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Abstract

The impact of bird mortality by collision on windfarms has often been evaluated at
the individual level, but rarely at the population level. The Lesser kestrel Falco
naumanni is an endangered short-lived migratory raptor, susceptible to collision
with wind turbines. We evaluated the impacts of windfarm turbine collisions on
the demography of the largest lesser kestrel population in France. Using data from
local monitoring of reproduction and windfarm mortality surveys, combined with
capture-recapture ringing data at a nearby population, we quantified vital parame-
ters of fecundity and survival in order to parameterize a matrix population model
to study the viability of this population. The breeding success was high and varied
in synchrony with survival probabilities. Between 2013 and 2020, 43 carcasses
were found below wind turbines, and when accounting for carcass detection and
persistence rates, the true mortality should approach 154 individuals in that period,
i.e. 3% of the studied population was affected by collisions each year. The matrix
model showed that the population growth observed was only possible if there was
a constant recruitment of 26 immigrant individuals each year into the population.
Without the excess mortality by the windfarm, we predict that this population
would have 22% more breeding pairs than what was observed in 2020. Simulations
over 30 years showed that, under the current immigration rate, the population
should decline if the excess mortality exceeds 11%. If immigration ceases, the pop-
ulation would decline above 5% excess mortality per year. It is urgent to monitor
and reduce the excess mortality by windfarm collisions that threatens this lesser
kestrel population. More generally, we advocate the use of population matrix
demographic models in impact assessment studies to avoid placing new windfarms
close to rare species that could not sustain additional mortality by collisions.

Studying their impact on population dynamics is theoreti-
cally similar to studying population dynamics of species

Wind farms have been identified as a major cause of bird
mortality (Drewitt & Langston, 2006; De Lucas, Janss, &
Ferrer, 2007; Amett & May, 2016). Wind farms can affect
bird species in two ways: directly via collisions with the
wind turbines or indirectly via habitat loss for species that
avoid wind farms (Marques et al., 2014; Perrow, 2017,
2019). However, very few studies have estimated the precise
demographic impacts of wind farms on populations of the
species concerned, even though such quantification is critical
to make the issue seriously considered by politicians, stake-
holders and the general public (May et al., 2019).

Collisions are additional mortalities induced by humans,
hence considered in this paper as ‘excess mortality’.

exploited by humans (e.g. management of fisheries or
hunted species) (Williams, Conroy, & Nichols, 2002). Yet,
to our knowledge, only a few studies have used population
dynamics modelling to quantify the long-term impact of
windfarm mortalities, on bat (Frick et al., 2017) or bird
populations (Carrete et al., 2009; Schaub, 2012; Cook &
Robinson, 2017). So far, these few studies conducted on
birds concerned only long-lived species with slow pace of
life (large raptors or seabirds) and thus especially sensitive
to additional adult mortalities. Yet windfarm collisions
could also affect shorter-lived bird species; however, their
impact on population dynamics of such species has never
been quantified.
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Windfarm collisions on kestrels

In a global study aiming at assessing vulnerability to colli-
sion risk for all bird species worldwide, diurnal raptors
(Accipitriformes and Falconiformes) were classified as the
most vulnerable taxa to collision with wind turbines (Thaxter
et al., 2017). The Lesser kestrel Falco naumanni was ranked
at 40 out of 9500 species considered worldwide, with an
estimated value of 0.15 collisions per turbine per year
(Thaxter et al., 2017). The lesser kestrel collision risk has
already been reported in several studies on windfarm mortal-
ity in Spain (Barrios & Rodriguez, 2007; Lekuona &
Ursua, 2007; De Lucas et al., 2008). Although listed as
Least-Concern status in Europe (BirdLife International,
2015), this migratory species is listed as ‘vulnerable’ in
France (Moncorps & Siblet, 2016). After it being almost
extirpated in the 1980s, a National Action Plan was
approved for the lesser kestrel and implemented aiming at
restoring population growth by reducing threats, as well as
favouring the settlement of new populations (Pilard, 2011;
Pilard et al., 2021). The largest population of lesser kestrels
in France breeds in villages of the Herault department,
within a 20-km radius around the Aumelas plateau, an
important feeding area for falcons. The installation of a
windfarm on this plateau in 2006 had the potential to nega-
tively affect their population viability in the long term. The
monitoring of mortality cases in this windfarm conducted
between 2010 and 2021 confirmed this risk while finding
about 60 carcasses of lesser kestrels in this area.

