Uncertain

2011–2013 period

Overall trend −18.1% [−33.1; −3.2] Moderate decline

Populations without WF −16.5% [−30.2; −2.9] Moderate decline

Populations with WF −21% [−52.1; 9.8] Uncertain

2013–2016 period

Overall trend 4.4% [−7.1; 15.8] Uncertain

Populations without WF 5% [−5.1; 15.5] Uncertain

Populations with WF −11% [−32.9; 11.2] Uncertain

a95% confidence interval.
bTrend classification attending to TRIM criteria (Pannekoek & Van Strien, 2006).
Overall trends for the 14 Dupont’s lark populations in each period are indicated in bold.

TABLE  2 Results of the switching 
linear trend model for each period defined 
by change points. In each period, the 
overall trend and specific trends for each 
level of the covariate (with and without 
wind farms; WF) are presented

F IGURE  2 Switching linear trend 
model indexes for five Dupont’s lark 
populations in the presence of wind farms 
(striped line), nine populations with no 
wind farms (dotted line) and overall trend 
for the 14 populations in “La Tierra de 
Medinaceli” region (continuous line)
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in the absence of these facilities (5.8% average annual decline). In 
addition, both the occurrence and the abundance of Dupont’s lark 
in 2016 were negatively affected by the proximity to wind farms. 
To our knowledge, this is the first evidence of the impact that 
wind farms have on passerine population trends, as this has been 
scarcely addressed (Meek, Ribbands, Christer, Davy, & Higginson, 
1993) even for other groups of birds (Campedelli et al., 2013; Meek 
et al., 1993). Our results agree with the effects of wind farms de-
scribed on the abundance (De Lucas et al., 2004; Stewart, Pullin, & 
Coles, 2005) and probability of occurrence (Pearce-Higgins et al., 
2009; Stevens et al., 2013) of other passerine species (see however 
Devereux et al., 2008).

The effects of wind farms on birds have been described as 
site, season and species specific (Barrios & Rodriguez, 2004; De 
Lucas et al., 2012). The Dupont’s lark is a ground-nesting species 
with crepuscular activity, terrestrial habits and secretive and 
territorial behaviour, relying on acoustic signals for communica-
tion (Gómez-Catasús, Barrero, Garza, & Traba, 2016). Its typical 
aerial courtship displays at heights of 100–150 m during dawn 
(Gómez-Catasús et al., 2016) make the birds prone to collision 

with wind turbines (mean hub height in the study area is 76.6 m) 
(Powlesland, 2009). Nighttime lighting systems associated with 
turbines may have negative impacts on the species’ behaviour or 
may increase exhaustion and the likelihood of collision at night 
(Gehring, Kerlinger, & Manville, 2009; Rodríguez et al., 2017). On 
the other hand, turbines could be perceived as a predation risk 
for this species adopting a cryptic evasion strategy, increasing 
the probability of displacement (Stevens et al., 2013). Moreover, 
changes in predator communities associated with wind farms 
and roads (Frey & Conover, 2006; Lekuona, 2001) may increase 
the frequency of nest predation (Hethcoat & Chalfoun, 2015) or 
affects on nest-site selection (Wallander, Isaksson, & Lenberg, 
2006). Finally, the auditory impact of turbines could drive an 
acoustic masking effect decreasing the ability of birds to commu-
nicate vocally (Bayne, Habib, & Boutin, 2008; Francis, Ortega, & 
Cruz, 2009; Goodwin & Shriver, 2011). This could have an impact 
on territory defence (Zwart et al., 2015), pairing (Habib, Bayne, 
& Boutin, 2007) or calls for survival (e.g. begging or alarm calls; 
Leavesley & Magrath, 2005; Leonard & Horn, 2005), with direct 
consequences on breeding densities and reproductive success 

TABLE  3 Regression coefficients of logistic regression analysing 
the effects on the probability of occurrence of Dupont’s lark in 
2016 at 14 populations

βa SEb Z valuec pd

Intercept 3.3405 2.5062 1.333 .1826

Total connectivity 
index C1

−0.4139 0.2632 −1.573 .1158

Distance to wind 
farms (km)

1.419 0.8151 1.741 .0817

aRegression coefficients.
bStandard error of regression coefficients.
cZ-statistic for regression coefficients.
dp-value.
Marginally statistically significant p-values are indicated in bold.