Here, we aimed at quantifying the long-term demographic
impact of the additional mortality caused by collisions with
wind turbines on this lesser kestrel population. As a first
step, we estimated vital parameters (fecundity, survival rates),
as well as immigration numbers, thanks to a detailed moni-
toring of the reproduction of the studied population and
monitoring of marked individuals from a nearby population.
In a second step, we estimated the mortality rates induced
by the wind turbines, by using the results of the carcasses
searches in the windfarm. In a third step, we ran population
dynamics simulations, based on matrix population models,
using the vital parameters previously estimated, to predict
population trajectories over 30 years, accounting for immi-
gration or not. The goal was to predict the maximum sus-
tainable mortality rate that should not be exceeded in order
to keep a growing population (population growth rate
A>1).

Methods

Study site

The Aumelas plateau (Longitude: 3.64°, Latitude: 43.57°),
with an area of 15 000 ha, is among the largest natural areas
in the vicinity of Montpellier city (Herault, southern France)
(Fig. 1). This karstic limestone plateau holds typical open
shrub vegetation, with meadows of False-brome Brachy-
podium retusum and forests of Kermes oak Quercus coc-
cifera, Evergreen oak Quercus ilex and White oak Quercus
alba. The Aumelas plateau holds two Natura 2000 sites
(Special Area of Conservation ‘Montagne de la Moure et
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causse d’Aumelas’, listed in 2006 — FR9101393; and Special
Protection Area ‘Garrigues de la Moure et d’Aumelas’ listed
in 2016 — FR9112037).

A windfarm of 31 wind turbines has been progressively
built on Aumelas plateau in three phases: phase 1 with 11
wind turbines built in July 2006 (thus potentially affecting
falcons in spring—summer 2007 onwards); phase 2 with 13
additional turbines built in March 2009; phase 3 with 7 addi-
tional turbines built in July 2014 (thus potentially affecting
falcons in spring—summer 2015). The total power output of
the windfarm is 62 MW. The wind turbines have a pole
height of 56-78 m, blade length of 35-41 m, maximum
height of 97-119 m, and the height between the ground and
the bottom of the blade of 15-37 m.

Model species and population monitoring

The lesser kestrel is a relatively short-lived species of raptor,
weighting between 140 and 160 g, mainly feeding on insects
(orthopterans) (Cramp & Simmons, 1982). It is able to breed
in its second calendar year. Breeding pairs arrive on breeding
grounds in March and start breeding in April. Clutches (1-6
eggs) are laid in May and chicks fledge in July. From
September, all individuals migrate to Africa, south of the
Sahara Desert (Pilard, Bourgeois, & Sylla, 2017).

The French breeding population is located at the northern
tip of the species’ distribution range which extends through
the Mediterranean area, from Iberia to the Middle East, out
to southern Asia (Cramp & Simmons, 1982). While it was a
widespread breeder in southern France until the 1950s, the
French population declined down to a few pairs in the Crau
steppic plain in the 1980s. Active protection and a reintro-
duction operation (2006-2010) in the Aude department
allowed a recovery of the breeding populations into two
nodes: the Crau and Aude plains (230 and 81 pairs, respec-
tively, in 2020). A third node was created by natural recolo-
nization in the Herault department since the 1990s
(population size of 254 pairs in 2020), which is affected by
the Aumelas windfarm. A distance of ¢. 100 km separates
the Crau and the Herault populations (Fig. 1). In Crau, colo-
nies are settled in stone piles and nest-boxes under barn
roofs, while they are settled under house roofs in 13 villages
in Herault and 6 villages in Aude.

Herault population monitoring

Monitoring kestrels in villages of Herault was performed at
a distance (<50 m, using binoculars and telescopes), combin-
ing fixed observation points and adapted transects, aiming at
locating each nesting site and quantifying the total number
of fledglings. This monitoring was performed weekly
between March and June and twice weekly in July (fledging
period), for each colony. During these counts, the observers
recorded the identity of the individuals marked in other areas
in France or Spain (Supporting Information Appendix S1).
Because nests were very difficult to reach underneath the
roofs of houses, only a few birds have been ringed in the
Herault population (N = 107 from 2009 to 2020, only chicks
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Figure 1 Maps of the study sites. The maps (a) and (b) show the locations of the three breeding populations of Lesser kestrels Falco nau-
manni in France (see text). The map (c) shows the locations of main breeding colonies in villages (black dots, with size varying according to
the number of breeding pairs in 2020) and the Aumelas windfarm (red dots). The photo (d) shows a falcon close to Villeveyrac with Aumelas
wind turbine in the background. The panels on the right show the annual numbers of breeding pairs and fledglings in the Herault population

(e) and the Crau population (f).

fallen from nests and rehabilitated) and this sample size
was too limited to allow robust survival analysis for this
population.