F IGURE  3 Effect of the distance 
to wind farms on the probability of 
occurrence of Dupont’s lark in 2016. 
Observed values for the 14 populations 
(black dots) and predicted values by the 
model (black line) are shown. The three 
remaining populations in the presence of 
wind farms are marked with asterisk (*): 
“Esteras de Medinaceli,” “Sierra Ministra” 
and “Miño-Medinaceli” (see Table 1 for 
population changes in 2008–2016)
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TABLE  4 Regression coefficients of negative binomial 
regression analysing the effects on Dupont’s lark abundance in 
2016 at 14 populations

βa SEb Z valuec pd

Intercept 2.802 0.839 3.340 <.001

Total connectivity 
index C1

−0.269 0.079 −3.380 <.001

Distance to wind 
farms (km)

0.764 0.225 3.387 <.001

aRegression coefficients.
bStandard error of regression coefficients.
cZ-statistic for regression coefficients.
dp-value.
Statistically significant p-values are indicated in bold.
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(Bayne et al., 2008; Halfwerk, Holleman, Lessells, & Slabbekoorn, 
2011).

The analytical approach employed allowed us to identify a 
threshold distance to wind farms of 4.5 km, which should be taken 
into account when designing new wind facilities within the Dupont’s 
lark distribution. The naturally fragmented distribution of optimum 
habitat in the study area could be an important driver explaining 
this threshold, due to the presence of a non-optimal habitat ma-
trix around each subpopulation (Figure 1). However, this threshold 
distance suggests that wind farms drive the extinction of Dupont’s 
lark populations, since displacement seems unlikely for this spe-
cies, which is described as a short-distance disperser (dispersal dis-
tance of adults is lower than 2 km; Laiolo, Vögeli, Serrano, & Tella, 
2007; Vögeli et al., 2008). In addition, overall declining population 
trends (Table 2; Figure 2) and local extinction events support this 
hypothesis.

Dupont’s lark occurrence and abundance was also analysed 
controlling for differences in local connectivity estimates and hab-
itat availability measures, key factors in a metapopulation context 
(Hanski, 1999). Habitat availability did not have an effect on Dupont’s 
lark populations in our study. However, abundance and the probabil-
ity of Dupont’s lark occurrence (i.e. probability of non-extinction) 
were higher in core populations than in peripheral populations (total 
connectivity index C1). These results are coherent with a higher 
probability of recolonization in connected populations (Hanski, 
1999; Moilanen & Hanski, 1998) and with the centripetal extinc-
tion pattern described for the species (Garza & Traba, 2016; Suárez, 
2010; Tella et al., 2005; Vögeli et al., 2010). In addition, connectivity 
has genetic consequences on Dupont’s lark populations (Méndez, 
Tella, & Godoy, 2011; Méndez, Vögeli, Tella, & Godoy, 2014), which 
could partially explain the effects observed on Dupont’s lark abun-
dance and occurrence.

The results presented in this work highlight the effect of wind 
farms on small-sized birds and their role as an accelerator of declining 
population trends in endangered species. The particular case study of 
the Dupont’s lark suggests that other important concomitant factors 
could be underlying the overall declining trends (9% average decline). 
Land-use changes, agriculture intensification and habitat quality loss 
due to abandonment of traditional extensive livestock systems (Garza 
& Traba, 2016; Íñigo et al., 2008; Suárez, 2010) seem to be the main 
drivers of a generalized decline in population trends (Garza & Traba, 
2016; Pérez-Granados & López-Iborra, 2014; Tella et al., 2005), ag-
gravated by genetic processes (Méndez et al., 2011, 2014). Future 
research should focus on disentangling the mechanisms underlying 
the detected turbine impacts in order to correctly design wind en-
ergy projects. The analytical approach employed based on population 
trends, species abundance and occurrence variation in relation to wind 
farms could be useful to assess the effect of wind farms on small-
sized birds. This allowed us to identify a 4.5-km threshold distance 
that should be taken into account in the design of future wind energy 
projects within the distribution areas of endangered passerine birds in 
a metapopulation context.
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