The monitoring of dead falcon victims of collision at the
Aumelas wind farm was performed twice weekly (from
March to mid-November) between 2010 and 2020, and is
explained in detail in Supporting Information Appendix S2.
Briefly, the mortality monitoring was completed with specific
protocols to estimate carcass persistence and detection rates
performed yearly between 2013 and 2020. Once these
sources of biases had been estimated, we estimated the num-
ber of casualties over the study period using Huso’s (2011)
formula that most efficiently accounts for biases in carcass
detectability and persistence (see Supporting Information
Appendix S3 for details).

Crau plain population monitoring

In Crau, where nests are easily accessible, a total of 4794
fledglings have been marked since 1994, using metal and
colour rings (between 19 and 96 chicks each year before
2000, then on average 212 + 57 chicks after 2000). Each
week from April to July, observation sessions at all colonies
allowed resightings of 224 £ 113 marked individuals on
average each year, totalling 79 261 resightings between 1994

and 2020 (Pilard, Bourgeois, & Sylla, 2017). These data
allowed estimating local survival rates as well as breeding
proportion depending on the age of the individuals (see
“Results” section).

Survival analyses

We estimated annual variations in survival rates in the Crau
population because it was the only population with a sufficient
sample size of marked birds. Previous studies showed that
annual variations in survival rates in the Crau population were
mainly driven by climatic conditions encountered in the west
African wintering grounds (annual pluviometry in the Sahelian
zone that drives orthopteran densities), with marginal contribu-
tion of events on breeding sites (Mihoub et al., 2010). Since
birds from Herault and Crau share the same wintering grounds
(Pilard, unpublished telemetry results), we therefore assumed
that the general patterns of variation in survival rates in Her-
ault should be correlated with those in Crau.

Survival analyses were performed on the whole capture-
recapture dataset from the Crau population from 1994 to
2020 (i.e. 27 annual capture occasions). We used a multi-
state model with three states (non-breeder, breeder and dead)
and coded into three events (1: resighted as non-breeder; 2:
resighted as breeder; 0: not resighted) with the first occasion
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being the marking of the individual as fledgling. The transi-
tions from one state to another were split into two steps.
First, we modelled the survival probability [i.e. the probabil-
ity to move from live state (breeder or non-breeder) to dead
state]. Then we modelled the probability to breed (i.e. the
transition from breeder and non-breeder states to the breeder
state). As Mihoub e al. (2010) did not detect large differ-
ences in survival probabilities between males and females,
we did not account for sex differences in our models. Details
of the model selection procedure are explained in Supporting
Information Appendix S4.

We performed goodness-of-fit (GOF) tests for multi-state
Joly-Move model (JMV) with program U-CARE (Choquet
et al., 2009). We detected both transience and trap-
dependence (see “Results” in Supporting Information
Appendix S4) that indicated some heterogeneity in capture
or survival rates. Transience was explicitly dealt with by the
age structure we fitted in the models. Positive trap depen-
dence was treated with an over-dispersion coefficient c-hat,
estimated as the sum of values of x° tests for each compo-
nent of the GOF test, divided by the sum of degrees of free-
dom for each component of the test. Model selection was
performed on the basis of Akaike Information Criterion (cor-
rected for small sample size) and is derivative with c-hat
(QAICc). A model was considered as significantly better to
describe the data if the difference in the AICc values
(AQAICc) was larger than 2. All the survival models were
fitted using the program E-SURGE (Choquet, Rouan, &
Pradel, 2008).

Fecundity analyses

The breeding proportion was defined as the proportion of
individuals of each age class undertaking reproduction each
year. This parameter could only be estimated in the Crau
population, thanks to the large number of ringed individuals
and intense monitoring to identify the parents in each nest
(Mihoub, 2012). We estimated the proportion of breeders in

N1:subadult class C,.B;.S0.(1-h) ,'l
N2:adult class N

Ni = immigrants (subadults) class
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Crau with the multi-state CMR model (presented above),
which allowed estimating each year the probability of breed-
ing. We assumed that these proportions were similar in
Herault.

To estimate fecundity in Herault, we used the annual pro-
ductivity, estimated as the number of fledglings divided by
the number of pairs in Herault. However, the monitoring
data from Herault did not allow distinguishing productivity
from nests where the female was subadult or adult. There-
fore, we used a subset of data from nest-boxes in Crau,
where we could measure an average female productivity of
1.26 + 0.77, that could be further differentiated between
nests of subadult (productivity of 0.83 £ 0.73, ie. 34%
below the average; n = 174 clutches) and adult females (pro-
ductivity of 1.40 £ 0.74, ie. 11% above the average;
n =532 clutches) (t;04 = —8.85, P <0.001). We thus
applied the same ratio to differentiate age-related female pro-
ductivity in Herault.

Population dynamics analyses

Matrix population models

We used a female-only pre-breeding life cycle based on two
age classes and three stages (Fig. 2). Individuals older than
1 all had the same survival rates S; for adults (following the
results of the survival analysis: individuals in their first year
in the matrix population model corresponded to the survival
value of second calendar year birds in the survival analysis).
The juvenile survival S, corresponded to the value of first
year birds in the survival analysis. The fecundity was esti-
mated by multiplying breeding frequency C and productivity
B (number of female fledglings produced per female): the
values of these parameters were lower for subadults com-
pared to adults (Table 1).

Similarly to the Crau population which was known to host
immigrants every year (Mihoub, 2009), the Herault popula-
tion also grew at a pace that seemed incompatible with sole

Cz.Bz.So.(l‘h)

ARl

-~

Figure 2 The life cycle of Lesser kestrel Falco naumanni used to build the matrix population model, based on three stages (N1 as subadult
females, N2 as adult females, Ni as subadult immigrant females), including the following parameters: Sy as survival probability in the first
year (juvenile); S; as survival probability in second year (subadult) and older (adult), h as mortality rate induced by collisions with wind tur-
bines (this number changed over the years, see Table 1); C; and C, as proportions of subadult and adult breeders, respectively, and B, and
B, as productivity of subadult and adult breeders, respectively, expressed as the number of females produced by a female. The values of
each parameter are given in Table 1.
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Table 1 Parameter values used in the matrix population model, based on the life cycle shown in Fig. 1

Parameter Population Age Years Mean estimates + se
Productivity Herault 2006-2020

By Subadult 0.838 £+ 0.078

B, Adult 1.409 £+ 0.131
Breeding frequency Crau 2006-2020

G Subadult 0.349 £ 0.040

G Adult 0.824 + 0.025
Survival Crau 2006-2020

So Juvenile 0.474 £+ 0.0305

M Subadult and adult 0.674 £ 0.026
Annual immigration Herault

Ni Subadult 26
Mortality rate Herault

hy 11 turbines 2007-2008 0.011

h, 24 turbines 2009-2014 0.023

hs 31 turbines 2015-2020 0.030

The population indicates the origin of the dataset used to estimate each value in the model. The productivity was approximated from the
number of juvenile females fledged per breeding female. The mortality rate referred only to collisions with wind turbines.

internal recruitment. Moreover, occasional resightings of
marked individuals prove that the Herault population hosted
immigrants from other neighbouring source populations (no-
tably Crau, Aude and Spanish populations) (see Supporting
Information Appendix S1). We thus built matrix models
explicitly including immigration. Results from
Mihoub (2009) suggested that a constant number of immi-
grants (i.e. independent of the number of individuals already
present in the Crau population) was a more credible scenario
than the hypothesis of a constant rate of immigrants (i.e.
proportional to the number of individuals already present in
the Crau population). We therefore built our model according
to this first hypothesis of constant number of immigrants per
year in the Herault population. To do so, we added a third
stage in the Leslie matrix, called ‘immigrant’ Ni, that
allowed adding to the population a fixed number of individu-
als each year (see Doxa et al., 2013). The immigrants were
considered as subadults (in their second year) settling into
the population just before breeding, hence contributing
immediately to the breeding population in their year of arri-
val, with the same breeding parameters as the local suba-
dults, and with a survival rate identical to the local
individuals until the next breeding season.

We included in the model an additional mortality probabil-
ity due to collisions with wind turbines (identical to a ‘har-
vest’ rate in the framework of an exploited population and
called /4 thereafter). We derived this 4 rate from the number of
mortalities estimated from carcass monitoring (see Supporting
Information Appendix S2). Since windfarm mortalities
occurred mainly during the breeding period, we applied / both
on survival and reproduction, considering that the clutch of an
individual that has died cannot survive and therefore is lost in
terms of fecundity. We also considered that mortality rate was
fully additive as it occurred during the breeding season and
that selective mortality was unlikely. The final life cycle and
the resulting matrix population model, based on three stages
and two age classes, are detailed in Fig. 2.

Population trajectory simulations

In a first retrospective approach, we explored the potential
of our model to describe the population growth of the Her-
ault population. This step aimed at calibrating the model to
ensure the quality of model predictions and to estimate the
annual number of immigrants. We modelled the population
growth from 2006 to 2020 by using 15 annual matrices.
Each annual matrix was filled with survival and breeding
proportions estimated in Crau, and productivity estimated
in Herault in that year. For each year, we only knew the
number of breeding pairs in Herault, combining adults and
subadults in unknown proportions. To obtain the number
of individuals in each age class, including breeders and
non-breeders, we then used the stable age-structure pre-
dicted by the matrix population model (i.e. stable structure
at equilibrium and independent of initial population size)
upon which we added the frequency of breeders in each
age class (estimated from the Crau population survival
analysis).

The number of wind turbines in Aumelas increased pro-
gressively over the years (in three phases, see above) but the
mortality rate could only be estimated properly during the
last phase (2013-2020). Therefore, we defined the mortality
rate induced by collisions (/) as proportional to the number
of wind turbines in operation each year. We thus considered
that & was maximal for the last phase of construction (31
turbines in 2015-2020: h;), then reduced proportionally in
the second phase (24 turbines in 2009-2014: h, = h; x 24/
31) and further reduced in the first phase (11 turbines in
2007-2008:  hy; = hz x 11/31)  (Supporting Information
Appendix S2).

We then used this projection to estimate the most probable
number of immigrants Ni each year. To do that we added a
number of immigrants in the model until the simulated popu-
lation size fitted the observed population size in Herault. The
fit between the simulated and the observed population size

Animal Conservation ee (2022) ee—ee © 2022 The Authors. Animal Conservation published by John Wiley & Sons Ltd

on behalf of Zoological Society of London.



Windfarm collisions on kestrels

was performed by an iterative process, searching for the
number of immigrants that resulted in a simulated population
growth rate similar to the observed mean population growth
rate over the entire study period (leading to a perfect match
between the observed and the predicted population size in
2020). We also simulated the population trajectory without
windfarm mortality or without immigration to estimate what
should have been the population size without this additional
source of mortality induced by collisions.

In a second prospective approach, we simulated how
population size and population growth rate would be
affected when varying the collision rate and the number of
immigrants. We performed 1000 projections of population
size over 30 years, starting from population size recorded
in 2020 in Herault (392 females corresponding to 254
breeding pairs, see ‘“Results” section). The population
growth rate /. was estimated on the local population (2
stages), by calculating the mean of inter-annual growth rates
for each simulation. We studied the changes in A according
to different scenarios of collisions (varying from 0 to 25%
of the population dying from collisions) and immigration
[comparing the current situation with 26 immigrants per
year (see “Results” section), to a situation without any
immigrants]. In this analysis we took into account uncer-
tainty around demographic parameter estimates by sampling
parameter values in a normal distribution with mean of esti-
mates and their associated standard error for each year and
each simulation.

For both steps, the number of initial individuals in each
age class was obtained from the stable stage structure
predicted by the determinist matrix population model as
for mortality rate estimation. All population trajectory simu-
lations were performed with R program (R Development
Core Team, 2010), notably using packages ‘popbio’ (https://
cran.r-project.org/web/packages/popbio/popbio.pdf).

O. Duriez et al.

Results

Survival

The model selection and goodness-of-fit tests are detailed in
Table 2 and Supporting Information Appendix S4. The
results of the fully age-dependent model on survival proba-
bility showed that survival was low in juveniles (first year),
then increased and remained globally stable for subadults
and adults (Supporting Information Appendix S4 — Figure B).
For the following models, we therefore pooled ages into two
classes: juvenile (hereafter Juv, aged 1) and adults (hereafter
Ad, aged 2-14).

The best model included resighting probabilities that
depend on breeding status without time effect. Resighting
probabilities for non-breeders and breeders were estimated
respectively at 0.66 = 0.02 and 0.99 £ 0.005. The model
that best described survival and breeding probabilities
included time and age variations in addition (model M#9,
Table 2), where survival and breeding probabilities varied in
a parallel manner between the two age classes (Fig. 3). The
mean survival probabilities (£se) between 2006 and 2020
for juveniles and adults were, respectively, 0.47 + 0.03 and
0.67 £ 0.03.

Fecundity

In Crau, the mean breeding probabilities (£sE) between 2006
and 2020 were estimated by the joint survival analysis for
subadults and adults at 0.35 + 0.04 and 0.82 + 0.03,
respectively (model M#9, Table 2; Fig. 3).

In Herault, the annual female productivity between 2006 and
2020 varied between 1.06 and 1.49, with a mean value of
1.269 + 0.118 females fledgling produced per female, showing
no particular trend over time (R2 =0.016, F;,6 = 0.263,

Table 2 Model selection for survival analysis (with overdispersion coefficient of 1.7)

Model number Model name np Deviance QAICc Delta QAICc
9 Phi(a+t) B(a+t) E (b) 56 22732.338 13484.523 0.000

3 Phi(a.t) B(a.t) E (b) 104 22566.835 13484.530 0.007

6 Phi(a.t) Ba + t) E (b) 80 22655.368 13487.825 3.302

8 Phi(a(1).t+a(2)) B(a+t) E (b) 56 22742.513 13490.508 5.985
11 Phi(a+t) B(a(1).t+a(2)) E (b) 56 22777.639 13511.170 26.648
5 Phi(a.t) B(a(1). t+a(2)) E (b) 80 22708.479 13519.066 34.543
2 Phi(a.t) B(a.t) E (b.t) 150 22485.947 13531.029 46.506
7 Phi(a) B(a+t) E (b) 31 22940.892 13556.816 72.293
10 Phi(a+t) B(a) E (b) 31 23011.854 13598.558 114.035
4 Phi(a.t) B(a) E (b) 55 22935.044 13601.742 117.219
12 Phi(a) B(a) E (b) 6 23233.096 13678.534 194.011
1 Phi(a26) B(a26) E (b) 41 23181.380 13718.407 233.884

For survival (Phi) and Breeding (B) estimates, we used Cormack-Jolly-Seber model framework and considered either all age classes (a26) or
2 age classes (model a, subdivided into Juveniles (a(1)) and adults (a(2)); see Supporting Information Appendix S4). For resighting estimates
(p), we separated breeders and non-breeders (E(b)). For all models, we compared the additive or multiplicative effect of time (+t or .t,
respectively) on the survival, breeding and resighting parameters. The metrics used for model selection were the number of estimable
parameters (np), deviance, Akaike Information Criterion corrected for small samples and overdispersion (QAICc), and variation in QAICc rela-

tive to model with smallest QAICc value, listed on top (AQAICc).
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P = 0.615; Supporting Information Appendix S5). We further
differentiated productivity by age class, using the ratio found
in Crau (subadult female 34% below average productivity =
0.838 + 0.078 and adult 11% above average =
1.409 £ 0.131; Table 1).

Retrospective population matrix
demographic models

The matrix model predicted a stable-age structure with
36.5% of one-year old (subadult) females and 63.5% of adult
females. With 254 breeding pairs in 2020, when accounting
for the proportion of breeders in each age class, the total
number of adult and subadult females should be around 392
individuals in Herault.

From the observed population size in Herault, the inter-
annual population growth rate 4 was 1.166 between 2006
and 2020 (Fig. 4). To obtain such population growth rate
with additional mortality due to the windfarm, the model
predicted that 26 immigrants per year were necessary,
whereas a lack of immigrants would have produced a stable
and low population size (Fig. 4). From the 43 falcon car-
casses found below wind turbines between 2013 and 2020,
combined with the carcass detection and persistence experi-
ments, we estimated that 154 falcons should have been
killed during this period (Supporting Information
Appendix S2). The additional mortality rate (4) due to colli-
sions was estimated at 3% of females every year (Supporting
Information Appendix S2). When modelling the population
trajectory without windfarm mortality, the population size
should have reached a peak of 308 breeding pairs in 2020,
i.e. 22% higher than the 252 pairs predicted by the model
with windfarm mortality (Fig. 4).

observed

300

350 - —— predicted with collisions 26 immigrants
—— predicted without collisions 26 immigrants
—— predicted with collisions no immigrant

250 A

200 -

150 A

Number of breeding pairs

100 4

50

Y T

T
2006 2008 2010 2012
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Figure 4 Number of breeding pairs of Lesser kestrel Falco naumanni between 2006 and 2020 in the Herault population observed (grey line)
and predicted by the matrix population model. The red line represents the predicted breeding population with an additional mortality due to
collisions with wind turbines (observed mortality of 1.1% for the period 2007-2008; 2.3% for the period 2009-2014; 3% for the period
2015-2020); the blue line represents the predicted breeding population without additional mortality. The green line shows the predicted
breeding population with collisions and without immigration. The shaded areas represent 95% confidence intervals.
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Prospective population matrix
demographic models

If the current situation prevails in the next 30 years, with 26
immigrants per year, the population would continue to grow
up to 869 breeding pairs in 2050 [95% confidence intervals:
331-2657] (Fig. 5a). Without additional mortality due to col-
lisions, the population would reach 1742 breeding pairs
[95% confidence intervals: 590-5722] in 2050 (Fig. 5a). The
relative impact of collisions was progressively increasing
over the years, reaching 21% difference (with the projected
population without collisions) after 10 years and 50% after
30 years (Fig. 5b). The population growth rate A would
decline with increasing mortality rates (Fig. 6). With the cur-
rent number of immigrants, the population would decline
(4 < 1) if mortality rate would exceed 11%. Without immi-
gration, A would decrease linearly with the mortality rate
induced by collisions (Fig. 6). Hence each percent of
increase in mortality rate would result in a 1% decrease in
4, and the population in the absence of immigration would
decline if the mortality rate would exceed 5%, i.e. 1.6 times
the current mortality rate.

—
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Discussion

This study is among the first to quantify the potential long-
term demographic impact of collisions to anthropogenic
structures like windfarms in a relatively short-lived bird spe-
cies. To our knowledge, this has been attempted only in
long-lived species such as bats, seabirds and raptors (Carrete
et al., 2009; Schaub, 2012; Cook & Robinson, 2017; Frick
et al., 2017). In the Golden eagle Aquila chrysaetos, popula-
tion growth rates are particularly sensitive to adult mortality
rates and only a 4% reduction in adult survival is enough to
trigger population decline, which cannot be offset by
increased productivity (Tack et al., 2017). Despite lesser kes-
trels being shorter-lived birds with higher fecundity, we
found that additional mortalities induced by collisions with
turbines may also have a strong impact on their population
dynamics. We found that the current population growth rate
was correlated with the mortality rate induced by collisions.
When lesser kestrels settled in Herault in the 1990s, the
population experienced very high population growth rates
(A > 1.5; Fig. 1), becoming the second largest population in
France (in 2008) and the largest one from 2017 onwards.
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Figure 5 Projection of Lesser kestrel Falco naumanni population sizes in the Herault population, as simulated by the matrix population model
until 2050 (a). The red line represents mean values with collisions with wind turbines and the blue line without collisions. The shaded areas
represent 95% confidence intervals. For both cases, the immigration rate was kept at the same values as in 2020 (26 immigrants per year).
The panel (b) shows the relative impact of collisions, as estimated by the difference in population size between projections with collisions

and without collisions.
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the case with 26 immigrants per year, while the green line represents the situation without immigration. The horizontal dotted line indicates
the mortality threshold beyond which the population declines (4 < 1) and the vertical dotted line indicates the current collision rate (3%) in

the Herault population.

This fast population growth was mostly due to abundant
immigration (26 individuals per year) from neighbouring
populations (probably from Spain, Aude and Crau, as
revealed by the resightings of a few individuals every year).
We showed in the retrospective analysis that the population
would have grown only very slowly in the last 15 years
without immigration, remaining as <50 pairs in 2020.
Another reason was probably the high quality of natural
shrub habitats at the Aumelas plateau. With 254 pairs in
2020, this population was still increasing numerically, but at
a much lower pace (4 < 1.1) after 2015. We showed that the
mortality induced by just a 31-turbine windfarm, estimated
at 3% annually, eventually contributed to the decrease in
population growth rate in the late years (as the predicted
population size in the absence of collisions would be 308
pairs instead of 254 observed in 2020). Thus the mortality
rate induced by this single windfarm on this lesser kestrel
population is not anecdotal, and its impact on the local pop-
ulation is strong, reducing the population size by 22% in
15 years of operation.

The current plans for extending this windfarm would further
impact and weaken this falcon population. At a wider scale, as
it is scheduled that the number of windfarms will double in
France in the next 10 years, the cumulated impact of new wind-
farms built within the breeding home range, around the post-
nuptial stopover sites or along the migratory routes, should
further increase the overall mortality rate of this population
(Katzner et al., 2017, Vasilakis, Whitfield, & Kati, 2017). With
the current immigration rate, we found that if the mortality rate
exceeds 11%, the population would start declining.

However, this population growth rate was tightly linked to
two parameters, immigration and adult survival, that may
decrease for several reasons. First, if immigration stops, we

showed that a 1% increase in mortality rate would immedi-
ately result in 1% decrease in population growth rate, as
expected given that mortality rate is embedded in all transi-
tions in the matrix population model (Caswell, 2001). With-
out immigration, a small increase from 3 to 5% in collision
mortality rate in the Herault population would lead to a pop-
ulation decline. This reduction in immigration is far from
unlikely, since the Spanish populations of lesser kestrels
where most migrants probably originate (besides Crau) are
currently declining since 2015, for unknown reasons so far
(Bustamante, Molina, & Del Moral, 2020). Second, adult
survival rates may be reduced for reasons other than wind-
farm mortality. Mihoub et al. (2010) showed that adult sur-
vival was correlated with conditions encountered at
wintering grounds in Sahel, especially drought, as also evi-
denced in other long-distance migrants (Schaub, Kania, &
Koppen, 2005; Wilson &  Cresswell, 2006;  Zwarts
et al., 2009). If climate change triggers reduced rainfall in
Sahel in the next decades, as predicted by the IPCC scenario
(Dai, 2013), yielding lower abundance of orthopterans, this
would result in lower survival rates in lesser kestrels. In such
a case, the impact of collision excess mortality on breeding
grounds would become even stronger.

Given the likely decrease in immigration rate and reduced
adult survival due to changing wintering conditions, on one
hand, and the planned increase in windfarm numbers in the
coming years, on the other hand, the impacts of collisions
on French lesser kestrel populations are predicted to increase.
Therefore, the primary effort by stakeholders should be to
reduce local mortality. The detection-reaction devices, which
have been installed on all turbines in the Aumelas windfarm
since 2017 in order to scare falcons or shut down turbines,
are obviously not fully efficient in reducing mortality in this
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species. In the short term, the only truly efficient reduction
measures would be daylight turbine shutdown during the
period when falcons are present (from April to September),
or when their probability of presence at the windfarm is
enhanced by wind conditions (Bartholus, unpublished
results). The second effort should be to record these impacts
on a larger scale, by increasing the quality and quantity of
mortality monitoring in all windfarms concerned by the pres-
ence of lesser kestrels. In southern France, the mortality
monitoring at the Aumelas windfarm is among the most
intensive. Yet since 2010 in southern France at least six
other carcasses of lesser kestrels have been found in other
windfarms, within areas used by Herault kestrels as post-
nuptial stopovers or along migratory routes. Thus the true
mortality rate for the Herault population may already exceed
the 3% estimated here, as estimated locally only at Aumelas
windfarm.

We highlight the importance of assessing the demographic
impact of additional mortality induced by anthropogenic
infrastructures on wild populations, using population dynam-
ics modelling approaches. However, the use of such approach
is often limited by the data available. A sensitivity analysis
(see Supporting Information Appendix S6) is helpful to esti-
mate the contribution of each demographical parameter, and
consequently, the lack of precision that is tolerable for input
vital rates. In our case, we relied on a locally intensive moni-
toring of breeding pairs, to get precise estimates for fecun-
dity. However, for survival parameters, we had to rely on
survival estimates from a neighbouring population in Crau,
though these parameters are the main drivers of population
dynamics (Supporting Information Appendix S6). Because
annual survival rates are mostly driven by conditions in
the wintering grounds in West Africa (Mihoub et al., 2010;
Morganti, Preatoni, & Sara, 2017), which are shared by both
Crau and Herault populations as well as most Spanish popu-
lations (Sara et al., 2019; Lopez-Ricaurte et al., 2021), we
are confident that the variations in annual survival should
follow a similar pattern over time in Crau and Herault,
although the exact values may differ slightly. However, this
survival rate estimated in Crau population could also be
viewed as an advantage, given that mortality by wind tur-
bines in Crau is unlikely, it could capture the natural varia-
tions in survival without the additional mortalities that we
may have occurred in Herault if the survival analysis had
been performed there. In the future, it would be interesting
to develop an Integrated Population Model that would allow
to perform the retrospective and prospective analysis in a
joint framework. It might improve the estimates of the immi-
gration rate and its potential contribution as a compensatory
mechanism of local additional mortalities [see however
Riecke et al. (2019) and Paquet et al. (2021)].

According to the mitigation hierarchy (Avoid-Reduce-
Offset), stakeholders should first plan wind energy develop-
ment in areas outside home ranges, postnuptial stopover sites
and along migratory routes of threatened species (Amett &
May, 2016). This spatial planning should ideally be accompa-
nied by a demographic assessment at a regional scale, in order
to evaluate the cumulative impacts of regional windfarms on

O. Duriez et al.

the long-term viability of local and migratory animal popula-
tions (Amett & May, 2016). At the local scale, before
implanting a windfarm, environmental impact assessment
(EIA) studies should also conduct population dynamics analy-
ses to quantify if an additional (harvest) mortality is likely to
have a demographic impact. Such modelling approach is
highly dependent on long-term demographic monitoring data
on the target populations in the surroundings of the windfarm;
and unfortunately such data are generally lacking. Yet, lists of
species especially vulnerable to collisions based on empirical
evidence are nowadays available (Beston ef al., 2016; Thaxter
et al., 2017). International databases of the demographic traits
of many bird species have also been published (Lebreton
et al., 2012; Salguero-Gomez et al., 2016). This information
may be combined to develop population dynamics models
with average survival and fecundity values as input parameters
and using local population size estimates as starting values for
simulations. Such tools are nowadays under development as
web applications to allow an easier use by EIA staff (https:/
shiny.cefe.cnrs.fr/en_eolpop/, released early 2022). This would
give much more credit to recommendations from ornithologi-
cal experts when discussing wind energy development plan-
ning with stakeholders, in order to avoid building new
windfarms that would affect threatened species that are vulner-
able to collisions (May et al., 2019).
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